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Automated Pointing of Cardiac Imaging Catheters

Paul M. Loschak, Laura J. Brattain, and Robert D. Howe

Abstract— Intracardiac echocardiography (ICE) catheters
enable high-quality ultrasound imaging within the heart, but
their use in guiding procedures is limited due to the difficulty of
manually pointing them at structures of interest. This paper
presents the design and testing of a catheter steering model for
robotic control of commercial ICE catheters. The four actuated
degrees of freedom (4-DOF) are two catheter handle knobs to
produce bi-directional bending in combination with rotation
and translation of the handle. An extra degree of freedom in
the system allows the imaging plane (dependent on orientation)
to be directed at an object of interest. A closed form solution
for forward and inverse kinematics enables control of the
catheter tip position and the imaging plane orientation. The
proposed algorithms were validated with a robotic test bed
using electromagnetic sensor tracking of the catheter tip. The
ability to automatically acquire imaging targets in the heart
may improve the efficiency and effectiveness of intracardiac
catheter interventions by allowing visualization of soft tissue
structures that are not visible using standard fluoroscopic
guidance. Although the system has been developed and tested
for manipulating ICE catheters, the methods described here
are applicable to any long thin tendon-driven tool (with single
or bi-directional bending) requiring accurate tip position and
orientation control.

. INTRODUCTION

Cardiologists use catheters to perform a growing range of
cardiac procedures, including arrhythmia ablation, balloon
angioplasty, and stent placement [1]. More complex
procedures are difficult to perform with catheters due to fast
heart motion and a lack of effective and easy to use imaging.
Imaging is an especially vital source of feedback for
cardiologists due to the limited tactile feedback in catheter
procedures. At present, visualization of catheters within the
heart relies largely on x-ray based fluoroscopic imaging,
which exposes patients and staff to radiation and has limited
ability to visualize soft tissues. In some procedures, intra-
cardiac echocardiography (ICE) catheters are used to image
soft tissue structures. These devices have an ultrasound array
transducer in the tip of a steerable catheter, which transmits
images to the clinician at real time. This approach can
increase safety and effectiveness due to its ability to directly
visualize the tissue structures that are the targets of many
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procedures. ICE also has the advantage of being minimally-
invasive, portable, and more cost effective than fluoroscopy.

The use of ICE imaging is limited, however, because it is
highly challenging to manually point the imaging plane at
regions of interest within the heart. Catheter steering is
accomplished using control knobs that bend the catheter tip
in two directions, handle rotation, and handle translation
(insertion). The relationship between these controls and the
image plane location orientation is complex, particularly
because the catheter shaft follows a tortuous path through the
vasculature between the handle and the ultrasound
transducer. This increases procedure times and largely limits
ICE catheter use to critical phases of certain procedures, e.g.
transseptal puncture in atrial fibrillation ablation [1].

This paper proposes the use of robotic techniques to
overcome the difficulties in manually pointing ICE catheters.
A kinematic model can describe the relationship between the
catheter controls, tip location, and imaging plane orientation.
Electromagnetic sensors on the catheter tip can determine the
image location within the heart in Cartesian coordinates.
Actuators can then drive the control knobs and handle
position to move the catheter tip to image a region of interest
or to track a working catheter.

The proposed system provides different functionality than
current commercial catheter robots. These systems, such as
the Amigo from Catheter Robotics, CorPath from Corindus,
Artisan from Hansen Medical, and EPOCH from Stereotaxis
[2-7] enable teleoperation of catheter controls to increase
operator comfort and reduce exposure to radiation from
fluoroscopic imaging. Some of these systems can be used
with ICE catheters, but most systems are interfaced in control
knob “joint space,” which does not mitigate the difficulties of
aiming imaging catheters using direct manual control.
Existing systems controlled in Cartesian coordinates do not
feature orientation control.

This paper begins with the development of a novel model
that relates catheter control actions with catheter tip locations
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Figure 2: ICE catheter actuated degrees of freedom and corresponding tip bending directions

and ultrasound imaging plane orientations. Next, issues in
catheter actuation, including joint coupling and backlash, are
explored and solutions are developed. In the following
section, algorithms for visualization strategies for specific
tasks are created in conjunction with the bending model.
Finally, we demonstrate that a 4-DOF robotic system
validates the model by proving its ability to automatically
point ICE catheters at the desired target. This will help
clinicians to quickly achieve the needed views during
procedures while reducing patient and staff exposure to
radiation and reducing procedure times.

Il. KINEMATICS

A. System Strategy and Design

ICE catheters are steerable catheters that acquire
ultrasound images of adjacent tissues from the distal tip.
They can be guided through the vasculature to the inside of
the heart, where they can provide excellent views of fast
moving heart structures with resolution that may not be
possible with external probes. ICE can also be used for
continuous monitoring of radiofrequency energy delivery
during cardiac ablation [8]. The catheter consists of a plastic
handle that can be rotated about or translated along its axis.
Four pull wires (spaced 90 degrees apart in cross section)
extend along the length of the catheter body through the
bending section to their attachment points at the distal tip. On
the proximal end, each pair of opposing pull wires connects
to a bending knob. The bending section is designed to be less
rigid than the body such that pull wire deflection causes most
bending to occur in that region. The distal 2 cm tip of the
catheter is rigid and contains the ultrasound transducer. A
typical ICE catheter used for system validation is typical 8 Fr
(2.70 mm diameter) 110 cm long catheter with a 64-element
2D ultrasound transducer at its distal tip, pictured in Figure 2
(AcuNav, Biosense Webster, Diamond Bar, CA, USA).

The system proposed here for bending model validation is
designed to manipulate a commercial ICE catheter with four
actuated degrees of freedom. The catheter steering robot,
capable of manipulating two bending directions, handle
rotation, and handle translation, enables clinicians to
visualize desired objects or tissue structures in the heart using
the same actuated degrees of freedom as in manual
manipulation. Most commercial catheters only require one
bending direction (totaling 3 DOF) to reach a desired position
and complete its task without regard to orientation. The ICE
catheter is unique in that it features an extra bending direction
in order to achieve desired tip orientations for imaging

purposes. The system’s extra DOF may be utilized differently
depending on the task. For instance, a user may wish to reach
a desired location (with unspecified orientation) in the heart
using 3 DOF and then use the extra DOF to steer the imaging
plane towards a region of interest. Another task of interest is
to spin the catheter tip about its own axis, thereby sweeping
the imaging plane across a desired region, while keeping the
catheter tip in the same location. Additionally, the user may
image an object from various sides to determine an optimum
viewpoint. To demonstrate this task we aim to circle an
object while keeping the imaging plane pointed at the object.

Several kinematic strategies focused on catheter
positioning have already been developed, and we will use
these techniques as the basis of our approach to control the
ICE catheter [9-11]. Additionally, researchers have also
described the bending characteristics of long deformable
objects, known as remotely actuated continuum robots [12,
13]. However, catheter tip orientation has not yet become a
focus of investigation even though the development of
robotically controlled catheter position and orientation could
enable more complicated procedures to be performed in a
minimally invasive fashion.

B. Forward Kinematics

This paper describes a kinematic model based on
geometric principles and classic robot kinematics. Closed-
form kinematic solutions have been derived for both the
forward and inverse cases. This model is unique in that it is
the first model known to the authors capable of calculating
both the position and orientation of the catheter tip for
catheters with two bending directions. With orientation
information, it is then possible to determine the location and
direction of the ICE imaging plane. A primary assumption of
the model assumes that catheter bending occurs in the
bending plane (neglecting the effects of plastic torsion). We
also assume that the catheter bends with a constant radius of
curvature, which has been examined previously [12], and that
dynamic effects of catheter motion are negligible due to low-
speed actuation.

An additional assumption for deriving the kinematic
solution to the system involves positional joint coupling in
bi-directional bending. Solving for the tip orientation of a
traditional serial manipulator would normally require
multiplying the origin orientation by transformation matrices
corresponding to roll, yaw, and pitch, in the proper order
(depending on the manipulator). However, the bi-directional
bending catheter is a manipulator in which pitch and yaw can



Figure 3: (a) Catheter bending geometry, (b) inverse kinematics

occur simultaneously. We begin by making the assumption
that the effects of coupling between bending directions is
negligible. It is assumed that applying pitch and yaw will
yield the same kinematic results as applying yaw and pitch.
This claim is validated in Section I11.

The forward kinematics model uses the catheter handle
inputs to calculate the position and orientation at the catheter
tip. The catheter handle inputs correspond to the four
controllable actuated degrees of freedom as in Figure 2. The
first input bending knob controls pitch in the posterior-
anterior plane, ¢,, the second input bending knob controls
yaw in the right-left plane, ¢,, the third input is catheter
handle rotation (roll), ¢3, and the fourth input is catheter
handle translation, d,. Knob units are radians and translation
units are meters. Constants catheter radius, R, length of
bending section, L, and effective knob diameter, Dy, must be
known as well.

Intermediate variables (in Figure 3a), which describe the
bending of the distal section, have been detailed by
researchers in previous work [10]. The ratio of yaw to pitch,
6, is the angle between the bending plane and the X-Z plane.

0= tan''(¢z/ ) 1)

The amount of pitch and yaw pull wire deflections due to
the bending knobs are AL, and AL,.

AL] = ¢1D1(/2, ALZ = ¢zD1(/2 (2)
Curvature is described by calculating

a=+/(4L1/R)? + (AL,/R.)?. 3
The radius of curvature is

R=1/a. 4)

The catheter tip position from bending can be calculated
using R, a, and 6. It should be noted here that 6 and Z are
calculated due to only adjustments in the bending knobs (and
not handle rotation or translation). Handle rotation and
translation will be applied in a later step.

X= R (I-cosa) cos@ (5)
Y= R(1-cosa) sind (6)
Z= Rsina )

The tip orientation due to bending can be calculated by
the equivalent axis theorem (8), which rotates orientation by
angle o about a new axis u that is orthogonal to the bending
plane, where C, = cos a, S, = sin a, and V = (1 — cos «) [14].

The unit vector u is calculated by cross products of vectors
relating the catheter tip to the base of the bending section and
the center of the bending arc.
Rrur(au) =
ufVa+C, wuVa —usS,
uVa + C,
uusVa + u S,

wusVa +u,S,
uusVa — uySq | (8)
uVa + C,

uuVa + uszS,
wuzVa —u,S,

A 4x4 transformation matrix, Tr; (¢, ¢, u), is then
assembled to tilt the bending tip with respect to the bending
base. This contains (8) as the rotation and values from (5)-(7)
as tip position. Next, the handle rotation and translation
matrices, Trorr(¢3) and Trrans(dy), are pre-multiplied to
find the final position and orientation, Tr;p.

TTIP = TTRANS(d4)TROLL (¢3)TTILT (¢1l ¢2' u) (9)

C. Inverse Kinematics

The inverse kinematic model takes the catheter tip
position and orientation matrix, Tr;p, as input and solves the
single possible catheter configuration. While there are several
strategies to calculate the inverse kinematics, this strategy
was chosen such that the imaging plane could be specified to
point in the proper plane. The model outputs the required
joint angles (bending knobs, handle roll, and translation)
required to achieve the desired configuration.

The z-axis of the orientation at the catheter tip is assumed
to be tangent to the catheter arc. Therefore, it is possible to
solve for intermediate variables « and R which describe the
amount of bending in Figure 3b. Calculating the dot product
of the world z-axis and the catheter tip z-axis defines the tilt.

—1(ZW0RLD ° ZTIP) (10)

Now we must analyze rotation, but it is currently not
possible to identify whether the bending plane’s rotation
occurred due to bending, @, handle roll, ¢3, or a combination
of both. Therefore in the meantime we can use the x and y
values of the catheter tip to solve for 6’, which will soon be
used to calculate the true 6.

R=1L/a (112)
0'=tan'l(y/x) (12)

The equivalent axis theorem may be applied once again to
rotate the tip orientation by a about an axis orthogonal to the
bending plane. The orthogonal axis u’ is used to find the true
value. Applying (8) results in transforming the tip orientation
to an intermediate orientation in which the new z-axis is
collinear with the world frame z-axis. The resulting angle
between the temporary x-axis and the world frame x-axis is
the handle rotation angle, ¢s. In this way, we have
systematically “undone” the bending to reveal the true inputs
that will allow our catheter to achieve the desired
configuration. With ¢; we may calculate the true 6 and the
pull wire displacements.

a = COoS

AL;= R.a/ V1 + tan?0 (13)
AL;=-tanf@R.a/ V1 + tan?6 (14)
ds= Zqp - Rsina (15)
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Figure 4: Dead zone mapping data

With all four catheter inputs known, converting the values
to actuator space becomes trivial. The inverse kinematic
function allows the system to easily input the catheter’s
current and desired positions and then output the required
motor commands.

A. Joint Coupling

Actuating two directional bending knobs raises the issue
of positional joint coupling. Initial tests were done to
examine these effects by evaluating whether the
chronological order of joint actuation affects the final
catheter tip destination. The bending space was discretized
into 5° increments and actuated robotically while recording
the catheter tip positions with EM trackers. First one knob
remained constant while the second knob was incremented,
and then the first knob was incremented while the second
knob remained constant throughout the entire workspace
(x90° for both knobs). Each set of points was compared and
it was determined that the maximum distance between two
corresponding points was within 1 mm. This closeness
between points shows that positional pull wire coupling has a
minimal effect on the system through most of the bending
range, thus validating use of the equivalent axis theorem in
kinematics modeling. Coupling effects, likely due to friction
in the pull wires, were slightly more significant at high
bending angles. Although we do not focus on force
application in this paper, it is important to note that this
system would likely experience significant joint coupling in
force control.

CATHETER BEHAVIOR

B. Dead Zone Compensation

Most commercial catheters have an inherent dead zone
when bending knobs cross the zero point due to slack in the
pull wire strings and a lack of a tensioner. The slack results in
a dead zone ranging roughly +20° in which twisting the
bending knobs yields zero output. In manual manipulation,

humans compensate for this by feeling the tension in the
knobs and use a combination of the ultrasound image and
fluoroscopy to determine when motion has occurred. For the
robotic case we have chosen to manage the zero-crossing
point by creating a numerical map of the bending workspace.
This map specifies the range in which bending knob input
yields no output motion. The map can be applied for accurate
knob adjustments. Figure 4 plots the dead zones in the pitch
bending knob for several values of yaw. Dead zone
compensation must be applied towards both increasing and
decreasing knob angles in the same manner. It is important to
note that the dead zone in each knob becomes wider as the
other knob is further actuated. The desired knob angle, ¢;, is
summed with the compensation angle, &§, which is dependent
on the existing angle of the other knob, ¢;, to yield the total
angular output, ¢;. This relationship is given by

pi=¢;+6 (16)

Where & = f(¢;). This occurs because actuating any
subset of the bending knobs creates tension in the actuated
pull wires, compression in the catheter body, and thus
lengthens pull wire slack in non-actuated pull wires. Catheter
body compression is an important consideration that will be
examined closely in future work as the system advances
towards use in the vasculature. It should also be noted that
the system experiences traditional backlash when changing
knob directions, but these effects are significantly smaller
than the resolution of the map used for dead zone
compensation and therefore may be neglected.

C. Controller

A kinematics-based closed-loop controller in Figure 5 was
used for maximizing system performance. The commanded
catheter tip position and orientation, Xcom, are input to the
inverse Kkinematics model to calculate the four control
variables in joint space, g*. The bending knob inputs are
adjusted by compensating for the dead zone at the zero-
crossings of the bending knobs and then all joint space
variables are converted to motor commands. A fast motor
controller feedback loop confirms that the correct actuator
motion has been achieved. EM tracker measurements of
catheter tip position and orientation are compared with the
desired inputs and multiplied by gains to input a new
commanded value. This feedback loop updates the
commanded motion based on the catheter tip’s current and
desired locations until the desired configuration is reached.
The gains were determined experimentally.

IV. EXPERIMENTS

A. Robot Design

The robot pictured in Figure 6 was constructed to actuate
the catheter handle knobs and provide the four DOF used in

+ ® .
L [+ AX Control +(g Xm"; ?ﬁégfégr d »| Dead Zone q“," Csoenrtvrgl q, Catheter X -~
Gains Kinematics Control Loop Mechanics
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position [

Figure 5: Kinematics-based closed-loop task space control diagram
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the model. Each DOF was actuated by 6.5 W brushed motors
driven by digital positioning controllers (Maxon Motor,
Sachseln, Switzerland). Two actuators were mounted to the
catheter handle and connected to the knobs by timing belts.
Gears for the timing belts were designed to manipulate the
handle’s 3D geometry. The catheter handle (with actuators)
was suspended by two ball bearings, allowing rotation about
the handle center axis. A third actuator was connected to the
catheter handle by a timing belt to provide handle rotation.
The entire system was mounted to a lead screw driven
translation stage. For initial testing, a plastic holder was
designed to support the distal 7 cm of catheter length roughly
1 m away from the handle while still allowing free rotation
about the handle axis.

B. Spinning the catheter about its axis

The first experimental task was to use the system’s extra
DOF to spin the imaging plane of the catheter about the axis
of the catheter while in bending. During manual
manipulation, a clinician may wish to steer the ICE catheter
tip into a desired region of the heart and sweep the imaging
plane to get a comprehensive view of the region. While in
bending, it is extremely difficult to intuitively and manually
spin the catheter about its own axis while keeping the tip in
place. Here the catheter robot has the opportunity to use its
redundant DOF to accomplish this task. The user may
automatically or manually navigate the catheter to the desired
region of the heart and then input the desired range of angles
to sweep with a specified angular resolution. Rotations about
the z-axis by angle iy are applied to the tip’s mobile
coordinate frame as in (18) by post-multiplication and the
resulting configurations are input to the inverse kinematics to
solve for the corresponding joint variables.

cosy —siny O

Tspin = [—sinlp cosy 0] an
0 0 1

TSPINi = TripTspin (18)

The ICE catheter was commanded to spin about its own
axis and sweep the imaging plane through a range of -45° to
45° in 12 steps while keeping the tip position in the same
physical location. A schematic of the imaging plane motion is
in Figure 7a. The joint variables calculated by inverse

kinematics to achieve the desired sweeping are plotted in
Figure 7b. The measured orientations of the catheter tip at
each step are plotted in Figure 7c. The first imaging plane
angle and the last imaging plane angle (denoted by the
change in line brightness) show that the imaging plane swept
through the desired range. Accuracy of this task is measured
by the catheter’s ability to sweep through the desired range of
imaging plane orientations while maintaining a fixed x-y-z
position at the tip. The catheter tip position experienced small
fluctuations that were limited to within 6 mm in all
directions.

C. Visualizing an object from all sides

The second experimental task was to use the redundant
DOF to rotate the catheter tip around an object while keeping
the image plane pointed at the object, as in Figure 8a. To
demonstrate this technique, the ICE catheter was made to
circle around an object with an EM tracker at a focal
distance, Fp, and accurately aim the imaging plane at the
target. The catheter trajectory was determined by calculating
the appropriate bending angle given the focal distance
constraint as in Figure 8b. Equations (4), (5), and the cosine
of the bending angle were combined to yield (19).

Fpcosa = 2(1 — cosa) = Rrgyy (19)

This can be solved numerically to find the value for «
which satisfies the equation. Then we can calculate the radius
of the circular trajectory, Riraj, at which the catheter may
rotate about the object while visualizing it in the imaging
plane and maintaining a fixed distance. Once the trajectory is
defined, each position and orientation may be passed through

(A)

(©)

[y}
[

Pitch
e
Roll

[N}
()

-
[am)

-
o

. Knaob Angle (deqg)

[ 5]
[}

e T T
S0 40 -30 20 10 0 10 20 30 40 50
Spin Angle (deg)
Figure 7: (a) Simulation showing the catheter spinning about its own
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the inverse kinematics function to determine the proper joint
variables. The catheter was made to reach 14 locations
around the object while pointing at the object. The feedback
loop made small adjustments at each location to spin the
orientation until the imaging plane pointed directly at the
object. Mechanical restraints limited the robot’s handle
rotation joint to roughly £175°, preventing the catheter from
making a full 360° circle around the object. Figures 8c and 8d
show catheter tip measurements including each point around
the circle before and after adjusting the imaging plane. Figure
8d shows the circular trajectory from the top, highlighting the
accuracy with which the catheter aligns its imaging plane to
point at the target. The average imaging plane alignment
error was 0.031 radians (1.7°).

These experiments demonstrate the fine positioning and
rotational accuracy of the system in conjunction with using a
redundant DOF to obtain useful imaging techniques. Since
heart anatomy poses many constraints on catheter motion,
these techniques are useful for controlling the position and
orientation of the imaging plane to visualize interactions with
tissue. For example, a clinician could monitor a working
catheter’s interactions with tissue by rotating around the
working catheter to achieve the desired view. Or, by simply
having the clinician indicate the desired view, the ICE
catheter would then be robotically driven to image the
desired plane.

V. CONCLUSIONS

Clinicians using ICE catheters currently express
frustration at the need to frequently adjust their ICE catheters
to track the non-imaging catheters and their interactions with
surrounding tissue. Therefore, controlling the position and
orientation of the catheter tip and the imaging plane is
essential for improving current catheter-based procedures and
enabling more procedures to be done in a minimally invasive
way. In this paper we presented a system that automatically
steers a 4-DOF imaging catheter to align its imaging plane to
a desired orientation. The kinematic model used by the
system may also be useful for the development of catheter
tools and procedures that rely on achieving a designated
orientation with respect to the tissue. Future work on this
preliminary system will incorporate optimization techniques
for safety and trajectory planning, examine the effects of pull
wire friction, and determine strict boundary limits for catheter
movement due to heart anatomy. With the incorporation of
real time ultrasound visualization and image processing, the
robot will be able to process images of heart structures and

use inverse Kinematics to navigate the catheter tip and
imaging plane while maintaining specific relationships with
other objects in the heart. Robotic control of ICE could
greatly shorten procedure times, improve patient outcomes,
and reduce the training time required to master ICE.
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