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Abstract
Objective Manual navigation of intracardiac steerable

catheters is inaccurate, requires dexterity for efficient
manipulation of the catheter, and exposes the interventional-
ist to ionizing radiation. The objective of this research is to
develop a system that replaces the interventionalists’s hands
in catheter manipulation for accurate and semi-automatic
tele-navigation of catheters.

Methods Based on a proposed kinematic model for the distal
shaft of the catheter, a system has been developed for assisted
navigation of intracardiac catheters. When the distal shaft of
the catheter lies inside a cardiac chamber, a robotic apparatus
is utilized for automatic steering of the catheter tip to reach
designated targets within the chamber.

Results The catheter modeling was validated through the
experiments on three swine. The robotic system could navi-
gate the catheter tip to designated targets with a mean distance
of 6.53 mm from the target.

Conclusion Preliminary in vivo studies demonstrate the fea-
sible application of the system in catheter navigation and the
validity of catheter modeling and control strategies.
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Introduction

Steerable electrophysiology (EP) catheters are widely used
in the interventional treatment of cardiac arrhythmias. In
an EP session, the interventionalist or electrophysiologist
manipulates the catheter handle and its steering knob to bring
the catheter electrodes or ablation cap, at the distal shaft
of the catheter, in contact with the intracardiac anatomy.
Catheter manipulations result in translation, twist, and deflec-
tion of the distal shaft, repositioning the shaft inside the car-
diac chambers. The major goal of the manipulations is to
position the shaft such that a stable contact with the endocar-
dium is achieved in order to conduct EP study and ablation.
However, the flexible catheter shaft is subject to intracardiac
blood flow and cardiac contractions, and the transfer of the
manipulations at the handle or proximal section to the shaft
is generally non-linear. Consequently, successful position-
ing of the catheter is often achieved after repeated attempts
depending on the experience, skills, and fatigue of the in-
terventionalist. As a result, catheter-based procedures could
entail prolonged exposure of the interventionalists and the
patients to ionizing radiation of fluoroscopy.

To assist catheter steering and navigation, two commercial
systems have been developed. N iobe® (Stereotaxis, St. Louis,
MO) realizes magnetic navigation [1,2] using a special mag-
netic catheter. In this system, two permanent magnets are
placed on the sides of patient table and the catheter is nav-
igated inside their magnetic field. To deploy Niobe®, the
catheterization lab must be magnetically compatible with
the system. Niobe®cannot be deployed on patients that
have metallic implants as well. Sensei™ (Hansen Medical,
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Mountain View, CA) is arobotic catheter control system [3,4]
that uses two steerable sheaths through which an EP catheter
is deployed. Both Niobe®and Sensei™systems provide for
remote manipulation of the catheter, thus reducing the expo-
sure to the radiation of fluoroscopy for the interventionalists.
However, the cost of such systems could be a prohibitive fac-
tor in their utilization. In academia, there have been attempts
to build steerable catheters utilizing micro-hydraulic actua-
tors [5-7], and shape memory alloys [8,9]. In such cathe-
ters, the actuators are collocated with and housed inside the
deflectable shaft. These systems rely on specialized catheters
or sheaths along with their actuation mechanisms to realize
catheter navigation.

To facilitate the manipulation and navigation of the cathe-
ter, without the bulk of support systems that entail operating
room customizations and added costs, Cercenelli etal.[10]
have mounted a typical catheter on a robotic system that
enables motorized manipulation of the catheter and repeti-
tion of recorded manipulations. However, to navigate a com-
mercially available catheter automatically in an economical
way, no publication was found in the literature.

The motivation for this research is to facilitate the
navigation of the catheter tip inside the cardiac anatomy
automatically, thus improving the precision of navigation
and reducing the fatigue incurred. The second motivation
is to enable telemanipulation of the catheter, and to reduce
the exposure of the interventionalists to X-ray radiation. To
this end, the authors have characterized and modeled the dis-
tal shaft of steerable catheters in their previous works [11—
13]. Based on the model, a robotic system was developed
that allows semi-automatic positioning and navigation of the
catheter. In this paper, the catheter model is reviewed and
the robotic system and its control strategy is presented. In
vivo experiments on three pigs are also presented that vali-
date the catheter modeling and demonstrate the feasibility of
automatic navigation to reach intra-atrial landmarks.

Materials and methods
Kinematic model of distal shaft

The distal shaft of the catheter can be considered as a single-
section extrinsic planar continuum robot, as defined in [14].
A continuum robot is a flexible manipulator that bends along
its length and does not have distinct links and joints. The
catheter is also extrinsic as the actuators are not collocated
with the distal shaft. Based on the principle proposed by
Hannan, Walker and Jones [15,16], and as described in [12],
we model the distal shaft with rigid links and joints. The
model along with its assigned Denavit—Hartenberg (D-H)
frames [17] is depicted in Fig. 1.
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Fig. 1 Catheter model and the assigned D—H coordinate frames

It is assumed that the catheter bends with zero torsion,
and with constant curvature, as defined in differential geom-
etry [18]. Zero torsion implies planar deflection, and the
constant curvature means that the bending section always
takes the shape of a circular arc. With these two assump-
tions, and with reference to Fig. 1, to reach from the base
of the distal shaft (O) to the end of the bending section
(04) in three-dimensional space, two rotations followed by
one translation, and followed by two rotations are required.
As a result, the catheter model will be composed of three
sections:

1. OpO;. This section constitutes the virtual base of the
distal shaft. The translation of the distal shaft is repre-
sented by a prismatic joint. As the distal shaft is always
aligned with the catheter body just below the distal shaft
base (O1), the prismatic joint can suitably model the dif-
ferential motion of the distal shaft base, assuming the
coordinate frames O and 1 are parallel. It is noted that
as long as the displacement of the body (d;) and not
the actual position of the model base is of concern, the
prismatic joint can represent the displacements.

2. 0104. The bending section of the distal shaft is repre-
sented by two revolute joints, one prismatic joint and two
revolute joints that together accomplish the preceding
two rotations, followed by one translation, and followed
by two rotations. Consequently, the flexible bending sec-
tion is modeled by rigid components.

3. 040g¢. This section represents the distal end of the cath-
eter that is almost rigid. It houses a number of electro-
cardiogram (ECG) electrodes and the ablation cap. The
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Table 1 Denavit-Hartenberg parameters

Link a o d 0 Joint
variable
1 0 0° di 0° di
2 0 90° 0 6> 6>
3 0 90° 0 90° 4 63 03
4 0 90° dy 0° dy
5 0 90° 0 180° + 05 0Os
6 0 90° 0 O O
7 0 0° d7 0° dy

The distal end is unnumbered

ablation cap is considered the end-effector of the manip-
ulator model. The length of this section is an intrinsic
parameter of the catheter and is constant.

Based on the assigned D—H coordinate frames illustrated
in Fig.1, the D-H parameters are summarized in Table 1.
The curvature constancy and the coupling between parame-
ters yield 65 = 90° — 63 and 6 = 180° — 6. The constant
length of the distal end (O4 Og) is denoted by d.

Using Table 1, the forward kinematics of the model is cal-
culated and the position of the catheter tip with respect to the
virtual base Oy is found, as follows.

X cos 0 (d4 cos O3 + d7 sin 203)
y | = | sin6(dscosBz + d7sin263) | . @))
z dy + dy sin 03 — d7 cos 203

Constant curvature deflection of the catheters means that
the parameters 63 and dy4 are coupled. The coupling relation-
ship follows [12].

- cos 03. 2)
770
Using (2), the number of variables in (1) reduces to three
parameters d1, 6, and 63. This result will be used in Jacobian
based control, as described in the next section.

Inverse kinematic control

The objective of the system is to control the position of the
tip of the catheter. The catheter is kinematically modeled as
a continuum manipulator and to apply the model to position
control, inverse kinematics is the available choice. The cath-
eter’s virtual joint parameters d1, 8, and 83 are actuated at the
handle. However, the catheter is not composed of rigid links
and direct measurement of virtual joint parameters is not pos-
sible. To control the catheter tip position in lieu of uncertain
joint parameters, operation/task space control is the practical
choice, as opposed to joint space control [17].

To implement any inverse kinematic control strategy,
Jacobian matrix is the required tool. Based on the position
vector in (1) and after eliminating variable dj using (2), the
analytical position Jacobian (J) can be calculated.

Among inverse kinematic control strategies, Jacobian-
transpose method is not a suitable choice for real-time con-
trol of catheter position in the intracardiac setting, due to
its low convergence speed and sensitivity to noise. Given
that the distal shaft Jacobian is a square matrix, the Jacobian
inverse is the method of choice for this purpose. To resolve the
Jacobian-inverse unstability issue near singularities, damped
least square method [19] is utilized. As a result, the control
law can be formalized by

6dy 862 865" = JTIIT +AD ke ve zel.  (3)

where x¢, ye and ze constitute the error vector in catheter tip
positioning and A is the damping factor computed by

Ao(1 — wﬂ‘)2 w < wy

A= 4)

0 w > wy
where w = det(J) and wy is the threshold below which the
catheter is assumed to be near singular configurations [20].

System setup

The system developed for catheter navigation is illustrated
in Fig. 2. The description of the components follows.

Catheter and its position

The catheter model in “Kinematic model of distal shaft” can
be applied to any unidirectional or symmetric bidirectional
ablation catheter. A bidirectional and symmetrical steerable
ablation catheter, SteeroCath-T (BostonScientific, Natick,
MA) was adopted for experimental validation of the proposed
model and the position control strategy. The adopted cathe-
ter’s diameter is 7 French and its tip’s diameter is 8 French.
This catheter is 110cm long.

To track the positions of the distal shaft of the catheter,
the Aurora electromagnetic tracking system (NDI, Waterloo,
ON, Canada) was deployed. Aurora provides position and
orientation (pose) of its small sensors that are placed in its
electromagnetic field generator’s measurement volume. For
the experiments, two sensor coils were used to track the cath-
eter position and to estimate the catheter model’s joint param-
eters. One sensor coil was attached to the base of the distal
shaft (at O; in Fig. 1) and the other sensor was attached to
the tip section (O40s in Fig.1). Figure 3 shows a close-
up of the sensors attached to the distal shaft. The sensors
were glued to the shaft using contact cement and then were
rubber-coated for a better bond and seal. Aurora provides
position readings of the sensors with submillimetre accuracy
at up to 40 Hz update rate. In order to match the model with
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Fig. 2 An overview of system
components and their

interactions
Catheter

motion

Aurora EM Tracking

Distal shaft

- Base sensor
Tip sensor

Fig. 3 Aurora sensors attached to the distal shaft of the catheter

catheter’s actual position, the pose readings from the sen-
sors were calibrated so that the base sensor represented O
and the readings from the tip sensor yielded the position of
O4 and Og. A sheath covered the catheter body and sen-
sor wires that ran along the catheter body in parallel. The
added asymmetric thickness of the sensors and the sheath,
increased the tracked catheter’s diameter to 15 to 18 French.
The sheath-covered tracked catheter will be referred to as
catheter assembly henceforth.

Robotic assembly

A three degrees of freedom (DOF) robot was designed and
constructed to mimic the manipulations an interventionalist
performs on the catheter handle. The manipulations include
insertion/retraction of the catheter, twisting the catheter han-
dle or proximal body to induce some rotation at the distal
shaft, and deflecting the distal shaft using the steering knob
at the handle. The robot was assembled of one linear stage
for insertion/retraction of the catheter and two rotary stages,
to twist and deflect the catheter. The robot was mounted on
a stand that allowed the adjustment of catheter’s entry angle
with respect to the port of entry at femoral vein. The catheter’s
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proximal end was passed through an telescopic tubing that
kept the catheter body, lying outside the introducer sheath,
straight. This allowed better transfer of translation and torque
actuated by the robot at the handle to the distal section of the
catheter.

Computer control system

A software platform, named CathNav, was developed in
Microsoft Visual C++ environment to validate catheter mod-
eling and to realize real-time position control of the catheter.
The platform interfaced with Aurora and robot motor con-
trollers and drives (VXM, Velmex, Bloomfield, NY) through
RS-232 serial interfaces. For vector, quaternion and matrix
processing, VL Vector Libraries [21] were utilized. Using
CathNav, the sensor readings were calibrated, filtered, and
recorded. CathNav also provided the user interface (UI) for
the interventionalist to control and manipulate the catheter.
Through the UlI, the interventionalist could command the
robot to push or pull, twist or deflect the catheter as desired.

In everyday operations, the interventionalist relies on his
or her skills and experience to find out how to manipulate the
catheter in order to achieve tip motion in a desired direction
and to reach a specific target position inside the heart. The
control algorithm, outlined in “Inverse kinematic control”,
was implemented in CathNav to achieve three-dimensional
(3D) control of the catheter tip position relieving the inter-
ventionalist from having to manipulate the individual DOFs
at the handle. A 3D haptic device (Falcon, Novint Technolo-
gies Inc., Albuquerque, NM) was integrated with the system
to let the interventionalist intuitively direct the catheter in
anterior/posterior, superior/inferior and left/right directions.
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To automate the process of moving the catheter tip toward
a specific position, a path planning algorithm was imple-
mented on top of the controller, to devise the straight path
trajectory for the catheter from its instantaneous position to
a target position. The path planner was responsible for auto-
mated navigation of the catheter tip to reach a given target
by issuing new set points to the controller. For safety rea-
sons, the operator could intervene the automatic manipula-
tion whenever necessary.

Experiments setup

To study the feasibility of the application of the system in
actual interventions, the system was tested and validated
on three porcine subjects in the research vivarium in
St. Michael’s Hospital in Toronto, ON, Canada. Porcine sub-
jects were utilized due to their long established tradition as a
viable model, for testing human intracardiac devices. Swine
are similar in size, anatomy and physiology to human making
them ideal candidates for human intracardiac catheterization.
The experiment protocol was approved by the hospital’s Ani-
mal Care And Use Committee, in accordance with Canadian
Council On Animal Care guidelines.

Each subject was sedated with a cocktail of xylazine
(2mg/kg), ketamine (20 mg/ml) and one ampoule of Atro-
pine (0.6 mg/ml). After 15 min, the swine was immobilized,
allowing for it to be weighed and transferred to the pre-op
room. Then it was masked with a gas inhalant of isofluorane
at 5%. A 22G angiocatheter was placed in the ear and IV flu-
ids (0.9 ml NaCl) was started on a slow drip. The subject was
then placed in dorsal recumbency and intubated for artificial
respiration. After intubation, it was transferred to the oper-
ating room and ECG electrodes were attached for monitor-
ing the electrocardiogram. During the procedure, the subject
was maintained on 2.5-3% isofluorane. A femoral venous
cutdown was done on both hind limbs, as well as a jugular
cutdown on the neck. After the procedure, the swine was
sacrificed with a lethal intravenous (IV) injection of sodium
pentobarbital (540 mg/ml).

The catheter assembly was deployed on the robotic assem-
bly and was inserted through a 22-French introducer sheath
(Cook Medical Inc., Bloomington, IN) into the right femo-
ral vein and was threaded into the right atrium (RA). The
catheter assembly was introduced into RA manually prior
to being mounted on the robot. The Aurora field generator
was placed beside the swine chest so that the distal shaft of
the catheter (with two attached Aurora sensors) in the RA
could be tracked within the Aurora’s measurement volume.
A third Aurora sensor was introduced through the left jugular
vein and threaded into the RA as well. This sensor could be
positioned at desired landmarks in RA. The sensor position
was the target of the navigation experiments. This sensor will
be referred to as the reference sensor henceforward. At any

instant, the distance vector between the catheter assembly tip
and the reference sensor was presented through the software
UI to assist the operator in controlling the catheter position.

The operation was monitored under fluoroscopy (OEC
Series 9800 cardiac mobile C-Arm, GE Healthcare Technol-
ogies, Waukesha, WI). For better visualization of the nav-
igation process, intracardiac echocardiography (ICE) was
used as well. An ICE catheter (Acuson AcuNav, Siemens
AG Medical Solutions, Erlangen, Germany) was introduced
through the left femoral vein into the RA. ICE images pro-
vided a better view of where the catheter assembly and the
reference sensor were positioned relative to the intra-atrial
anatomy.

Results
Model validation

In order to verify that the distal shaft model can match the
reality of distal shaft shape, two scenarios were implemented
and tested on the animals. In each scenario, the catheter
went through a pre-programmed motion and its position pro-
file measured with Aurora sensors was recorded. The model
parameters were found and the model’s position vector (1)
was compared with the actual position measurements. The
difference between model position vector and the recorded
tip position was defined as the modeling error. The error value
was the basis in calculating the accuracy and precision of the
modeling in vivo. Accuracy was defined as the error mean
value (1) and precision was defined as the standard devia-
tion of the error (o). The error value was calculated for the
three coordinates of the position vector (1), with respect to
Oy coordinate system in Fig. 1. The overall error was also
calculated as the Euclidean distance between the measured
position and the model estimation of the position.

Deflection

In this experiment, the distal shaft was deflected by turning
the steering knob at the handle in 1 degree steps. The steer-
ing knob was turned from 0 degrees up to 40 degrees and
then turned back to zero. This back and forth rotation was
repeated 20 times, resulting in 1600 position measurements
for each animal. Table 2 presents the accuracy and precision
figures.

Combined twist and deflection
In this experiment, the distal shaft was deflected and twisted
at the same time. The steering knob was turned from zero at

1 degree steps up to 36 degrees and then turned back to zero.
The handle was also twisted similarly at 10 degree steps up
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Table 2 Modeling error in deflection experiments

Mx Ox My Oy Mz %4 123 o

1 1.78  0.69 0.64 028 266 206 340 1.99
2 235 084 —188 050 063 259 410 0.58
3 1.81 021 0.59 0.15 1.18 022 226 0.28

Mean (1) and standard deviation (o) of the error are presented for x, y,
z coordinates in addition to the Euclidean distance between the model
and the measured position, denoted without the coordinate subscripts.
All measurements are in millimetre

Table 3 Modeling error in combined twist and deflection experiments

Mx Ox My Oy Mz oz 123 o

1 215 0.76 0.58 046 242 1.68 341 1.68
2 067 142 —1.88 128 214 135 350 136
3 117 211 =270 094 3.01 1.51 4381 1.47

Mean (1) and standard deviation (o) of the error are presented for x, y,
z coordinates in addition to the Euclidean distance between the model
and the measured position, denoted without the coordinate subscripts.
All measurements are in millimetre

to 360 degrees. This combined twist and deflection trajec-
tory was traversed twenty times resulting in 1,440 position
measurements for each animal. Table 3 summarizes the error
figures.

The position errors measured in the experiments are gen-
erally under Smm. This indicates that the proposed model
can be utilized as an approximation of the catheter’s distal
shaft shape and to parameterize the position vector of the
tip. The model remains valid in the presence of intra-atrial
pressure levels and under the displacements induced by res-
piration and cardiac contractions. Consecutively, the model
is deployed to control the position of the catheter and to nav-
igate the catheter inside the atrium. It is noted that the model
does not account for any interaction of the distal shaft with the
intracardiac anatomy. As a result, when the shaft comes into
contact with the endocardium, depending on the dynamics
of the contact, the model’s accuracy can be undermined. As
demonstrated in the subsequent section, the control law (3)
provides the basis for the successful navigation of the cath-
eter, unless contact forces deform the catheter to the extent
that the curvature constancy or zero torsion assumptions are
strongly violated.

Navigation validation

To validate the capability of the system in navigating the
catheter tip to desired positions, the reference sensor was
positioned on three landmarks in the right atrium (low RA,
high RA and Tricuspid Valve Annulus) in each animal. The
catheter assembly was positioned so that the tip was in mid-
atrium at the beginning of each navigation task. The system
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was commanded to direct the tip toward the reference sen-
sor automatically till it reached and touched the reference
sensor. The navigation task was ended when the supervising
interventionalist was satisfied with the position of the cathe-
ter tip at the landmark, viewed under fluoroscopy. The initial
and final distance between the catheter tip and the reference
sensor were recorded along with the duration of the navi-
gation task. The system was then commanded to take the
catheter back to the initial mid-atrial position by “undoing”
all the manipulations performed on the catheter during the
navigation. Through UI controls and the haptic interface, the
catheter could be positioned manually at the mid-atrium if
the catheter did not move completely back to the original
position, due to the inherent hysteresis in the transfer of actua-
tion at the handle to the distal shaft, especially when the cath-
eter is twisted. For each landmark, the navigation manoeuvre
was repeated five times. The trajectory planned for the cath-
eter tip was a straight line between the instantaneous catheter
tip position and the reference sensor position. This scheme
was supposed to yield the shortest navigation time.

Figure 4 presents the initial and final configuration of the
catheter assembly and the reference sensor in a sample nav-
igation. As seen in the figure, the catheter tip touches the
reference sensor at the end of navigation. Figure 5 illustrates
a sample of distance readings between the catheter tip and
the reference sensor in a high RA navigation. In this figure,
the successful navigation of the catheter in the presence of the
disturbances due to the continuous beating cycle is visible.
The ideal path to reach the reference sensor and the actual
path taken due to disturbances and uncertainties is depicted
in the figure. The motion induced on the reference sensor by
the cardiac contraction/relaxation cycle is clearly visible by
the variations in the unfiltered distance readings.

Table 4 presents the outcome of the automated navigation
for each landmark. Except for one case where the catheter tip
was stuck on its way to the Tricuspid Valve Annulus, the nav-
igation tasks were all conducted successfully. The final dis-
tance between the reference sensor and the tip was generally
below 10mm with an average of 6.53 mm. This means even
though the catheter reached at the desired target according to
the interventionalist, there was still some distance to the refer-
ence sensor. This was partly attributed to the length of sensor
coil (9 mm), and to the dynamics of the contact between the
catheter tip, the reference sensor and intra-atrial anatomy.
The typical navigation time was between 30 and 60s.

Discussion

The model proposed for distal shaft kinematics was vali-
dated through in vivo experiments. Based on the model, a
control algorithm was implemented and tested on the system
and a path planning algorithm was developed to navigate
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Fig. 4 Initial (/eft) and final
(right) positioning of the
catheter assembly in navigation
from mid-RA to high RA, as
captured by fluoroscopy. The
ICE catheter is marked with an
asterisk

Reference Sensor

Catheter assembly

the catheter tip from its instantaneous position to the desired
position. The experiments demonstrated that the navigation
is feasible in actual operations inside the right atrium.

In the experiments, there were instances where the dis-
tal shaft was stuck on its way to the reference sensor. Such
obstacles once resulted in a failed navigation attempt while
in other instances the system managed to release the catheter.
This resulted in variations in the duration of navigation tasks
as indicated by the large o; in Table4. For safety reasons,
CathNav stops robotic manipulation when the tip configu-
ration does not change after multiple attempts. The intracar-
diac anatomical features are obstacles that the catheter should
avoid on its path. The path planned in CathNav software is
a straight line from the catheter tip to the target position. To
enhance the navigation capability, the system should accom-
modate different curves as navigation path of the tip to avoid
anatomical obstacles.

In addition to anatomical obstacles, the proposed rigid
model for the catheter can lose its accuracy when contact
forces with the endocardium affect the shape of the distal
shaft significantly. Based on the elastic beam theory, the
model’s rigid links can be replaced with flexible beams,
modeling the distal shaft as a flexible manipulator. As aresult,
the model could include the physics of elastic bending due
to contact with anatomy, providing for navigation to more
difficult to reach landmarks on the endocardium.

In the experiments, the haptic interface demonstrated an
alternative to classical twist, push/pull, and bend paradigm
for catheter manipulation at the handle to a more intuitive
superior/inferior, posterior/anterior, left/right paradigm at the
tip where actual navigation takes place. However, it was
learned that relying on fluoroscopy and ICE proves insuffi-
cient for manual navigation of the catheter through the haptic
interface. While the interface provides a significant improve-
ment in navigation approach, a graphical visualization is
required to display the cardiac anatomy and the distal shaft

position registered on the anatomy. The interventionalists can
then conveniently control the catheter tip position through the
system.

In any automated navigation system, safety is of crucial
importance. For intracardiac navigation, the force that the
distal shaft and especially the tip exerts on the myocardium
determines the safety of manoeuvres. A force/tactile feed-
back from the distal shaft is a pre-requisite for the deploy-
ment of such a system in real human operations. The authors
plan to embed a tactile safety feature in the catheter.

The catheter assembly with the attached Aurora sensors
increases the diameter of the catheter, and limits the deflec-
tion of the distal shaft. It also limits the translation of torque
from the proximal section to the distal shaft. Ideally, the sen-
sors could be embedded inside the catheter, thus allowing
better manoeuvrability of the tip. In addition, it is expected
that by inclusion of better actuators for the robot, the navi-
gation time can be reduced.

In practice, the robotic system will only use electromag-
netic tracking for its operation. The supervising intervention-
alist will rely on his modality of choice (e.g., fluoroscopy or
ultrasound) to manage and control the system. In the experi-
ments, an electromagnetic sensor was deployed as the target
point for automatic navigation. In practice, such a target point
is not readily available. One way to provide a target point is
to register fluoroscopic images in the electromagnetic coor-
dinate system. In this approach, the GUI of the system can
provide the interface to mark the target point on the images
and the registered image could yield the target position in
the coordinates. The sensors attached to the catheter can
be used as fiducial markers in the registration process. The
authors plan to develop a methodology for this registration.
In addition to automatic navigation which requires an elabo-
rate system for target integration, the system already provides
the enhanced navigation of the catheter using the haptic and
graphical interfaces.
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Fig. 5 X, Y and Z coordinates of the distance vector between the cath-
eter tip and the reference sensor. Dashed line depicts the ideal straight
path to the reference sensor. Solid line depicts the actual path the con-
troller realized in navigating the catheter. Dotted line represents the
distance readings, with unfiltered cardiac cycle disturbances

Finally, a brief comparison with the competing technolo-
gies [22] already in clinical practice is in order. Sensei™uses
a proprietary steerable dual sheath system and achieves a sta-
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Table 4 Navigation performance in terms of initial and final distance
between the catheter tip and the reference sensor and the duration for
the system to perform the navigation automatically

Landmark Initial distance Final distance Duration
(mm) (mm) (s
Mi O Mnf of 1253 Oy
High RA 37 3.25 5.02 221 4591 1529
Low RA 3091 2.76 7.38 293 46.16  18.34
TVA 33.45 1.65 9.34  1.25 36.95 16.66

RA right atrium, TVA tricuspid valve annulus

ble control over the passive catheter position that is threaded
through the sheath. Sensei™provides enhanced but not auto-
matic navigation. Our navigation system provides a simpler
method to achieve semi-automatic navigation without addi-
tional sheaths. Both robotic systems, however, require extra
safety measures to avoid traumatic navigation. On the other
hand, Niobe®realizes magnetic navigation of a proprietary
magnetic catheter and performs semi-automated mapping.
Niobe®is a very safe solution with no risk of cardiac perfora-
tion but it requires a complete catheterization lab customiza-
tion. In short, the developed system provides the advantage of
automatic navigation with less complexity and cost compared
to the existing technologies. However, the system requires
manual insertion of the catheter prior to navigation in con-
trast to both systems. In addition, to be adopted for clinical
practice, the catheter will require the Aurora sensors to be
embedded inside the steerable catheter. Lastly, a performance
comparison with manual navigation is required to assess the
merits and shortcomings of the developed system. This is the
subject of the authors’ future work.

Conclusion

In this paper, the distal shaft of steerable catheters was mod-
eled as a continuum manipulator composed of rigid links and
joints. The kinematics of the model was presented and a con-
trol strategy for position control of the catheter tip, based on
the proposed model was devised. To validate the modeling
and control methods in vivo, a robotic system to replace the
interventionalist’s hand in catheter manipulation was con-
structed. The catheter handle was mounted on the robot and
its distal shaft was tracked using the Aurora electromagnetic
tracking system. A software platform was also developed to
control the robotic assembly for enhanced navigation of the
catheter. The software provided the Ul and a haptic interface
for manipulation and navigation of the catheter.

The animal experiments verified that the catheter model-
ing provides acceptable accuracy and precision in the estima-
tion of the catheter tip position. The experiments also verified
the feasibility of automatic navigation of the catheter from
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a given position to a desired position marked using a refer-
ence sensor. Based on the experimental results, the authors
will extend the catheter’s rigid model to account for defor-
mations due to contact forces, in order to prepare the system
for navigation in the presence of anatomical obstacles on
catheter’s path.
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