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ABSTRACT

This paper presents design optimization of an MRI-actuated steerable catheter for atrial fibrillation ablation
in the left atrium. The catheter prototype, built over polymer tubing, is embedded with current-carrying electro-
magnetic coils. The prototype can be deflected to a desired location by controlling the currents passing through the
coils. The design objective is to develop a prototype that can successfully accomplish the ablation task. To complete
the tasks, the catheter needs to be capable of reaching a set of desired targets selected by a physician on the cham-
ber and keeping a stable contact with the chamber surface. The design process is based on the maximization of
the steering performance of the catheter by evaluating its workspace in free space. The selected design is validated
by performing a simulation of an ablation intervention on a virtual model of the left atrium with a real atrium
geometry. This validation shows that the prototype can reach every target required by the ablation intervention and
provide an appropriate contact force against the chamber.

1 Introduction

Catheter ablation is a minimally invasive technique used for the treatment of atrial fibrillation [1, 2]. In Fig. 1(a), a
catheter passes through the femoral vein and the right atrium, and penetrates into the left atrium by passing through the atrial
septum. The catheter is guided to access the area of pulmonary vein ostia and create circumferential lesions around the ostia
by using radiofrequency energy. The lesions create barriers that prevent spread of irregular electrical signals causing the
cardiac arrhythmia.
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Fig. 1: (a) An illustration of left atrial fibrillation ablation in the left atrium [5]. (b) A general structure of an MRI-actuated steerable catheter. The
catheter is embedded with two coil sets (proximal coil set and distal coil set). Each coil set includes one axial coil and two orthogonal side coils.

Magnetic Resonance Imaging (MRI) has been proven to be indispensable to the improvement of the catheter ablation
procedure due to its superior soft-tissue visualization with no radiation exposure [3]. In catheter ablation, MRI has been used
both pre-procedurally to gather a detailed anatomical information of the left atrium and related areas, and post-procedurally
to detect complications and visualize lesions [4]. Real-time catheter guidance and lesion visualization using MRI has also
been demonstrated [3, 4].

Robotic catheters have emerged as a promising alternative in catheter ablation. Some of the advantages include less
physical demand on the physician, lower radiation exposure, greater catheter stability, and higher reproducibility. The MRI-
actuated catheters were proposed in [6] and [7]. A general concept of an MRI-actuated steerable catheter is shown in Fig.
1(b). The catheter built over polymer tubing is embedded with a set of current-carrying coils. The catheter is then deflected
by passing currents through the coils which generate magnetic torques under the MRI scanner’s magnetic field. The currents
can be controlled from the control room to remotely steer the catheter. Thus, with MRI-actuated catheters, mapping, remote-
steering, ablation guidance, and lesion visualization, can all be performed in the MRI environment. The authors [5, 7, 8]
have successfully demonstrated the three dimensional deflection of the MRI-actuated catheter inside a clinical MRI scanner.

This paper focuses on the optimization of the MRI-actuated steerable catheter design with structure shown in Fig. 1(b),
so as to optimally perform left atrial ablation intervention. The catheter design optimization discussed in this paper refers
to the design of the distal segment of a regular clinical catheter that will be located inside the left atrium (Fig. 1(a)). The
remaining proximal segment of the catheter body is subject to a different set of design criteria. For example, proximal part
of the catheter body would need to provide structural strength and stiffness to facilitate insertion of the catheter instead of
providing flexibility for dexterous steering. Design of proximal segments of the catheter is well studied, and is not specific
to the proposed MRI guided catheter actuation scheme, and as such, is not considered in this paper.

The goal of this intervention is to create one circular lesion around each ostia of the pulmonary vein in the left atrium.
Successful ablation intervention requires the catheter to have sufficient workspace to reach the ablation targets and to generate
sufficient contact forces to maintain a stable contact with the tissue. A stable contact with enough contact force (CF) is critical
to create lesions with appropriate depths for improving success rate of the intervention and reducing the recurrence rate.

The design of the prototype includes two subproblems: material selection of the catheter and design optimization of the
coil actuators (including construction and placement). A three dimensional (3D) model of an MRI-actuated catheter was
proposed and validated by Liu et al. [5, 8]. This model indicates that the deflection of catheter is related to mechanical
properties of the construction material for the catheter, such as Young’s modulus, Poisson ratio, shear modulus and density.
Therefore, the factorial design experiment method [9] is used for the material selection to investigate the effects of these
properties on the performance. The catheter design also requires the selection of the actuator parameters. Each coil set on
the catheter is composed of a set of three coils (one axial and two side coils) as shown in Fig. 1(b). The number of windings
and the effective areas for each coil, as well as the location of the coil sets on the catheter need to be determined to optimize
the performance of the catheter system.

In this study, the catheter material selection and the actuator parameter selection are performed sequentially to reduce
the computational complexity of the optimization. The reachable workspace of the catheter, as quantified by the range of
deflection angles that can be achieved by the catheter design, is used as the metric of performance in the design optimization.



Frame N Frame N+1

A

X
= = TIP
S D 7
4/ | VA

M|/1 Segnent 1 Segment 2 l """"" l Segpent K | e Segtpent N|  Mnyg
Aw AW

N,
f\
v
|
>

BASE

AW ' AW ' AW AW AW AW Yy

Fig. 2: Diagram of a catheter equipped with one set of embedded current-carrying coils, which is divided into N finite segments [5].

The final design of the prototype is validated in a simulation of left atrial fibrillation ablation intervention by evaluating
the reachability of the catheter tip to the desired targets and the achievable contact force using a realistic model of the heart.

The remainder of the paper is organized as follows. Previous studies are discussed in Section 2. Section 3 reviews the
deflection model of the catheter under external loads. Section 4 presents the process of choosing an appropriate material for
the catheter. Section 5 presents optimization of the electromagnetic coil parameters and selection of the locations for the
coils. A demonstration of the performance of the catheter is presented in Section 6, followed by the conclusions presented
in Section 7.

2 Related Studies

Fu et al. [10] summarized the types of the active catheters employing different actuation methods in the previous
literature. Magnetic actuation is one of the promising and emerging actuation methods employed. One advantage of magnetic
actuation is the ability to place the actuation on the tip rather than at the proximal end outside patient body, thus increasing
the bandwidth by reducing backlash and friction.

Muller et al. [11] reviewed different actuation methods in the literature for catheter navigation under MRI guidance.
The general approach involves using an external magnetic field to produce magnetic torques or forces on the catheter tip
by employing electromagnetic microcoils [6-8, 12—15], ferromagnetic or magnetized materials [16—18] or even permanent
magnets [19, 20].

The design of a remotely steerable catheter is typically evaluated based on its steering performance and its adaptability
to anatomical constraints in its clinical task. The steering performance is characterized in [11] as bending angles of the
catheter tip, time to achieve bending, degree of rotation and miniaturization capacity of the design. Gosselin et al. [17]
quantified the deflections of the catheter when the distance separating two ferromagnetic spheres are changed, and also
measured magnetic forces generated by gradient changes. Settecase et al. [13] measured deflection angles of the catheter
when winding turns of solenoids on 1.8Fr and SFr catheters were changed under 1.5T and 3T MR scanners. Losey et al. [14]
demonstrated a magnectically assisted remote-controlled (MARC) catheter for endovascular navigation under real-time MR
imaging guidance. But like [13, 17], this MARC catheter [14] was only investigated for the steering motion of the catheter
on a plane. Recently, Moftakhar et al. [15] developed the third-generation MARC catheter, which can deflect in mulitple
planes.

In atrial fibrillation ablation, contact force between the catheter tip and the tissue has been noted to be an important
factor for the outcome of the procedure [21, 22]. An ablation intervention with a contact force of less than 10g (100 mN)
was indicated to have a higher recurrence rate than the one with a contact force of more than 10g [22].

To the best of our knowledge, there are no earlier studies in the literature which discussed the MRI-actuated catheter
design based on task and anatomical constraints. In terms of catheter-sized continuum robots, there are several earlier studies
on the design optimization of concentric tube robots [23—25] based on anatomical and surgical task constraints.

3 Catheter Deflection Model

Modeling the proposed MRI-actuated catheter’s three dimensional deflection motion in free space, including bending
and torsion was developed in [5, 26]. In the proposed kinematic model, the catheter is approximated to be composed of
a set of finite segments (shown in Fig. 2). The deflection of an individual segment is solved using beam theory and the
Bernoulli-Euler law [5, 26]. Then the force/torque equilibrium equations for each of the segments are then set up based on
each segment’s deflection angles.

The equilibrium equations for each segment (i € {1, --- , N}) are presented in (1),

M; =R i iMi 1+ Pijp1 X (Riip1Fr) + Qiivt X (Rt AW;), (1)

where the M; and F; represent the torque and force vectors acting on the i/ segment, vector AW; represents the weight of



the i segment, P; ;11 and Q; ;41 represent the end point and the center of the i segment in frame i coordinates, and, R; ;41
represents the rotation matrix between two ends on the i/ segment. Here, Fy | and My are, respectively, the external
force and moment acting on the tip of the catheter. The resulting deflection of each segment (i € {1, --- , N}) is then given
by

Si-M; =C;-X;, )

where, X; represents the vector of deflection and torsion angles of the i segment, S; represents a matrix including the area
moments of inertia and the area product of inertia of the i’ segment cross section, C; represents the stiffness matrix of the
i"" segment considering the material properties (such as Young’s modulus and shear modulus). The specific details of the
deflection model are explained in [5, 26].

The magnetic torque from the electromagnetic coils embedded on the catheter can be computed by the cross product
of magnetic moment and magnetic field. For example if electromagnetic coils are embedded on the k" link, and additional
magnetic torque My given by

My = 1 x (Ri1Bo), 3)

is added to the k" link equation in (1), where the vector B, represents the main magnetic field of the MRI system relative to
the base frame, and the Hf represents the total magnetization vector of the catheter coils relative to frame k.

When catheter is being used for ablation, the catheter in contact with surface is under the combined loads of the magnetic
torques from these coils, the contact force exerted back from the tissue, possibly friction force on the contacting surface, and
the weights of the catheter and the coils (Fig. 3). In order to model the catheter deflections during contact, the model in
[5, 26] has been slightly modified by incorporating the contact forces applied on the catheter tip in the equilibrium equation
of the last segment. Thus, mathematically, the external force Fy is calculated as

FN+1 :Fcl)n+FfViCa (4)

by including the contact force, F¢,y, and the friction force, Fyic.

4 Selection of Catheter Material

A typical ablation catheter may have different mechanical characteristics at different parts of its shaft to satisfy different
design requirements. As such, different parts of the catheter may be constructed from different materials. The focus of the
paper is to design the distal segment of the catheter inside the left atrium (Fig. 1(a)). The key requirement for this segment is
to be flexible so as to allow the catheter to be steerable enough for atrial fibrillation ablation. The chosen material also needs
to be biocompatible. This section focuses on the effects of different materials on the steering performance.

4.1 Factorial Design for Material Selection
The steering performance of the catheter is related to three mechanical properties of the material: Young’s modulus,
Poisson ratio, and density. Young’s modulus characterizes the stiffness of an elastic isotropic material. The Poisson ratio

Surfage Co%rdinate

Fig. 3: Tllustration of a catheter in point-contact with a chamber surface on a tangent plane.



Table 1: Mechanical properties of some materials commonly used for catheters.

Materials Density Young’s Modulus Poisson
(kg/m>) (MPa) Ratio
Polyurethane 1200 25 0.42

Silicone Rubber 1100-2300 1-50 0.47-0.49

Teflon/PTFE 2160 400 0.46
Polyethylene 950 700 0.42
Nylon 1100 3000 0.42
Polyvinyl Chloride 1400 1500 0.42
Polyimide 1420 2500 0.34
Polyester 1300 3500 0.25
Polyether Block Amide 1000 12-513 0.34

gives the relationship between the transverse and axial strains of a material. The density of the material determines the
weight of the prototype given its dimensions.

For completeness of coverage of catheter material, common biocompatible materials, which are specified in literature for
construction of catheters, such as in some patents [27-29], are summarized in Table 1!, There are various types of catheters,
such as urinary catheters, intravascular catheters, gastrointestinal catheters, angiographic catheters, and microcatheters for
neurovascular and ophthalmic interventions. All these types of catheters serve a broad range of distinct functions and
thus they have varying levels of stiffness values depending on their applications. It is important to note that sometimes
the catheters are made of a combination of two or more materials mentioned in Table 1 in order to achieve some desired
performance characteristics.

Due to the complexity and nonlinearity of the proposed model, the effects of material properties are not straightforward.
Therefore, the factorial design experiment approach is used to analyze the effects of the different material properties. Facto-
rial design experiment approach [9] is a systematic method for studying effects of two or more design factors on the response
variable, as well as the effects of interactions between factors on the response variable, using a statistical perspective. In this
paper, the factors being studied are density, Young’s modulus, and Poisson ratio. The levels of the factors in the experiments
are specified in Table 2. Due to unknown relations among these three factors, the first experiment investigates a broad range
of the properties? which covers all of the potential materials listed in Table 1. Based on the results from the first experiment,
the level selections in the second experiment are refined.

The objective function for evaluating the steering performance is the reachable workspace of the catheter in free space.
The specifications of the catheter model embedded with one coil set used in this factorial design experiment are summarized
in Table 3. A 3T homogeneous magnetic field, common in clinical MRI systems, is used. The coils are excited sequentially
by a series of currents increasing with a step-size of 50 mA and not exceeding 300 mA. Here it is assumed that the Joule
heating on the coils can be dissipated by employing proper heat management and dissipation strategies.?. The flexibility of
the coil segment is fixed and does not change in the factorial design experiments.

4.2 Computation of Workspace

Fig. 4(a) shows a catheter deflected in 3D space. The dash and solid curves respectively represent the catheter in the
zero configuration (when currents are zero) and the deflected catheter with some currents. The base coordinate frame (S) is
located on the base of the catheter. The Z axis points along the initial body of the catheter. The tip coordinate frame (7{)) is

located on the catheter tip*. The Z axis points along the catheter body outwards.
In Fig. 4(a), the magnetic field vector (By) points along the Y, axis in Frame S. The direction of the gravity is along the
catheter as this is arguably the worst case deflection configuration, since the catheter would need to lift itself up against the

!"The property values of each material in Table 1 only represent the range of its property. Due to different manufacture techniques and procedures, the
specific values of the material can vary.

2The combination of the properties may not correspond to one of the existing materials and may require construction of structures combining different
materials.

3Joule heating that would result in the electromagnetic coils when actuation currents as high as 300 mA are used is an important safety concern, and
therefore necessitates application of appropriate heat management and dissipation strategies. Possible heat management and dissipation strategies are
discussed in Section 7. It is also important to note that the method presented in this paper for kinematic optimization of the catheter design is applicable to
any maximum current value.

“The subscripts, ti and tc, for frame (T{.)) respectively represent the tip frame when it is in the zero configuration and the deflected configuration.



Table 2: Levels of the factors (Density, Young’s modulus and Poisson ratio) in two factorial design experiments.

Trial | Levels | Density | Young’s Modulus | Poisson

(kg/m>) (MPa) Ratio

1 800 50 0.10

2 1200 300 0.20

1% 3 1600 1000 0.30
4 2100 2500 0.40

5 2500 3500 0.50

1 800 5 0.25

2 950 20 0.30

ond 3 1100 40 0.35
4 1200 60 0.40

5 1300 80 0.45

6 1400 100 0.50

Table 3: Specifications of the catheter prototype used in the factorial design experiments.

Parameters Value
Winding turns of axial coil 130
Winding turns of each orthogonal side coil 30

Total length 60 mm
Outer diameter of catheter tubing 3.18 mm
Inner diameter of catheter tubing 1.98 mm
Diameter of axial coil 4.45 mm
Length of axial coil 10 mm
Length of each side coil 10 mm
Width of each side coil 3 mm
Location of center of the coils from catheter tip 15 mm
Diameter of wires 0.064 mm
Density of wires 8940 kg /m?
Density of blood 1060 kg/m?
Gravity constant 9.81

gravity.

As the shape of the workspace in 3D Euclidean space is usually not a regular shape [3], it is difficult to calculate the
coverage area by fitting the workspace to any well-known surface. Therefore, the workspace of the catheter is represented
by the range of all deflection angles achieved at the catheter tip in polar coordinates relative to the initial catheter direction,
as shown in Fig. 4(b). The deflection angle 0 is the angle between the vector Z;. and the vector Z;; and the deflection angle
0 is the angle between the projection of the vector Z;. in X;;Y;; plane and the vector X;;. Then these two deflection angles are
plotted in a polar coordinate frame where the 0 in radians acts as the radius and the ¢ in degree acts as the angle (an example
is shown in Fig. 6.). The area of the resulting closed curve (Fig. 6(b)) is used as the quantitative measure of the workspace
coverage.

4.3 Results of Material Selection

Fig. 5(a) shows the main effects of the factors in the first experiment. The Young’s modulus is the dominant factor
affecting the steering performance, particularly in the range of 50-300 MPa. Compared to the Young’s modulus, the curves
for density and Poisson ratio are much flatter. But the density with smaller values and the Poisson ratio located in the middle
range of the selected values can allow the catheter to be more flexible. This experiment narrows down the range of the
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poisson ratio and workspace have no unit.

suitable materials, such as Polyurethane, silicone rubber, and Polyether Block Amide. The refined levels of the factors for
the second experiment are listed in Table 2.

Fig. 5(b) shows the main effects of these factors in the second experiment. The results indicate that the lower Young’s
modulus range of 5-20 MPa resulted in better deflection performance. Among the material types commonly used for catheter
construction listed in Table 1, Polyurethane, silicone rubber with smaller density and Polyether Block Amide with smaller
Young’s modulus are the preferable choice from the perspective of the catheter kinematics.

Based on the results of the factorial design analysis, material with a Young’s modulus of 5 MPa, density of 800 kg/m?
and Poisson ratio of 0.25 is chosen. Fig. 6(a) shows the workspace of the resulting catheter design choice. The blue
curves represent the deflected catheter configurations, and the red stars on the tip of the blue curves indicate the catheter tip
locations. The 2D workspace represented by deflection angles (in polar coordinates) is shown in Fig. 6(b). In this plot, the
red stars indicate the deflection angles obtained for different current levels and the black polygon with the dashed lines is the
approximate polygon bounding the workspace. The area size of this polygon approximately represents the actual workspace
in Cartesian space.

5 Optimization of Actuation
5.1 Description of left atrial ablation tasks

During the MR-guided ablation procedure, a clinical catheter is inserted into the patient who lies down inside a clinical
MRI scanner (Fig. 7(a)). In this paper, the ablation task is to create four circular lesions around four ostia of the pulmonary
veins on a realistic left atrium model [30] (Fig. 7(b)). Atrial fibrillation ablation requires the catheter to be capable of reaching
the desired tissue targets and maintaining surface contact with large enough normal contact forces to create sufficiently deep



Deflection angles of catheter tip
90 2
120 60

Workspace of catheter with respect to base frame

330

240 300
270

(a) Workspace of a catheter (b) Deflection angles

Fig. 6: Workspace of a catheter with a single set of actuator coils made of a material with density 800 kg/ m?, Young’s modulus 5 MPa, and Poisson ratio
0.25. (a) The workspace in Cartesian space. (b) The distribution of the deflection angles in a polar plot.

Left Superior
Pulmonary Vein

/ J MRI Scanner
7= :

Right Inferior
Pulmonary Vein
(RIPV)

(a) How a patient would be positioned in an MRI scanner (b) Ablation task in the left atrium

Fig. 7: Simulation setup. (a) How a patient would be positioned inside an MRI scanner. (b) The resulting geometry of the atrial fibrillation ablation
task in the left atrium model [30]. The black markers are the desired targets for atrial fibrillation ablation. The black polygons around the pulmonary veins
represent the circumferential lesions.

lesions. Therefore, the goal of the actuation optimization is to maximize the deflection coverage and at the same time
maximize the normal contact force that the catheter can apply at its tip.

Ho et al. [31] described the anatomic structures of the left atrium. The cavity of the left atrium (Fig. 7(b)) is an open
space but the internal size is limited. The left atrium model (shown in Fig. 7(b)) used in this study for validation has a
diameter of approximately 60 mm. Ho et al. [31] also pointed out that the internal wall is relatively smooth. Thus the friction
coefficient between the catheter tip and the internal wall is very low.

How a patient would be positioned inside an MRI scanner [30] and the resulting directions of the gravity and magnetic
field vectors relative to the patient® are shown in Fig. 7(a). Correspondingly, Fig. 7(b) shows the relation between the atrium
model and the directions of the magnetic field and the gravity.

5.2 Design variables
5.2.1 Design variables of the electromagnetic coils

The only actuation source for deflecting the catheter is the magnetic torques from the electromagnetic coils. As we
know, a coil set (Fig. 1) can deflect the catheter into an arbitrary direction. Therefore, the structure of the coil set, the number
of these sets, O, and their locations, S, on the catheter, have direct impacts on the steering performance.

The torque induced on a current-carrying coil in a magnetic field is given by

T=1xB, ®)

where 7 is the induced torque, ﬁ is the magnetic moment vector of the coil and ? is the external magnetic field vector.
The magnetic moment vector ( is

—.
Ui = NiAii;, (6)

5The global frame is defined by the patient coordinate frame.



Table 4: Summary of variables and their constraints when there is only one coil set. The unit for distance and length is mm.

Variables Symbols Constraints
Number of coil sets Q Q=1
Winding number of side coil Ny 1 <N, <100
Winding number of axial coil N, 1 <N, <300
Location of coil set away from tip Sa 5<8;<55
Length of side coil Ly 5<Lg <50

Table 5: Summary of variables and their constraints when there are two coil sets. The unit for distance and length is mm.

Variables Symbols | Constraints
Number of coil sets Q Q=2

Winding number of side coilt Ny 1 <Ny, <100
Winding number of axial coil Nia 1 <Ny, <300
Winding number of side coil Nps 1 < Nps <100
Winding number of axial coil Npa 1 < Ny, <300
Location of distal coil set Sq 5<8;,<45
away from tip

Length of side coil Ly 10 < Ly <20
Separation distance between Dist 10 < Dist <45
two coil sets

Length of side coil Lps 10 < Lps <20
Length constraints Saq + Lgs + Dist + Ls <55

Note: The indices d, p, s, a represent distal coil set, proximal coil set, side coil
and axial coil, respectively.

where N; is the number of winding turns of the /" coil, i; is the current passing through the i coil and A; is the vector area of

the i coil (direction of the area vector is given by right-hand rule). The area of the axial coil is determined by its diameter
D, and the area of the side coil is determined by its width L,, and length L;. The diameter of the axial coil D, and the width
of the side coil L,, are constrained to the size of the catheter. Therefore, the length of the side coil L; and the winding turns
N; of each coil are the design variables in the coil structure. The diameter of the axial coil D, is set to 5.0 mm and the width
of the side coil L,, is set to 3.0 mm.

It is important to note that there is a design trade-off in the choice of coil parameters. Increasing coil size and winding
turns increase magnetic torques. On the other hand, they also increase the coil weights, which reduce the performance as the
coil actuators have to carry their own weights together with the catheter body during deflection. Furthermore, since coil sets
are stiff, (approximately ten times or more stiff than the catheter tubing), increasing the size and number of coil sets reduces
the flexibility of the catheter. So it is an additional design trade-off between more actuation power and more flexibility. In
order to achieve an appropriate balance among these trade-off factors, a specific and quantitative evaluation of the catheter
performance with various levels of these design variables is necessary.

Here, we assume that the two side coils in each coil set have the same geometric structure and share the same number
of winding turns for symmetry. Additionally, the length of the side coil is assumed to equal to the length of the axial coil in
each coil set.

5.2.2 Design variables of coil locations

The catheter length limits the number of the coil sets that can be placed on the catheter and furthermore constrains the
length of the axial coil and the side coils. The total length of the catheter inside left atrium is set to 60 mm.

In this paper, the maximum number of the coil sets, Q, is set to 2. The minimum separation distance between two coil
sets is set to 10 mm for allowing a flexural motion. As an electrode is installed to the catheter tip, an appropriate distance
between the distal coil set and the tip is necessary to keep. This minimum distance is set to 5 mm in this paper. Additionally,
the location of the proximal coil set is also constrained to be away from the base of the catheter. This minimum distance is
set to 5 mm in this paper. The maximum winding numbers for axial coil and side coil are determined by the size constraint
of the prototype.



Table 6: Summary of the final design parameters. The unit for distance and length is mm.

Variables Nds Nda Nps Npa Sd Lds SP L,,x

Results | 100 | 300 | 100 | 300 | 5.19 | 10.15 | 20.23 | 12.68

Workspace of catheter deflections

with respect to the base frame Deflection angles of catheter tip

N0 4

(a) Workspace of catheter tip (b) Deflection angles

Fi g. 8: Workspace of the optimized catheter design. (a) The workspace in Cartesian space. The blue curve shows a deflection motion of catheter. (b) The
distribution of the deflection angles in a polar plot.

In this paper, the optimization problem is divided to two independent problems based on the number of the coil sets.
The design variables and their constraints in this problem are summarized in Table 4 and 5.

5.3 Objective Function

As the magnetic torques of the coils are the only actuation source for deflecting the catheter and providing tip contact
force against tissue, maximization of the magnetic torques is the goal of the optimization problem. Increasing contact forces
when the catheter is in contact with and constrained by a surface would translate to a corresponding increase in the reachable
workspace of the catheter in the absence of the constraint surface. Therefore, similar to the catheter material selection, the
actuation coil design parameters are also optimized to maximize the reachable workspace of the catheter in free space. The
workspace computation method is explained in Section 4.2. The setup of catheter with respect to the magnetic field and
gravity is shown in Fig. 4. The maximum current for each coil is set to 300 mA.

5.4 Results of Coil Design Optimization

The optimization of the coil design parameters was performed using Genetic Algorithm. The reason is that the mathe-
matical model of the catheter deflection is nonlinear and the optimization problem is nonconvex. Another reason is the large
number of design parameters that are being selected and the fact that some of the design parameters are integers (namely, the
number of winding turns).

For each of the two subproblems, the genetic algorithm optimization was computed multiple times with different random
initial guesses, to alleviate problems with local minima. The results showed that the catheter with two coil sets has much
larger workspace than the one with only one coil set. The identified design parameters are summarized in Table 6. Fig.
8(a) shows the workspace of the resulting catheter design choice in Cartesian space. The red stars indicate the catheter tip
locations. Similar to Fig. 6(b), Fig. 8(b) shows the 2D workspace represented by deflection angles and the approximate
polygon bounding the workspace. In this plot, the maximum radius representing the 6 is 3.14. In other words, the maximum
deflection angle is 180°, which corresponds to the case where the catheter is actuated to deflect into a U shape. This deflection
capability is helpful for performing ablation tasks.

6 Validation Results

In this section, we present a set of simulation studies performed to validate the capability of the catheter prototype
recommended by Sections 4 and 5 to perform atrial fibrillation ablation. Specifically, in the validation studies, the ability of
the catheter to perform a realistic atrial fibrillation ablation task (namely, creating circumferential ablation lesions around the
right and left pulmonary veins) on a realistic left atrium model [30] (shown in Fig. 7) is evaluated. The catheter is expected
to not only follow the desired ablation trajectory, but also push against chamber surface with necessary contact force at the
desired ablation locations. In order to guarantee the equilibrium state of the catheter, the static friction force needs to lie
inside the friction cone of the contact force.



In this paper, the four circumferential ablation lesions around the pulmonary veins are represented by four sets of
eight discrete targets around each of the veins, as shown in Fig. 7(b). The task of the catheter, which enters to the left
atrium through an entry port on the atrial septum, is to achieve the desired targets and maintain a stable contact by exciting
appropriate coils with appropriate currents. To achieve a quasi-stable contact, the catheter needs to be able to generate
sufficiently large normal contact forces on the chamber surface, while the tangential component of the contact forces remain
within the static friction force cone. Therefore, for each desired point along the trajectory, the simulation maximizes the
normal contact force to ensure appropriate contact subject to a list of conditions, represented as:

maximize  |Feop|
1

subject to  Equilibrium equations (1 —2),
Fyric in friction cone,
|Prip — Prarger| < accuracy,
|Feon| > minimum contact force,
Feon <0,

where i represents currents for all coils. Additionally, a collision algorithm is implemented during the simulation to ensure
that only the tip of the catheter contacts the atrial surface.

In the analysis, a current limit of 300 mA (for each of the coils), a minimum normal contact force of 10g (100 mN), a
target accuracy of 1 mm and a static friction coefficient of 0.2 were used. Also, a 3T homogeneous magnetic field was used
in the analysis.

All configurations of the catheter for ablation on left superior pulmonary vein (LSPV), left inferior pulmonary vein
(LIPV), right superior pulmonary vein (RSPV) and right inferior pulmonary vein (RIPV) are computed, as shown in Fig.
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Fig. 9: Computed configurations of the catheter for left atrial fibrillation ablation. Blue curves represent the deflected catheters. The values marked on
the axes denote the coordinates with respect to the patient coordinate frame defined in Fig. 7(a).



Magnitude of normal contact force on each target for each ablation trajectory
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Fig. 10: Magnitude of normal contact force on each ablation target in this simulation.
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Fig. 11: Workspace of a catheter prototype with an insertion length, 60 mm, with respect to the global frame.

9. The blue curves represent the deflected catheter in the left atrium. The black markers are the desired targets around
pulmonary veins.

For each circle enclosing one of the ostium of the pulmonary veins, one insertion length of the catheter is preferred as
the insertion motion will potentially change the relation between the direction of the coil and the direction of magnetic field,
which will play a significant effect on the deflection motion when the coils are actuated. Constant insertion lengths of 50
mm, 49 mm, 57 mm and 55 mm were used for RSPV, RIPV, LSPV, and LIPYV, respectively.

The validation results confirm that the proposed catheter design is able to successfully reach all of the desired target
locations within a 1 mm position error. The magnitudes of the normal contact forces on each target in this simulation are
shown in Fig. 10. The catheter is able to generate the desired normal contact forces for all of the RSPV targets and most of
the other targets. However, the normal contact forces for two RIPV targets (the 1* and 2™ targets), one LSPV target (the 3¢
target), and two LIPV targets (the 6" and 7" targets) are below the targeted 10g (100 mN), but are still well above 1g (10
mN).

Fig. 11 shows the workspace of the catheter protoype with an insertion length, 60 mm.The red circles represent the
tip locations of the catheter. The coverage of the workpace is able to reach the ostia of the pulmonary veins. One possible
approach to improve access of the catheter to different targets is to change the orientation of the catheter base with respect
to the entry port (the normal vector shown in Fig. 11) on the atrial septum by using a guide wire.

The steering performance of the catheter depends on the generated torques from the interaction of current-carrying
electromagnetic coils and the By field of the scanner. During the procedure, the lying pose of the patient and the structure
of the patient’s heart (shown in Fig. 7(a)) determines the direction relations between the By field and the surface of atrium
septum to a great extent, although the surface of atrium septum is not a definite plane. The catheter’s entry point on the
transceptal wall will play an important role on the steering performance and force capability of the catheter. Jayender et al.
[32] investigated the relation of the performances of the catheter with respect to different entry points on the atrial septum,
although their catheter is a cable-driven catheter whose actuation is not related to any magnetic field. Entry point selection
for an MRI-actuated steerable catheter system could be investigated as part of future work.



7 Conclusions

This paper proposed a systematic approach to the design optimization of an MRI-actuated steerable catheter for atrial
fibrillation ablation in the left atrium. First, factorial design experiments were conducted to investigate the relationship
between the catheter material and the catheter’s steering performance. Specifically, the effects of the mechanical properties
of the material, such as, Young’s modulus, density, and Poisson ratio, were investigated. It was found out that the Young’s
modulus is the most important parameter for the steering performance of the catheter. Following the material selection, the
design optimization of the electromagnetic coils was performed to select the optimal winding turns for the coils, the optimal
size for the side coils and the optimal locations of the coil sets on the catheter. Finally, the selected catheter design was
validated on a simulated atrial fibrillation ablation in a realistic left atrium model. The simulation verified that the catheter
was successfully able to reach every target on the circumferential lesions. Additionally, the achievable contact force between
the catheter tip and the chamber was also investigated. For most of the targets, the catheter can provide at least a 10g force
(100 mN).

There is a trade-off between the coil sizes and the catheter deflection. Specifically, since the coil sets are much stiffer
than the catheter body (approximately 10x or more stiff), increasing the size and number of coil sets reduces the flexibility
of the catheter while it increases the generated magnetic torques.

It is important to note that the Joule heating in the electromagnetic coils is an important safety concern in the proposed
actuation scheme. Specifically, the maximum current value of 300mA used in the catheter design optimization, when applied
to a 300-turn 42-gage wire micro-coil, would potentially results in substantail Joule heating (and hence unsafe temperature
increases) in the coils without implementing any active cooling of the catheter or a heat management strategy. This problem
has not been explicitly considered in this study, as the heat generation and dissipation characteristics are intimately depen-
dent on the specifics of the physical construction of the catheter. There are multiple approaches that can be employed for
management of the generated heat, to prevent the heat from dissipating outward to the surrounding blood and chamber cavity
and to safely dissipate the generated heat. Some possible approaches include adding a layer of thermal insulation coating on
the coils to keep the heat inside, winding coils on a lightweight heat conductor, e.g., aluminum oxide substrate, and passing
saline coolant through catheter lumen to actively cool the heating coils (e.g., as proposed in [33]). This heat management
problem is addressable and deserves further study in the future.
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