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Introduction
Supraventricular tachycardia (SVT) is a broad umbrella term 

encompassing several different types of arrhythmias including 
atrioventricular nodal reentrant tachycardia (AVNRT), atrial 
tachycardia (AT), and atrioventricular reentrant tachycardia (AVRT). 

AVNRT is among the most common paroxysmal SVT. This reentrant 
circuit typically involves a slow antegrade pathway and fast retrograde 
pathway located in the triangle of Koch, bordered superiorly by the 
tendon of Todaro, anteriorly by the tricuspid valve septal leaflet, and 

posteriorly by the coronary sinus ostium. AVNRT can be categorized 
into three subtypes based on conduction speed and direction: slow-slow, 
slow-fast, and fast-slow. The most common circuit type is slow-fast, 
which has slow antegrade conduction and fast retrograde conduction. 
Radiofrequency catheter ablation (RFCA) has over 90% success rate 
and is the standard management strategy.1-3 Although well established, 
RFCA has potential limitations including longer fluoroscopy times, 
catheter instability at the mapping target due to cardiac and respiratory 
motion, less efficient energy delivery due to catheter tip migration, and 
lower reproducibility of effective ablation lesion.1, 2 

AVRT is the second most common form of SVT. These macro-
reentrant tachycardias involve an accessory pathway (AP). The impulse 
typically travels in antegrade fashion down the AV node and His-
Purkinje system and returns to the atrium using the accessory pathway 
as a conduit for retrograde conduction. Ablation of the AP is successful 
in excess of 90% of cases.4
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Abstract
Remote Magnetic Navigation (RMN) is an evolving technology, allowing operators to reduce radiation exposure in addition to providing 

precise catheter positioning. While many studies are available to characterize the utility of RMN in different arrhythmia subtypes, there is a 
paucity of literature evaluating RMN in SVT ablations. In this review, we summarize available literature, caveats and benefits of RMN in SVT 
ablation. 
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Focal AT is defined as AT originating from a discrete focus (<2 cm 
in diameter), radiating centrifugally.5 AT accounts for 5-17% of SVT.  
6 Focal AT is relatively frequent in young patients but also in elderly 
patients with significant comorbid conditions. As AT is commonly 
resistant to medical management, catheter ablation is a popular 
management strategy.7 Prior studies on ablation success rates have 
reported high degree of variability, between 69-100%. Predictors of 
recurrence include elderly age, other cardiac diseases, and the presence 
of multiple foci.8 As life expectancy of complex cardiac patients 
continues to increase, there is an increasing prevalence of AT in the 
elderly population.9

Remote Magnetic Navigation (RMN) consists of two large magnets 
creating a uniform magnetic field of 0.08-0.1 T to steer small magnets 
in the distal tip of the ablation catheter. The first-generation mapping 
and bipolar ablation catheter used a single magnet (Helios I, Stereotaxis 
Inc.). The second-generation bipolar catheter used 3 magnets 
integrated into the tip to result in increased deflection force (Helios 
II, Stereotaxis Inc.). The third-generation catheter is quadripolar with 
3 magnets at the distal tip (Celsius/Navistar RMT, Biosense Webster; 
Magnoflush, Acutus Medical; Trignum Flux, Biotronik). Changing 
orientation of the surrounding magnets changes the magnetic vector, 
with resultant realignment of the catheter. The resulting reorientation 
can be performed quickly (1.5 seconds). These magnetic field vectors 
can be stored and reapplied to bring the catheter back to the original 
position. This allows for precise and remote control using incremental 
advancing and retracting of the ablation catheter by 1 mm.10

Remote Magnetic Navigation (RMN) systems are an increasingly 
popular modality of performing both simple and complex ablation. 
While most literature available focuses on atrial fibrillation (AF) and 
ventricular tachycardia (VT) ablation, a progressively increasing body 
of literature is available suggesting similar efficacy in SVT ablation. 
Available literature suggests RMN may reduce fluoroscopic time 
with better tissue contact, consequently improving catheter stability 
and improving technical efficiency. The current major meta-analysis 
demonstrates significant heterogeneity of outcome data, which may be 
multifactorial in etiology, but integrates retrospective studies, case series 
and prospective datasets.11 Our review attempts to address comparative 
outcomes regarding SVT ablation using RMN with a critical appraisal 
of current available data. Given heterogeneity of data, when available, 

our review attempts to address prospective data specifically. However, 
given that not all types of SVT have prospective literature available, 
when data was noted to be sparse, a more comprehensive summary of 
available literature was provided.

AVNRT Prospective Literature 
The first prospective multicenter randomized trial to evaluate RMN 

in SVT ablation was the HEART study published in 2008 by Wood 
et al. In this study, patients were randomized (3:1) to RMN vs. manual 
ablation. While AVNRT comprised the majority (> 70%) of SVT 
ablations, cases included also were accessory mediated tachycardia 
and patients undergoing AV nodal ablation (AVNA) for rate control 
refractory atrial arrhythmias. Between 5-20 skill building cases were 
allowed for the RMN group (utilizing Helios II catheter [Stereotaxis 
Inc., USA] in concert with the Niobe system). Patients were evaluated 
at 7-14 days and again at 90 days for recurrence with use of event 
monitor to evaluate recurrence if patients developed symptoms. There 
was no significant difference observed between the manual and RMN 
ablation groups with respect to: acute procedural success rates (95% 
vs. 90%), chronic procedural success (100% vs. 93%), adverse events 
(6.7% vs. 5.5%), and total procedural time (151 mins vs. 142 mins). The 
major demonstrable benefit of RMN was with significantly reduced 
fluoroscopy time (27.1 mins vs. 13.8 mins) and the number of RF 
lesions delivered (10 vs. 6). This was also among the first studies to 
shed light on impact of learning curve as skill building cases were 
independently evaluated. In the discussion, the authors noted that while 
median procedure time was not different, there was a significant drop 
in procedure duration with increasing operator experience.12

In 2012, Zhang et al. published a randomized, single center 
prospective trial involving 40 patients (20 for each manual vs. RMN 
ablation). This study focused specifically on patients with paroxysmal 
SVT for over 3 years, refractory to more than 2 antiarrhythmic drugs 
(AAD), with slow-fast type AVNRT diagnosed by transesophageal 
electrocardiographic study. Electrophysiologists involved in the study 
were already familiar with the RMN system. An 8Fr quadripolar 
temperature controlled magnetic ablation catheter (Biosense Webster, 
Johnson and Johnson, USA) was used in conjunction with the Niobe 
II system (Stereotaxis Inc., USA). Zhang et al. demonstrated similar 
outcomes comparing manual ablation with RMN specifically regarding: 
hospitalization days (3.5 days vs. 3.3 days), 0% recurrence during 9.3 
month follow up, 100% procedural success rate, 0% complications, 
and total procedural time (122.5 mins vs. 126.1 mins, p > 0.05). 
RMN reportedly reduced maximal energy delivered (23.7 W vs. 16.9 
W), operator fluoroscopy time (13.6 mins vs. 4.2 mins), and patient 
fluoroscopy time (14.3 mins vs. 11.5 mins). RMN did, however, have 
higher associated procedural costs.1

In 2013, Akca et al prospectively evaluated 67 patients comparing 
RMN, cryoablation, and manual ablation. Patients had a mean age of 
48.5 years, with 30.4% male population and were followed for a mean 
26-month period. Mean procedure time (83 minutes vs. 117 minutes 
vs. 117 minutes) and physician radiation time (0 minutes vs. 15.1 
minutes vs. 17.5 minutes) was noted to be significantly reduced with 
no significant difference in procedural success rates (96% vs. 96% vs. 
93%) comparing RMN, cryoablation and manual ablation, respectively. 
No major complications were reported among any of the groups.13

Table 1: Prospective RMN Comparison Study Procedural Success.
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The MagMa AVNRT trial was published in 2017 by Reents et al. 
This 3 center prospective randomized study enrolled 218 patients (113 
manual vs. 105 RMN). In the RMN group, a non-irrigated ablation 
catheter (Celsius RMT, Biosense Webster, Johnson and Johnson, USA) 
was used in conjunction with the Niobe system (Stereotaxis Inc., USA). 
Patients were monitored for 24 hours via holter postoperatively and 
re-evaluated at 6 months via holter or ECG depending on presence of 
symptoms. The population treated predominantly demonstrated slow-
fast AVNRT (95%). Comparing manual ablation to RMN, the study 
demonstrated similar acute success (100%) and midterm (6 month) 
success (98% vs. 97%). While patients randomized to RMN were noted 
to have longer procedural times (79 mins vs. 88 mins, p=0.03), there 
was a significant reduction in overall fluoroscopy time (11 min vs. 6 
mins, p = 0.001), and overall fluoroscopy dosage (751 cGycm2 vs. 425 
cGycm2, p = 0.002).14 Prospective study outcomes data is summarized 
in Tables 1 and 2. 

Use of RMN in AVRT
Although the literature on the use of RMN for ablation of AVRT is 

sparse, the literature available seems to suggest a similar benefit to data 
observed for AVNRT. In 2007, Chun et al. published a retrospective 
study evaluating the role of RMN catheters in AVRT ablation. A total 
of 60 ablations for accessory pathways (AP) were performed in 59 
patients (37 male, 22 female), with a mean age of 36, followed for a 3 
month period. The study compared 3 groups using the Niobe system 
(Stereotaxis Inc.): first generation (Helios I, Stereotaxis Inc.), second 
generation (Helios II, Stereotaxis Inc.), and third generation (Celsius 
RMT, Biosense Webster) catheters. Clinical outcomes evaluated 
included procedural success, fluoroscopy time, total radiation dosage, 
and procedure time. Each successive generation of catheter increased 
rate of reported procedural success (67% vs. 85% vs. 92%). The study 
additionally found an incremental significant reduction in fluoroscopy 
time (21.2 vs. 6.5 vs. 4.9 minutes), total radiation dosage (1110 vs. 
290 vs. 129 microGym2), and procedure time (217 vs. 182 vs. 172 
minutes) for each successive generation of RMN catheter. The total 
reduction in radiation appeared particularly dramatic as this was an 
8.6x reduction in radiation exposure -- highlighting the benefit of 
continued technological evolution. It should be noted that some of 
these findings may also be explained by increasing operator experience. 
Further evaluation of procedural failures (11 cases) suggested a higher 
failure rate with retrograde access (57%) in comparison to transseptal 
access (12%) but data was only speculative given the small sample size.10

The issue of retrograde access in patients with AP ablation was 
addressed by Thronton et al. in 2007 in a small study involving 20 
patients (14 male, 6 female) with a mean age of 42 years. This study 
used the Niobe I system (Stereotaxis Inc.), comparing use of Helios II 
catheter (Stereotaxis Inc.) and the Celsius RMT catheter (Biosense 
Webster). The authors also sought to compare the first 10 and last 
10 cases to address the impact of learning curve. Comparing both 
Helios II (Stereotaxis Inc.) and Celsius RMT (Biosense Webster), a 
significant reduction in procedure time was noted (198 minutes vs. 145 
minutes). The first 10 procedures were noted to be significantly different 
than the last 10 procedures in procedural time (180 minutes vs. 137 
minutes) and radiofrequency time (458.4 seconds vs. 193.6 seconds). 
No difference was noted in fluoroscopy time. Although not statistically 

significant (small population size), the procedural success rate was 
noted to increase from 50% to 80%. This data temporally suggests that 
applied learning improves outcomes. 15

In 2010, Schwagten et al published the first randomized prospective 
study enrolling 22 patients to assess the difference between retrograde 
aortic (RA) and transseptal (TS) approaches of left-sided accessory 
pathway ablation using the Niobe system in conjunction with Celsius 
RMT catheter. Although longer fluoroscopy (9.8 minutes vs. 3.9 
minutes) and procedural time (23.8 minutes vs. 4.4 minutes) were 
required for transseptal puncture compared with retrograde aortic 
valve crossing, no significant difference was noted in total fluoroscopy 
(15.5 minutes vs. 14.4 minutes), total procedural time (90.9 minutes 
vs. 87.1 minutes), and procedural success (82% vs. 91%). No major 
complications were reported in either group.16 

Use of RMN in Focal AT
There is a high variability of observed outcomes in AT from broad 

studies assessing the efficacy of RMN ablations. Consequently, there 
is a paucity of available literature. In 2018, Liu et al published the 
first focused retrospective study evaluating outcomes of AT ablation 
comparing outcomes of patients with structural heart disease (36 
patients) to patients without structural heart disease (17 patients). A 
total of 53 patients were enrolled, ablating a total of 56 foci using the 
Niobe II system (Stereotaxis Inc.). Acute ablation success was noted in 
52 patients [55/56 foci (98%)]. Over a mean follow up of 31 months, 
success was achieved in 47 patients [50/56 foci (89%)]. There was a 
mean fluoroscopy time of 5 minutes noted, and a mean procedural 
time of 109 minutes. Although patients below the age of 60 generally 
trended towards improved long term success, no significant correlation 
was found. Multivariate analysis found that age, gender, right sided 
location, paroxysmal type, presence of multiple foci and LVEF less 
than 50% were not associated with AT recurrence. 9

Long Term Outcomes
In 2011, Bauernfeind et al published registry data comparing 

RMN to manual ablation in multiple ablation types. A total of 610 
consecutive patients (292 RMN vs. 318 manual) were followed for 15 
months. A total of 56 patients underwent AT ablation (50 RMN vs. 
6 manual), 99 patients underwent AVNRT ablation (29 RMN vs. 70 
manual) and 100 patients underwent AVRT ablation (55 RMN vs. 
45 manual). There was no observed difference in acute success rates in 

Table 2: Prospective RMN Comparison Study Outcomes.
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magnetic navigation had a lower acute success rate (87.9% vs. 100%), 
longer procedure times (205 minutes vs. 172 minutes). Although not 
statistically significant, a lower recurrence rate was noted with RMN 
(17.2% vs. 31.4%, p =0.155). There was no difference in fluoroscopy 
time (42.4 minutes vs. 36.7 minutes). A significant limitation of this 
data regarding SVT ablation is reported by the authors -- noting a 
significant difference in distribution among RMN and manual ablation 
for AT (42.4% vs. 5.7%) and AVNRT (9.1% vs. 31.4%).20

Safety and Cost of RMN
Manual AV nodal slow pathway ablation has a procedural success 

rate of approximately 97% and recurrence rates of less than 1%. Due 
to the close proximity of the slow pathway to the AV node, patients 
are carefully monitored as heartbeat or respiratory motion can dislodge 
the ablation catheter, potentially resulting in complete heart block. 
Consequent monitoring via fluoroscopy significantly increases 
radiation exposure to both operator and patient. Magnet tipped flaccid 
catheters of RMN systems allow for a remarkable degree of catheter 
control with movements. There are many benefits to RMN systems 
with regard to slow pathway ablation including: soft tipped catheters 
allowing safe cardiac chamber targeting, computer control allowing 
for good reproducibility as well as reduction of radiation exposure, 
and absence of push from the magnetic field, allowing close tissue 
contact. In addition to remote guidance, the high precision of magnetic 
navigated mapping in addition to soft tip of the catheters allowing 
better tissue contact enables more efficient ablation, augmenting 
reduction in fluoroscopy time. Available literature based on cumulative 
radiation dosage suggests cardiac catheterization laboratory staff are at 
particular risk for carcinogenesis.1 In addition to the risk of radiation 
exposure, the added consequence of lead protection needs to be 
considered. Electrophysiologists are at high risk for the development 
of cervical (20.7% vs. 5.5%) and lumbar (25.9% vs. 16.7%) spondylosis 
in comparison to matched non-interventional cardiologists.21

Studies performed have consistently demonstrated high cost for 
RMN ablation in comparison to manual ablation. There are a few 
notable reasons for this increase in price: a magnetic navigation 
laboratory is more expensive than a catheter laboratory, the use of 
drivers to move magnetic catheters accurately, and variable complexity 
of magnetic catheters used. As the market for RMN ablation continues 
to grow and manufacturing improves, the associated cost of ablation 
will decrease.1

Impact of Learning Curve
In 2020, Li et al. performed a large-scale retrospective analysis further 

evaluating what other studies such as the HEART study seemed to 
suggest with regard to fluctuation in procedural time. Based on smaller 
study data available, the authors theorized that learning curve played a 
significant role in the previously reported longer procedural time. In this 
single center retrospective study, 1003 patients undergoing RMN for 
various ablation procedures were evaluated for safety, and progressive 
impact of the cumulative number of procedures on procedure and 
fluoroscopy time. Atrial fibrillation (AF) time changes were reported 
to demonstrate the impact of learning curve. An incremental reduction 
in procedure time was from 191.4 minutes to 121.7 minutes with 
a plateau at approximately 300 procedures. A similar incremental 
reduction in fluoroscopy time was observed from 9.2 minutes to 4.6 

any of the arrhythmia types - AT (84% vs. 67%), AVNRT (100% vs. 
97%), and AVRT (95% vs. 87%).  Procedure time was similar in both 
groups for AT (188 minutes vs. 208 minutes), AVNRT (114 minutes 
vs. 136 minutes), and AVRT (134 minutes vs. 146 minutes). The only 
procedural difference observed was in fluoroscopy time for AVNRT 
(12 minutes vs. 25 minutes), where no significant difference was found 
for AT (37 minutes vs. 47 minutes), or AVRT (28 minutes vs. 32 
minutes). Longer term assessment found no significant difference in 
recurrence rates [AT: 14% vs. 25%; AVNRT: 6.9% vs. 7.4%; AVRT: 
7.7% vs. 5.2%].17

In 2015, Kim et al. published a retrospective study evaluating 121 
patients undergoing SVT ablation using RMN. Of these patients, 
59 patients had AVNRT. Other arrhythmias evaluated included 
atrioventricular reentrant tachycardia (AVRT) and focal atrial 
tachycardia (AT). Patients had a mean follow up of 2.2 years, with 
the first 50 cases omitted as learning cases utilizing the Niobe system. 
During this period, 96% of patients undergoing AVNRT ablation were 
reported recurrence free. Interestingly, the authors reported a lower 
percentage of patients remaining recurrence free with AVRT (77%) 
and focal AT (71%).18

In 2021 Noten et al published a large retrospective pediatric series 
on AVRT and AVNRT ablation comparing RMN, manual and 
cryoablation. A total of 223 patients were enrolled from 2008-2019. 
Patients had a mean age of 14 years, and were followed for a period 
of 5.5 years. Among 79 patients undergiong AVNRT ablation, 39 
patients used RMN, 12 patients underwent manual ablation and 28 
patients underwent cryoablation.  In AVNRT ablation, RMN and 
manual ablation had similar outcomes where cryoablation uniformly 
had worse outcomes with regard to acute procedural success (100% 
vs. 100% vs. 85.7%), fluoroscopy dose (30 mGy vs. 27 mGy vs. 45 
mGy), and recurrence (7.7% vs. 8.3% vs. 35.7%). RMN did have 
longer procedure times compared to manual ablation, although fared 
better than cryoablation (101 minutes vs. 88 minutes vs. 120 minutes). 
A similar relative pattern of outcome was demonstrated in the 144 
patients undergoing AVRT ablation (69 using RMN, 64 undergoing 
manual ablation and 11 undergoing cryoablation). Outcomes were 
demonstrated to be better for RMN and manual ablation (with 
comparable outcomes) as opposed to cryoablation regarding procedural 
success (98.6% vs. 95.3% vs. 81.8%), and procedural time (105 minutes 
vs. 100 minutes vs. 150 minutes). All approaches had similar fluoroscopy 
dose (42 mGy vs. 55 mGy vs. 57 mGy). RMN appeared to have the 
lowest incidence of recurrence compared to manual and cryoablation 
(4.3% vs. 15.6% vs. 54.5%).19 

Repeat Ablations
Although many publications exist regarding initial ablation 

procedures involving RMN, less literature is available on patients 
undergoing repeat ablation. The first prospective registry data was 
published by Akca et al. in 2013 involving 163 patients, 64% male with 
a median age of 55 years, undergoing repeat catheter ablation. There 
were 84 patients undergoing magnetic navigation with the Niobe II 
(Stereotaxis Inc.) and 79 undergoing manual ablation. Among these 
patients, 68 were undergoing SVT ablation -- further classified by type: 
16 AT, 18 CTI dependent atrial flutter, 15 AVNRT, 18 AVRT, and 1 AV 
junction ablation. The authors subsequently found in the SVT group, 
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from the magnetic laboratory. Eur Heart J, 2007. 28(2): p. 190-5.
11. Shurrab, M., et al., Remote magnetic navigation for catheter ablation of 

atrioventricular nodal reentrant tachycardia: a systematic review and meta-analysis. 
Expert Rev Cardiovasc Ther, 2013. 11(7): p. 829-36.

12. Wood, M.A., et al., Remote magnetic versus manual catheter navigation for ablation 
of supraventricular tachycardias: a randomized, multicenter trial. Pacing Clin 
Electrophysiol, 2008. 31(10): p. 1313-21.

13. Akca, F., et al., Safety and feasibility of single-catheter ablation using remote 
magnetic navigation for treatment of slow-fast atrioventricular nodal reentrant 
tachycardia compared to conventional ablation strategies. Acta Cardiologica, 2013. 
68(6): p. 559-567.

14. Reents, T., et al., Multicenter, randomized comparison between magnetically 
navigated and manually guided radiofrequency ablation of atrioventricular nodal 
reentrant tachycardia (the MagMa-AVNRT-trial). Clin Res Cardiol, 2017. 106(12): 
p. 947-952.

15. Thornton, A.S., et al., Magnetic navigation in left-sided AV reentrant tachycardias: 
preliminary results of a retrograde approach. J Cardiovasc Electrophysiol, 2007. 
18(5): p. 467-72.

16. Schwagten, B., et al., A randomized comparison of transseptal and transaortic 
approaches for magnetically guided ablation of left-sided accessory pathways. Pacing 
Clin Electrophysiol, 2010. 33(11): p. 1298-303.

17. Bauernfeind, T., et al., The magnetic navigation system allows safety and high efficacy 
for ablation of arrhythmias. EP Europace, 2011. 13(7): p. 1015-1021.

18. Kim, S.H., et al., Long-term outcomes of remote magnetic navigation for ablation of 
supraventricular tachycardias. J Interv Card Electrophysiol, 2015. 43(2): p. 187-92.

19. Noten, A.M.E., et al., Remote magnetic navigation shows superior long-term 
outcomes in pediatric atrioventricular (nodal) tachycardia ablation compared to 
manual radiofrequency and cryoablation. Int J Cardiol Heart Vasc, 2021. 37: p. 
100881.

20. Akca, F., et al., Outcomes of repeat catheter ablation using magnetic navigation or 
conventional ablation. Europace, 2013. 15(10): p. 1426-31.

21. Birnie, D., et al., Prevalence and risk factors for cervical and lumbar spondylosis 
in interventional electrophysiologists. J Cardiovasc Electrophysiol, 2011. 22(9): p. 
957-60.

22. Li, X., et al., Procedural outcomes and learning curve of cardiac arrhythmias catheter 
ablation using remote magnetic navigation: Experience from a large-scale single-
center study. Clin Cardiol, 2020. 43(9): p. 968-975.

minutes, with a plateau at approximately 350 procedures. While the 
learning curve impact focused more specifically on AF ablation, SVT 
comprised 10.8% of the ablations performed, and it seems reasonable 
to extrapolate that a similar pattern could be observed in other ablation 
types.22 In fact, this pattern of reduced procedural time is temporally 
observed between the HEART study, which reported a total procedural 
time using RMN of 142 minutes compared to MagMa-AVNRT trial, 
which reported a total procedural time of 88 minutes.12, 14 It should be 
noted however, that the meta-analysis data from 2013 coming to this 
conclusion had a high degree of heterogeneity (I2 = 76%) and appears 
to be inconsistent with prospective trial data.11 The only prospective 
study to demonstrate a statistically significant increase in procedural 
time using RMN in AVNRT ablation is the MagMa-AVNRT trial, 
where a 9 minute difference (79 vs. 88 mins) in procedural time was 
reported.14

Conclusion
RMN is an increasingly popular modality of ablation, which improves 

efficiency while reducing operator radiation exposure. Applied learning 
augments both reduction in procedural and fluoroscopy time. While 
this may be associated with a greater cost, as this technology continues 
to grow production development will reduce associated price. Long 
term outcomes appear to be variable depending on ablation performed. 
As most of the available literature is retrospective studies or case series, 
more prospective research is needed to better define which patient 
populations are likely to benefit.
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