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Design and Evaluation of a Steerable Magnetic
Sheath for Cardiac Ablations

Christophe Chautems, Sean Lyttle, Quentin Boehler and Bradley J. Nelson

Abstract—Precise catheter control is crucial to the success
of radiofrequency cardiac arrhythmia ablations. Remote control
using external magnetic fields to directly steer the catheter tip
is a promising strategy to accurately and easily perform cardiac
catheter steering. Magnetic catheters must be flexible enough to
to be deflected by a magnetic field but rigid enough to provide
sufficient force and stability during ablation. These conflicting
requirements have limited the design options and effectiveness of
magnetic catheters. Furthermore, the ablation force achievable
by magnetic catheters depends strongly on the catheter’s bending
angle; at angles greater than 90 degrees it can be very difficult
to achieve any significant force during ablation. To overcome
these shortcomings, we propose to magnetically control a flexible
segment at the distal tip of the introducer sheath, rather than
the catheter. Control of the tip orientation is thus decoupled
from catheter insertion, enabling more robust and intuitive
manipulability of the catheter. Usability testing with the Aeon
Phocus, a magnetic navigation system, has shown that the control
of this magnetic sheath is indeed more intuitive than the control
of a standard magnetic catheter.

Index Terms—Surgical Robotics: Steerable Catheters/Needles,
Medical Robots and Systems, Flexible Robots

I. INTRODUCTION

ADIOFREQUENCY (RF) ablation is the treatment of

choice for many types of cardiac arrhythmias. A suc-
cessful ablation treatment replaces life-long antiarrhythmic-
drug therapy [1]. The two most common cardiac arrhythmias
are atrial flutter (AFL) and atrial fibrillation (AFib) [2]. It has
been shown that the pulmonary veins located in the left atrium
play a major role in triggering AFib [3]. As a result, electrical
isolation of one or more pulmonary veins has become the
most common technique for AFib treatment, as depicted by
the ablation trajectory in Fig. 1A for the two left pulmonary
veins. The most common type of AFL can be treated by a
linear lesion from the inferior vena cava (IVC) to the tricuspid
ring (see Fig. 1B). The tricuspid ring is the region around
the tricuspid valve connecting the right atrium to the right
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Fig. 1. Overview of AFib and AFL ablations using a magnetic sheath. A)
and B) Ablation locations in the left atrium for AFib ablation, and in the
right atrium for AFL ablation respectively (ablation trajectories in blue). C)
Magnetic sheath inside a 3D printed model of the left atrium with AFib
ablation spots. D) Prototype of the magnetic sheath with a custom flexible
catheter inserted into the sheath lumen.
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ventricle. This linear lesion disrupts the reentrant circuit that
initially triggers the arrhythmia [4].

During a standard ablation procedure, a pre-curved intro-
ducer sheath is first inserted into the femoral vein all the way
up to the right atrium via the IVC. In the case of an AFib
ablation, the left atrium is reached from the right atrium via a
transseptal puncture performed on the interatrial septum that
separates the two atria (see Fig. 1A). The RF ablation catheter
is then inserted through the sheath, its tip is steered to reach
the ablation target site, and RF energy is delivered through the
tip to ablate the tissue. The majority of current commercial
catheters are manually controlled by translating and rotating
the catheter along its axis via guidewires connected to a
proximal handle as depicted in Fig. 2A. A knob on the handle
allows bending of the flexible end of the catheter through two
antagonistic cables. A large variety of sheaths with different
pre-curved shapes are commercially available in order to reach
all possible arrhythmia locations. The success rate of the
ablation with this standard manual approach has been reported
to be between 90 to 95 percent for AFL ablation, and between
50 to 70 percent for AFib ablation [5].

During a complex procedure, it may be required to change
the sheath intra-operatively in order to change the distal angle
of the sheath. Steerable sheaths have thus been developed to
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avoid such exchanges. A steerable sheath whose tip bending
can be controlled may replace the need for catheter tip bending
and improve the contact between the ablation tip and the heart
tissue, resulting in a lower recurrence of a cardiac arrhythmias
as evaluated in [6], [7] with the Agilis steerable sheath (St
Jude Medical, St Paul, MN). Two robotic systems have also
been developed to control steerable sheaths, the Sensei X2
Robotic System from Hansen Medical [8] and the V-CAS
Deflect from Stererotaxis [9]. The use of robotic steerable
sheaths has been reported to increase catheter stability, tissue
contact, and improve ablation outcome [10].

As an alternative to the classic cable actuation of catheter
tips, magnetically actuated catheters are also being used to
perform cardiac ablations [11]. This approach is depicted in
Fig. 2B. The catheter tip orientation is controlled by generating
an external magnetic field B to apply magnetic torques on
magnets disposed along the flexible distal end of the catheter.
Several types of magnetic navigation system (MNS) have
been developed to generate this field and steer magnetic
catheters inside the body. The most widely used system is
the Stereotaxis Niobe (Stereotaxis, St. Louis, MO, USA) with
more than 150 installations worldwide [12]. Studies have
shown the advantage of an MNS for navigation to sites with
difficult anatomic locations as well as reduced X-Ray exposure
for the physician [13], [14].

Over the past decade, a large number of cardiac arrhythmias
have been treated using magnetically steered catheters to per-
form RF ablations. Magnetic catheters are currently available
for clinical use from Biosense Webster (Diamond Bar, CA,
USA) and MedFact Engineering GmbH (Lérrach, Germany).
Each of these catheters are composed of a series of magnets
and flexible segments at the distal tip (see Fig. 2B), and each
has limited independence in position and orientation control.
In a recent editorial, J. Burkhart pointed out that one of the
main limitations of remote magnetic navigation is the limited
variety of magnetic catheters [15].

To address the lack of diversity in magnetic tool design,
we have previously proposed the concepts of an extremely
flexible catheter [16] that can be controlled with a magnetic
field and gradient to achieve position and orientation control
(6DOF). This approach shows some limitations in term of
the magnitude of force achievable with a magnetic gradient.
Another alternative is to add variable stiffness sections that can
selectively change their stiffness using the phase change of a
low melting point alloy [17]. In light of the large number of
minimally invasive surgeries with different requirements, there
is a need for new magnetic tools that better address the diverse
requirements for these procedures. This paper introduces a
magnetically steered sheath as an innovative magnetic tool.
Much like the manually steerable sheaths, the advantage of
the magnetic sheath compared to a magnetic catheter is a
decoupling of the motion between tip orientation control and
catheter insertion and retraction along the sheath axis, as
well as a more direct application of force at large angles.
In comparison to the manual sheath, the magnetic sheath
has the advantage of applying a magnetic torque directly at
the distal end of the sheath and does not require transfer of
rotational motion along a long shaft. The expected outcome is
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Fig. 2. Approaches for cardiac catheter steering. A) Manual catheter. B)
Magnetic catheter. C) Magnetic sheath. Catheter is represented in blue, sheath
in green, and magnets in orange.
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improvement in the success rate of AFib and AFL ablations,
and a decrease in procedure time.

In this paper, the design of the magnetic sheath is first
introduced. Its performance is then evaluated and compared
with commercial magnetic catheters with an emphasis on its
motion control. The use of the magnetic sheath for realistic
trajectories performed during AFib and AFL ablations is then
demonstrated within a clinical MNS.

II. MAGNETIC SHEATH
A. Mechanical Design

The steerable magnetic sheath is depicted in Fig. 1D. It con-
sists of three sections: a fairly rigid tube spanning the proximal
length, an extremely flexible kink-resistant section, and a rigid,
magnetically active distal tip section. By magnetically steering
the sheath instead of the ablation catheter itself, the ablation
catheter’s path is constrained, ensuring that all forces applied
by the catheter are directly along the long axis of the catheter
(see Fig. 2C).

Two magnetic sheath prototypes were constructed. The
first was a simple proof-of-concept for preliminary functional
testing. The second, depicted in Fig. 1D, is designed to be
as close as possible to a functional medical product. Both
prototypes have the same outer diameter (4 mm) and inner
diameter (3 mm). Both sheaths accept catheters of diameter
8Fr (2.67mm) and lower. These diameters are among the
most common for cardiac sheaths and catheters. Although the
bending length and stiffness of the two prototypes are slightly
different, their kinematics are fundamentally the same.

The first prototype’s flexible joint was formed by wrapping
Teflon tape loosely around a very weak extension spring
(25 mm). The proximal section is a short length of a standard
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St. Jude braided introducer sheath. The distal section com-
prises eight ring magnets pressed onto a plastic tube.

In the second prototype, the first rigid section was extended
to correspond to the length of the access path from the groin
to the right atrium. The distance from the proximal hemostatic
valve adapter to the beginning of the flexible joint section is
650 mm. This section is made from off-the-shelf braided tub-
ing that is commonly used in cardiac sheaths. The flexible joint
section (35 mm) consists of an extremely flexible stainless
steel extension spring coated in a thin layer of expanded PTFE
(ePTFE). The ePTFE coating encloses the spring without
adding much stiffness. There are other possible embodiments
of the flexible joint, including a corrugated section like that
in a drinking straw, or concentric rings contained in an elastic
polymer, but the spring wrapped with ePTFE was found to
be the simplest and most robust solution. The distal tip of the
sheath (13 mm) consists of a small section of rigid braided
tube, eight permanent ring magnets, and an atraumatic tip. The
three sections of the second prototype are crimped together
with stainless steel collars.

In order to optimize the performance of the magnetic
sheath, an extremely flexible catheter was also constructed.
This catheter allows the magnetic sheath to bend freely. Axial
stability is provided by the magnetic sheath and not by the
catheter itself as in the standard case.

B. Interoperability with Commercial Advancer Unit and
Catheters

The translation of a magnetic catheter inside a traditional
introducer sheath is performed by a robotic advancer unit [18]
which consists of two motorized rollers (see Fig. 2). The
magnetic sheath and catheter have been designed to be inter-
operable with the advancer unit commercialized by Aeon
Scientific. It can be operated in the same way as for a fixed
curvature standard sheath with the advancer unit inserting
and retracting the flexible catheter inside the magnetic sheath
lumen.

The magnetic sheath has an inner diameter identical to com-
mon insertion sheaths and allows the insertion of a traditional
catheter. During a procedure it is common to use multiple
catheters, for example a mapping catheter to capture the heart
chamber geometry. A mapping catheter can be inserted directly
inside the magnetic sheath. The possibility to use a manual
catheter is still available as it can also be inserted into the
magnetic sheath. The magnetic sheath will slightly influence
the mobility of the manual catheter and it will not behave in
exactly the same way as with a straight sheath. The flexible
section will bend with the catheter and the rigid magnet will
keep a short section of the catheter straight, but this will not
significantly alter the behavior of the manual catheter.

III. MAGNETIC SHEATH PERFORMANCE
A. Control of a Magnetic Tool

Each magnetic dipole m inside a magnetic field B is
subjected to a magnetic torque T and a magnetic force F.

F=(m- V)B (1)

T=mxB )

The direction of the magnetic field is conveniently expressed
in spherical coordinates with the azimuthal direction aligned
with the base orientation. The magnetic field at one location is
then fully defined by an inclination angle 6, an azimuthal angle
¢, and the magnetic field magnitude as depicted in Fig. 3.

A large MNS has a workspace center located approximately
300 mm from the electromagnet tips. Because the magnets on
the catheter are at such close proximity (=10 mm) to each
other, and so far from the electromagnets, they are exposed to
a similar magnetic field. For this reason, we assume a uniform
and constant magnetic field in our working volume. Thus for
modeling purposes, we only consider the magnetic torque on
the catheter. The magnetic force is neglected as it is created
by the magnetic field gradients that are assumed to be small
in a large MNS.

To verify this assumption, experimental data were collected.
A magnetic catheter was positioned in an MNS with the
sheath’s proximal side constrained along the horizontal main
axis of the system. Tip positions were recorded by fixing
two color markers on the tip and using two cameras to track
the markers. The marker centroids were extracted from the
camera image using standard image processing tools. The tip
position is conveniently expressed in cylindrical coordinates
with the longitudinal axis collinear to the sheath base axis.
The catheter configuration is thus described by the longitudinal
coordinate 7, the radial coordinate R and the azimuthal angle
¢ as depicted in Fig. 3. The magnetic field inclination angle
and the azimuthal angle were increased by steps of 30° to
cover the full azimuthal range 0° to 360° and inclination
between 30° to 150° (magnetic field magnitude ~120 mT).
The catheter length was increased by 20 mm insertion steps
within the sheath.

Measurements with identical catheter lengths and mag-
netic field inclination angles form a cluster independent of
magnetic field azimuthal angles, as depicted in Fig. 3. The
mean distance from the cluster median is 2.7mm and the
standard deviation is 3.0mm. These clusters validate our
assumptions of rotational symmetry, meaning that the behavior
of a magnetic tool can be assessed within a single azimuthal
plane. The influence of gravity and magnetic force were too
insignificant to measure, validating our assumption that they
can be neglected.

Using the model based on these two assumptions proposed
by L. Tunay [19], for a thin body deflected by a magnetic field,
the flexible segment constant curvature x is given by

Tm

T

3)
where T, is the bending moment, E is the modulus of
elasticity in tension, and [ is the area moment of inertia. In
the plane of deflection, the distal segment orientation relative
to the proximal segment orientation is represented by 6, and
the magnetic field inclination angle is represented by 6. The
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Fig. 3. Parametrization of the magnetic tool inside a magnetic field. Magnetic
field in orange, magnetic tool in blue and azimuthal plane in gray dotted line.
On the right, tip positions of a commercial Trignum magnetic catheter for
different catheter insertion lengths and magnetic field directions in cylindrical
coordinates.

conversion between tip and curvature is given by 0, = l.
With the magnetic field equation (1) inserted into (3), we get:

IBM

T sin (6 — O;p) )

etip =
The resulting tip orientation and position can be computed
using a numerical solver. This can be extended to multiple
magnetic segments by having one equation per magnet and
summing the magnetic torque acting on each flexible segment.
The set of equations can then be solved numerically.

B. Kinematic Comparison with Magnetic Catheters

Magnetic catheters, as depicted in Fig. 2B, suffer from
several important kinematic disadvantages. First, the distance
from the tip of the sheath to the magnetic segments changes
depending on the catheter’s insertion length, i.e ! is not
constant in equation (4). Therefore, in a constant magnetic
field, the curvature of the catheter will change as it is inserted
or retracted, making control somewhat complex. Second, the
stiffness of the magnetic catheter changes as it is inserted and
retracted, i.e. E in equations (3) and (4) is also a function of
l. This is due to the difference in stiffness between the flexible
sections and the rigid magnetic sections. Furthermore, because
commercial magnetic catheters have multiple distal magnets,
the amount of magnetic volume M also changes with insertion
length.

The magnetic sheath addresses these limitations by mag-
netically controlling the sheath instead of the catheter, thus
decoupling curvature and insertion. Because the length of the
sheath’s flexible distal section does not change ([ is constant),
the curvature of this section does not depend on the insertion
length of the catheter. Also, the magnet location and flexibility
of the sheath are constant and wholly decoupled from the
insertion length of the catheter. Furthermore, because the
magnetic sheath creates a path the catheter must follow, the
direction of the force applied by the catheter will always be
coaxial with the tip of the sheath, which can be advantageous
for contact force and stability at large bending angles.

Figure 4 shows the results of kinematic simulations in
MATLAB for the magnetic catheter and magnetic sheath. The
nonlinear behavior of the magnetic catheter is clearly seen, in
contrast with the linear behavior of the magnetic sheath.

o Ty
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Fig. 4. Kinematic comparison of a three-magnet magnetic catheter (left plot)
and the magnetic sheath (right plot). Pink-orange lines represent tip positions
for a given magnetic field inclination angles and green-blue lines represent
tip positions for fixed catheter insertion lengths. For the magnetic catheter the
line with constant magnetic field but varying catheter length shows a sudden
change of direction. This is not the case for the magnetic sheath. The flexible
section of the magnetic sheath is 30mm long and the magnet 10mm. The
three-magnet catheter has a flexible section length of 20mm and a magnet
length of 10mm.

C. Experimental Results

In order to confirm the simulation results of the kinematic
model, experimental data were collected on two commercial
catheters and the magnetic sheath. The commercial prod-
ucts considered for this comparison are a Trignum magnetic
catheter (Biotronik) and a MagnoFlush magnetic catheter
(MedFact Engineering GmbH), both composed of three rigid
magnets placed along the flexible distal part of the catheter.
The magnetic sheath used for these experiments was the
second prototype with a 35mm flexible section. With a con-
stant magnetic field direction and magnitude, the catheter was
incrementally inserted through the sheath in steps of 2mm,
and the position of the tip was measured with a sub-mm visual
tracking system. A inclination angle of 150° was selected for
these tests.

The results are depicted in Fig. 5. Nonlinear behavior
was observed for both commercial catheters. Five different
configurations of the MagnoFlush catheter along this curve
are represented (see top of Fig. 5). The nonlinearity observed
between configurations 1) and 2) corresponds to the situation
where the second flexible segment of the catheter (in white)
comes out of the straight sheath. In this case a 2 mm insertion
can lead to a 15mm tip displacement. When a rigid magnet
comes out of the sheath, the insertion curve exhibits a change
of tip motion direction. These effects clearly appear for both
commercial catheters and are successfully avoided with the
magnetic sheath as magnetic steering is performed on the
sheath itself rather than on the catheter (see Fig. 2B and C).
With this approach, the insertion of the catheter within the
sheath does not affect its distal orientation meaning that the
insertion and orientation motion are decoupled.

IV. USER CONTROL FOR CARDIAC ABLATIONS

During an ablation procedure, the electrophysiologist ob-
serves the catheter via X-ray images or using a commercially
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Fig. 5. Catheter tip position for a magnetic field inclination § = 150° for
MagnoFlush catheter, Trignum catheter, and first magnetic sheath prototype.
The measurements are every 2 mm for the MagnoFlush and Trignum catheter
and every 10 mm for the magnetic sheath. Due to the color marker on the
tip, no data is available for a catheter length below 20 mm. Five pictures
illustrate different stages of the MagnoFlush catheter insertion curve.

available EP localization mapping system (e.g. Carto3 or En-
site Navx). In newer mapping systems, the catheter tip position
is displayed on a 3D heart map, and ECG signals are overlaid
on top of the heart map. These mapping systems are used with
manual or magnetic catheters. The electrophysiologist can then
control the catheter motion using this visual information.

The magnetic sheath prototypes were also tested inside a
clinically available MNS (Aeon Phocus, Aeon Scientific AG).
A 3D joystick allows the user to rotate the magnetic field.
Two buttons on the joystick control the robotic advancer unit
for insertion and retraction of the ablation catheter inside the
sheath. The magnetic field direction and the insertion length
are displayed within a dedicated graphical user interface.

Two 3D-printed models were used to evaluate the ability of
the magnetic sheath to reach target sites for AFL and AFib
ablation. Of course the 3D-models do not fully simulate the
conditions of a real cardiac environment, such as blood flow
and tissue deformation. However, their geometries are realistic
enough to evaluate the ability of the magnetic tools to follow
a realistic ablation trajectory. Snapshots of the procedures are
depicted for both cases in Fig. 6. The models are open on one
side to allow the user to observe the magnetic sheath motion
directly.

In the case of AFL ablation, the ablation targets are located
around the tricuspid ring which is difficult to reach when
coming from the IVC, as it requires bending the tool close
to 180° (see Fig. 1B). It is extremely challenging to reach the
ablation spots with a magnetic catheter in the 3D right atrium
model. Due to the decoupling of the catheter insertion and
orientation, the trajectory is much easier with the magnetic
sheath. The sheath is first steered to point the tip toward the
ablation site near the IVC, then the catheter can be inserted
through the sheath with a stable fixed tip orientation. This way,

TABLE I
TIME IN MINUTES AND SECONDS TO REACH THE 19 AFIB ABLATION
POINTS WITH EXPERIMENT REPEATED SIX TIMES.

Mean Time Min Max
Biosense catheter 6°55” 5277 | 8307
Magnetic sheath 3’14 231”7 | 3’517

the catheter maintains steady contact with the heart model
wall, and the contact force is directly perpendicular to the
target site. The first sheath prototype with a 25mm flexible
section was used for the AFL experiments, because it has a
slightly smaller bending radius.

In AFib ablation, the pulmonary veins located in the left
atrium are usually the targets for ablation. Access to the
left atrium requires a transeptal puncture perforating the wall
between the right and the left atrium. AFib ablation tests were
performed with our second prototype inside the CardioMag
MNS (Aeon Phocus non-medical prototype). As in the AFL
model, navigation of the magnetic sheath appeared more
intuitive than that of the magnetic catheter because of the
decoupling of the catheter insertion and sheath orientation.
This was quantitatively verified by measuring the mean time
to reach 19 ablations points, which was two times faster
compared with the Biosense catheter (Table I). Based on
visual observation, the position accuracy and path-following
ability of the magnetic sheath was qualitatively similar to
that of a magnetic catheter, although a precise quantification
would require accurate localization feedback integrated into
the catheter.

The users suggested the following improvements of the
control functionality:

o Ability to go back to a previous position (position history)

« Linear interpolation between start and end of an ablation

path

These features were implemented into our research frame-
work. The user was able to record the trajectories and move
back to a previous position. In a majority of cases, the user
only wanted to move back to an orientation and manually con-
trol the insertion, so the ability to reach a previous orientation
without changing catheter length is a useful feature. Another
advantage of controlling only the magnetic field orientation is
that we avoid any risk of perforation during motion. Besides
the ablation step, the insertion step is the one that can most
often result in a perforation in adverse situations. However,
even this risk is minimal as the soft tip of a magnetic catheter
should not be able to apply sufficient force to perforate healthy
tissue.

Linear interpolation was also implemented. The user was
able to select an initial and final magnetic sheath orientation.
The user could then move between the two orientations by
small increments. This functionality allows for a more intuitive
motion of the catheter tip along the linear trajectory necessary
for an AFL ablation.

V. CONCLUSION

We have presented the design and evaluation of a new
magnetic sheath for cardiac ablations. Due to its kinematics, its
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Fig. 6. Magnetic sheath manipulation in 3D printed model for testing AFL
ablation (top) and AFib ablation (bottom).

motion control is greatly simplified compared to commercial
magnetic catheters. This is primarily because the orientation
of the catheter tip, controlled by the magnetic field direction,
is decoupled from its insertion motion within the sheath.
Preliminary tests on heart models were carried out to target
common ablation locations for AFL and AFib procedures.
Control of the magnetic sheath within a medical MNS was
shown to be simpler and faster compared to a magnetic
catheter. This promises more intuitive control for the elec-
trophysiologist, and thus a reduction in procedure time.
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