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Abstract
Background Magnetic navigation system (MNS) ablation
was suspected to be less effective and unstable in highly mo-
bile cardiac regions compared to radiofrequency (RF) abla-
tions with manual control (MC). The aim of the study was
to compare the (1) lesion size and (2) stability of MNS versus
MC during irrigated RF ablation with and without simulated
mechanical heart wall motion.
Methods In a previously validated myocardial phantom, the
performance of Navistar RMTThermocool catheter (Biosense
Webster, CA, USA) guided with MNS was compared to man-
ually controlled Navistar irrigated Thermocool catheter
(Biosense Webster, CA, USA). The lesion dimensions were
compared with the catheter in inferior and superior orienta-
tion, with and without 6-mm simulated wall motion. All abla-
tions were performed with 40 W power and 30 ml/ min irri-
gation for 60 s.
Results A total of 60 ablations were performed. The mean
lesion volumes with MNS and MC were 57.5±7.1 and 58.1
±7.1 mm3, respectively, in the inferior catheter orientation (n=

23, p=0.6), 62.8±9.9 and 64.6±7.6 mm3, respectively, in the
superior catheter orientation (n=16, p=0.9). With 6-mm sim-
ulated wall motion, the mean lesion volumes with MNS and
MC were 60.2±2.7 and 42.8±8.4 mm3, respectively, in the
inferior catheter orientation (n=11, p=<0.01*), 74.1±5.8 and
54.2±3.7 mm3, respectively, in the superior catheter orienta-
tion (n=10, p=<0.01*). During 6-mm simulated wall motion,
the MC catheter andMNS catheter moved 5.2±0.1 and 0 mm,
respectively, in inferior orientation and 5.5±0.1 and 0 mm,
respectively, in the superior orientation on the ablation
surface.
Conclusions The lesion dimensions were larger with MNS
compared to MC in the presence of simulated wall motion,
consistent with greater catheter stability. However, similar le-
sion dimensions were observed in the stationary model.

Keywords Magnetic navigation system . Stereotaxis . RF
ablation . Efficacy . Stability . Gel tank .Myocardial
phantom . Catheter sliding . Simulatedwall motion

Abbreviations
MNS Magnetic navigation system
MC Manual control

1 Introduction

Magnetic navigation system (MNS) allows remote guidance
of ablation catheters during radiofrequency ablation for cardi-
ac arrhythmias. Two powerful external magnets are used to
navigate the magnetic-tipped catheter precisely to the destina-
tion [1]. The flexible, flaccid catheter navigates by virtue of
magnetic pulling forces compared to pushing ones in
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conventional ablation. Consistent with this feature, MNS was
reported to demonstrate a superior safety profile compared to
conventional ablation, [2–5] with very low incidence of per-
foration [6].

However, the efficacy of MNS is debated [7–9]. The main
concern has been the lack of adequate lesion creation [5],
especially in the presence of cardiac wall motion. In the ab-
sence of a major randomized controlled trial comparing MNS
with conventional ablation, the evidence base consists of case
control and cohort studies, most of which found MNS to be as
effective as conventional ablation in various arrhythmias [6,
10]. MNS had a benefit in ablations involving unstable re-
gions of the heart including the papillary muscle, aortic cusp,
outflow tracts as well as in hearts with abnormal anatomy such
as in patients with congenital heart disease [3, 11]. Nonethe-
less, inferior outcomes had been reported especially in ven-
tricular tachycardia (VT) ablation in patients with structural
heart disease, atrial flutter ablations [2, 8] and atrial fibrillation
(AF) ablation when acute end points and late recurrences were
assessed [2].

Highly mobile cardiac structures causing lateral sliding
movement of the catheter was shown as a cause of inadequate
lesion formation during manual radiofrequency (RF) ablation
[12]. The MNS catheter has a heavy tip, flexible shaft and is
held to the ablation surface only by magnetic force. During
rapid excursions such as might be evinced in highly mobile
areas of the heart, it was considered a possibility that the
catheter tip might skip away from the ablation surface due to
inertial effects. However, some investigators claimMNS to be
more stable in highly mobile regions and could negate the
effects of local wall motion [1, 7]. This has not been demon-
strated as yet [1]. The prolonged procedural time which is
often cited as a drawback of MNS [4] could either be due to
smaller lesion dimensions and hence the need for more num-
ber of ablations or it could be due to the operator learning
curve associated with a novel system [9, 10]. Considering
the fact that the tactile feedback from the catheter tip is absent,
the adequacy of lesion size is often questioned [7–9], and the
magnetic pulling force instead of pushing force which helps to
reduce complications is suspected to limit lesion size as well
[2, 3, 5, 8–10].

We hypothesized that lesion size could be smaller in MNS
compared to MC ablation (irrigated Thermocool catheter) es-
pecially in the presence of simulated heart wall motion. The
aims of this study were [1] to compare the lesion size in MNS
and MC ablations and [2] to assess the stability of both cath-
eters during simulated wall motion. The ablation dimensions
were compared with the catheter in inferior orientation (sim-
ulating posterior wall ablation) and in superior orientation
(simulating anterior wall ablation) with and without 6-mm
simulating mechanical heart wall motion.

The ablations were performed in a previously described
in vitro myocardial phantom/gel tank, which was validated

by Chik et al. in animal studies [13]. This system comprised
of a thermochromic sheet embedded in a solidified gel, which
acted as an analogue for the myocardium and supernatant
fluid, which provided an analogue for blood. The advantages
were the real time visualization of lesion formation, accurate
and precise delineation of lesion size and negation of the con-
founding effect of contact force, which is known to alter lesion
size.

2 Methods

RF ablations were performed on the myocardial phantom
(Fig. 1) with irrigated MNS and was compared to MC-
irrigated RF ablation. Using each system, radiofrequency ab-
lations were delivered under two different experimental set-
tings including stationary phantom (upright and inverted) and
with 6-mm simulated wall motion (upright and inverted). Le-
sion size (depth and width) was then measured for all
ablations.

The myocardial phantom was prepared as previously de-
scribed by Chik et al. [13]. In short, an agar substitute powder
when heated up in saline and then allowed to cool formed a
solid gel in which the thermochromic sheet was embedded.
The impedance of the gel and supernatant fluid was similar to
myocardium and blood, respectively. The fluid flow velocity
of 55 ml/min and temperature of 37 °C simulated the charac-
teristics of blood flow in vivo. The phantom was sensitive to
temperatures between 50 and 75 °C and produced a hue (col-
our), which changed monotonically with temperature, en-
abling an isotherm of known temperature to be drawn. Images
of the phantom were recorded by a camera (Canon 5DmkII,
Canon Inc, Japan) with a 2× teleconverter (CAF BBAR MC-
7, Tamron Inc, Japan) and macro lens (USM EF 100 mm,
Canon, Japan) giving a sensor image resolution of 30 pixels
per mm. Image analysis and hue to temperature assign-
ment were performed using an in-house software
(Fig. 2). Due to the presence of a strong magnetic field
(0.1 T) in the MNS operating environment, the phantom
was made of non-magnetic materials, and the camera and
oscillation drive motor were mounted 1.2 m away from
the magnetic field area.

2.1 Simulated wall motion

Simulating physiological cardiac wall movements, the abla-
tion surface was able to move in a 6-mm diameter circular
motion at 60–80 oscillations per minute (refer to
supplementary video). The plane of the circle of motion was
the same as the plane of the phantom gel sheet. The catheter
support structure was arranged to stabilize the position of the
catheter shaft and maintain it during oscillations of the abla-
tion structure.
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2.2 MNS versus MC radiofrequency ablation

RF ablations were delivered on the gel surface with the cath-
eter tip positioned orthogonal to the surface, and in the plane
of the gel sheet. Catheter positioning was confirmed by direct
visualization. For the MNS ablations, a guide (Agilis, St Jude
Medical) was used to introduce the catheter into the phantom
with 120 mm of floating length unsupported by any structure.
The MC was supported by Agilis sheath to within 50 mm of
the distal tip. The MC was positioned manually whilst the
MNS catheter was moved using the magnetic field.

All ablations were performed with a Stockert EP Shuttle
Generator, with settings of 40 W power, 60 s duration and a

temperature limit of 50 °C. Saline irrigation rate for the cath-
eter tip was 30 ml/min for both systems.

2.3 Images of the ablation and lesion measurements
and analysis

During RF ablations, images of the phantom were captured
every 5 s. The 50 °C isothermwas drawn on the images by the
custom image analysis software, and the isotherm was used to
define lesion dimensions (depth and width). Lesion depth was
measured from the electrode surface nearest to the ablation
zone, to the isotherm of interest. Lesion width was defined
as the maximal width of 50 °C isotherm parallel to the elec-
trode gel surface. The volume of individual lesion was calcu-
lated using the formulae for half ellipsoid [14].

v ¼ 2� π w
2

� �2 � d

3

where v, w and d—volume, width and depth of the lesion,
respectively.

2.4 Catheter stability

To measure the catheter stability during ablations on moving
targets, the distance between the catheter tip and two fiducial
points on the surface was measured at 40-ms intervals (each
movie frame at 25 fps) of each ablation (superior and inferior
catheter orientation with motion). The distance variation
(range and SD) formed the metric used to assess stability
(Fig. 3).

2.5 Statistical analysis

Parameters analyzed included lesion depth, width, volume
and the extent of catheter lateral movement during simulated
wall motion. SPSS 22 software was used to analyze all

Fig. 1 Schematic representation
of the myocardial phantom
model. a Drive motor for tank
oscillation. b Camera and flash
unit. c Fulcrum for tank and
camera to oscillate. d Non-
magnetic motor shaft. e Magnet
face. f Gel well. g Catheter sup-
port (immobile). h Cam to enable
oscillation

Fig. 2 Thermochromic liquid crystal phantom myocardial model.
Coronal image demonstrating RF ablation using MC (Thermocool
catheter) on the gel surface with related isotherm gradient at
60 seconds. The desired isotherm (50 °C) is highlighted in yellow

J Interv Card Electrophysiol (2015) 44:1–8 3



descriptive and analytical tests. Unpaired Students t test was
used to compare the means between the groups.

3 Results

3.1 A total of 60 ablations were performed

In the stationary phantom, the mean lesion volumes with
MNS and MC ablations was 57.5±7.1 and 58.1±7.1 mm3

(n=23, p=0.6), respectively, in the inferior catheter orienta-
tion and 62.8±9.9 and 64.6±7.6 mm3 (n=16, p=0.9), respec-
tively, in the superior catheter orientation (Table 1) (refer to
supplementary video). The lesion growth kinetics was similar

in both catheter types in the stationary platform. The final
width with MC and MNS was 5.45±0.1 and 5.55±0.1 mm
(n=23, p=0.06) and depth was 3.5±0.04 and 3.5±0.1 mm
(n=23, p=0.9), respectively.

During 6-mm simulated wall motion ablation, the MC
catheter and MNS catheter moved 5.2±0.1 and 0 mm, respec-
tively, in inferior orientation and 5.5±0.1 and 0 mm, respec-
tively, in the superior orientation (refer to supplementary
video). The mean lesion volume with MNS and MC was
60.2±2.7 and 42.8±8.4 mm3 (n=11, p<0.01*), respectively,
in the inferior catheter orientation and 74.1±5.8 and 54.2±
3.7 mm3 (n=10, p<0.01*), respectively, in the superior cath-
eter orientation. The difference in mean lesion volume was
due to shallow lesions in the conventional ablation during

Fig. 3 a Similar lesion volumes
withMNS andMC ablation in the
inferior catheter orientation (p=
0.6). b Similar lesion volumes
with MNS and MC ablations in
the superior catheter orientation
(p=0.9). c Increased lesion
volume with MNS ablation
compared to MC in the inferior
catheter orientation with 6-mm
lateral sliding due to the stable
catheter position in MNS
(p<0.01*). d Increased lesion
volumes with MNS ablations
compared to MC in the superior
catheter orientation with 6-mm
lateral sliding due to the stable
catheter position in MNS
(p<0.01*)

Table 1 The lesion volumes were larger with MNS in the presence of lateral sliding of the ablation surface both in superior and inferior orientation.
Both MNS and MC ablations showed similar lesion volumes in stationary ablations both in superior and inferior orientation

MNS MC

Catheter orientation±surface sliding Width (mm) Depth (mm) Volume (mm3) Width (mm) Depth (mm) Volume (mm3) p value (volume)

Inferior, without sliding (n=23) 5.5±0.2 3.4±0.2 57.5±7.1 5.6±0.3 3.5±0.2 58.1±7.1 p=0.6

Inferior, with sliding (n=11) 5.7±0.0 3.6±0.2 60.2±2.7 6.2±0.6 2.1±0.1 42.8±8.4 p<0.01*

Superior, without sliding (n=15) 5.5±0.4 3.9±0.1 62.8±9.9 5.7±0.3 3.7±0.1 64.6±7.6 p=0.9

Superior, with sliding (n=20) 6.0±0.2 3.9±0.1 74.1±5.8 6.0±0.1 2.9±0.1 54.2±3.7 p<0.01*

MNS magnetic navigation system, MC manual control
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simulated wall motion both in inferior and superior catheter ori-
entations. The lesion depth was 3.6±0.2 and 2.1±0.1 mm in the
inferior catheter orientation, (n=11, p<0.001*) and was 3.9±0.1
and 2.9±0.1 mm in the superior catheter orientation with MNS
andMC, respectively. On the contrary, the final lesion width was
larger with MC. The lesion width was 6.1±0.6 and 5.4±0.1 mm
in the inferior catheter orientation (n=11, p=0.04*) and was 6.3
±0.5 and 5.7±0.2 mm in the superior catheter orientation (n=10,
p=0.01*) for MC and MNS, respectively. Significant delay in
lesion growth up to 20 s occurred in MCwith simulated motion.
Up to 60 s, the lesion dimensions did not plateau. Width and
depth were 24 and 30% larger at 60 s when compared to 30 s for
both catheters (Fig. 4c, d).

The lesion growth kinetics was similar with MNS ablation
in both simulated wall motion and stationary models as the
catheter was fixed to the surface due tomagnetic force without
any movement irrespective of the degree of surface sliding
(Fig. 4a, b).

4 Discussion

The present findings demonstrate that MNS lesion sizes dur-
ing simulated wall motion in both inferior and superior cath-
eter orientations were superior to MC ablation owing to the
better stability of the MNS catheter. During manual ablation,
there was greater dispersion of RF energy on the gel interface
due to increased catheter mobility thus creating shallower le-
sions. There was significant delay in lesion formation with
MC during simulated wall motion. In the absence of wall
motion, the lesion sizes were similar in the two systems stud-
ied (Fig. 5).

If MNS was compared to MC ablation in an in vivo setting
as well, one could speculate that the MNS lesion size would
not be inferior as it had been shown before that the measured
contact force (CF) with MNS ablations was not significantly
different to that with MC [15]. In majority of conventional
ablations, the CF was measured to be between 10 and 20 g
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Fig. 4 a, b Lesion parameters plotted against time in stationary model.
The growth curves were similar in both catheter types. The final width
(p=0.06) and depth (p=0.9) were similar in MC and MNS. c, d Lesion
parameters plotted against time in the simulated wall motion model.

Significant delay in lesion growth in MC with simulated motion. The
final width was larger (p=0.04*), and the final depth was smaller with
MC (p<0.001*) compared to MNS
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[16]. In the TOCATTA study for AF ablation, the mean CF of
ablations was 14 g [16]. Using 0.15-T magnetic field, Faddis
et al. demonstrated that the CF applied to the catheter tip with
MNS was 26.8 g [17]. Thornton et al. also used only lower
power with MNS to create similar-sized lesions as conven-
tional ablation in an animal study [18]. This could probably
be explained by the efficient energy delivery by virtue of
stable contact (Fig. 6).

It had been shown previously that incremental contact
force increases lesion size by tenting the endocardium thereby
providing more electrode surface tissue contact to facilitate
more energy delivery [1, 19]. The myocardial phantom model
could not display the effect of varying contact forces on lesion

size due to the nature of the gel providing a hard interfacing
surface, which eliminated tenting. However, it provided an
even platform for both systems (Fig. 7 online version). Even
though one could not control for contact force, the similar
lesion sizes in both systems without motion suggest that the
contact forces were probably similar as well.

The lesion dimensions were similar with MNS and MC
ablations without simulated wall motion. This was true in
the inferior and superior catheter orientation positions with
40 W power, 30 ml/min irrigation for 60 s. In animal studies
with non-irrigated MNS catheter, it was demonstrated that the
MNS lesion size was similar to conventional ablation and also
with less variability [18]. An AF ablation study by Luthje

Fig. 5 a No catheter movement
at ablation surface with MNS
catheter during RF ablation when
6-mm ablation surface sliding
was applied in both inferior and
superior catheter orientation. This
is due to the strong magnetic pull
of the MNS on the catheter ap-
proximating it to the ablation sur-
face (Refer online video). b Sig-
nificant catheter lateral sliding
was observed with MC ablation
when 6-mm simulated wall mo-
tion was applied. (Refer online
video)

Fig. 6 Colorimetric spatial
examination of maximum
phantom tissue heating during
radiofrequency ablation
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et al. found similar success rates with MNS and conventional
ablation; however, MNS ablations needed more RF current
compared to conventional ablation. This could be explained
by the lower magnetic field strength of 0.08 T used as opposed
to 0.1 T which is the standard practice now [20].

Kalman et al., with the help of intracardiac echocardiogra-
phy, showed that more than 5 mm of lateral catheter sliding
occurred in 18 % of MC ablations [12]. The lesion size was
considerably smaller in ablations that showed significant lat-
eral sliding. Lateral catheter sliding could not only affect effi-
cacy of ablation but also could be a safety concern. Posterior
tricuspid annulus, which is the ablation site for atrioventricular
nodal reentrant tachycardia (AVNRT), had been shown to be a
highly mobile area, and excessive catheter motion in this area
could cause heart block by inadvertent ablation of the nearby
His bundle. In the current study during lateral sliding of abla-
tion surface, the MNS catheter was stable without any move-
ment at the gel interface. This produced precise and larger
lesions due to stable catheter contact. This explains Davies
et al’s observation that MNS ablations of AVNRT had a lower
mean temperature, less temperature variation and less time to
junctional tachycardia [1]. It had been shown before in con-
ventional ablation with force-sensing catheter that constant
contact force lead to effective lesions [14]. This is consistent
with the superior efficacy of MNS we demonstrated in the
presence of lateral surface movement, when compared to
MC ablations. However, with the MC catheter, lateral sliding
resulted in lesions of smaller depth and therefore smaller vol-
umes. Similar to AVNRT ablations, the necessity of precise
ablations in other vital structures such as the outflow tracts
cannot be overemphasized due to the concern of coronary
artery injury [11]. The significant delay in lesion formation
up to 20 s in our study with MC in the simulated wall motion
model is probably due to dispersion of energy as a result of
catheter sliding. The width of lesion eventually at 60 s was

larger in MC with 6-mm sliding which could be proportional
to the magnitude of simulated wall motion.

The possible reasons for the disparity between the perceived
behaviour of lesion size in MNS and what we have shown
might include the new advancements in MNS, such as intro-
duction of irrigated catheter, upgrading from two to three mag-
net catheters andmagnetic field strength increment from 0.08 to
0.1 T. All these factors could have contributed to more effective
lesion formation in our study. Besides, initial use of MNS in-
volves a significant learning curve of a new technique not only
for the operator but also for the catheter lab staff [2, 5]. As
lesion size is only one of the factors influencing efficacy of
ablation, randomized study needs to be performed to assess
parity or superiority of MNS compared to MC ablation.

4.1 Limitations

MNS ablation lesion size was measured only with the vector
perpendicular to the surface of ablation, and other angles were
not tested. However, in our clinical experience, a good pro-
portion of the MNS in vivo ablations are performed with the
vector perpendicular to the endocardium.

This is an in vitro and not an in vivo model; hence,
effect of varying contact forces could not be studied.
However, earlier studies with this phantom gel have
shown that the lesion parameters correlated well with
in vivo lesion sizes [13]. As explained above, the contact
force measured with MNS was also not inferior to that
with MC ablations.

The inverted gel tank model (superior catheter orientation)
showed larger lesion sizes for both ablation types as compared
to inferior catheter orientation. This was due to the imped-
ance values being slightly lower, which is a consequence
of the inverted system physical arrangement. In the up-
right system, supernatant fluid flows over one face of the
gel well only, but in the inverted system, supernatant fluid
flows over the upper and lower surface. The inverted
model was therefore treated as a separate case in the anal-
ysis, and catheter types were compared against each other,
which prevented bias.

4.2 Clinical implications

1 Owing to better stability, MNS could be particularly useful
for precise ablations such as for AVNRT, parahisian accessory
pathways, papillary muscle and ablations in close proximity to
coronary arteries.
2As the lesion dimensions withMNS ablation were similar or
larger compared to that with MC, no augmentation of ablation
parameters could be recommended for MNS.
3 MC ablations in highly mobile cardiac regions require
prolonged ablation time as significant delay in lesion forma-
tion could result in ineffective lesions.

Fig. 7 The phantom provided an even platform for both catheters;
however, it prevented the use of different contact forces as the hard
surface could not be dented. Concept—Davies et al. (1). (online version)
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5 Conclusion

MNS provided a stable platform for ablations under all con-
ditions tested, without any suggestion of inferior performance
when compared with manual catheter ablation. In conditions
of simulated wall motion, MNS created larger lesions, owing
to its greater stability at the catheter-gel interface. However, as
many other factors influence performance of an ablation sys-
tem one could not speculate on the parity or superiority of
MNS compared to manual ablation without randomized con-
trolled trials.
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