2023 IEEE International Conference on Robotics and Automation (ICRA 2023)

May 29 - June 2, 2023. London, UK

Model-Based Pose Estimation of Steerable Catheters
under Bi-Plane Image Feedback

Jared Lawson!, Rohan Chitale? and Nabil Simaan'T

Abstract— Small catheters undergo significant torsional de-
flections during endovascular interventions. A key challenge
in enabling robot control of these catheters is the estimation
of their bending planes. This paper considers approaches
for estimating these bending planes based on bi-plane image
feedback. The proposed approaches attempt to minimize error
between either the direct (position-based) or instantaneous
(velocity-based) kinematics with the reconstructed kinematics
from bi-plane image feedback. A comparison between these
methods is carried out on a setup using two cameras in lieu of a
bi-plane fluoroscopy setup. The results show that the position-
based approach is less susceptible to segmentation noise and
works best when the segment is in a non-straight configuration.
These results suggest that estimation of the bending planes can
be accompanied with errors under 30°. Considering that the
torsional buildup of these catheters can be more than 180°, we
believe that this method can be used for catheter control with
improved safety due to the reduction of this uncertainty.

Index Terms—robotic catheter, bi-plane imaging, pose esti-
mation, catheter navigation

I. INTRODUCTION

Interventional radiology (IR) enables the treatment of cer-
tain pathologies through an endovascular approach, thereby
avoiding the trauma of open surgery. Interventional radiolo-
gists leverage different imaging modalities to visualize and
guide endovascular navigation of catheters and guidewires to
target anatomy. Neurointerventions represent a subset of IR
procedures dedicated to treatment of vascular pathologies of
the brain, including acute ischemic stroke relief by mechan-
ical thrombectomy (MT) [1-5].

Highly tortuous vasculature complicates cerebral vessel
navigation. Existing neurointerventional catheters are long
(~1m), passive and flexible, which further complicates the
task of navigation. These challenges have led to research on
steerable catheters which can control the bending of their
distal tip using proximal actuation inputs.

An additional challenge affecting neuronavigation is the
control of catheters under bi-plane imaging. Rather than
having exact understanding of how the catheter is oriented
in 3D space, the interventionalist must mentally reconstruct
the separate planar images (an anterior-posterior (AP) view
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and a lateral view) to intuit how the catheter should be safely
manipulated. This leads to significant cognitive burden and
further complicates catheter navigation.

To address the challenges associated with steering micro-
catheters for neurointervention, a steerable robotic micro-
catheter (SRMC) similar to the one shown in Fig 1 @O was
introduced in [6], [7]. This double-articulated microcatheter
(0.89mm OD and 0.48mm ID) was designed specifically to
traverse from the aortic arch into the internal carotid arteries
(ICAs), and is robotically-actuated to achieve a desired bend-
ing configuration. One desired application for this system
includes closed-loop control for semi-autonomous neuron-
avigation, which requires feedback of the catheter state from
bi-plane fluoroscopic images, as initially demonstrated in [0].

While bi-planar images provide a good estimate of the tip
position and orientation, they provide no estimate of torsion,
or roll, about the catheter’s longitudinal direction. Catheters
suffer significant torsional losses between the rotation input
at their proximal end and the rotation output at their distal
end. These torsional losses are due to their high slenderness
ratio and the highly elastic catheter materials. Considering
that torsional losses of these catheters can be more than 180°,
these torsional effects prohibit effective control of catheters
under bi-plane imaging. To achieve safe robotic control of
such catheters, the angle of the natural plane of bending at
the catheter’s distal end must be known at all times.

The contribution of this study explores a way to estimate
these bending plane angles without reliance on mechanical
modeling of torsional and frictional losses, but with few
points segmented from bi-plane imaging. This assumes the
distal and proximal ends of the bending segments of a
steerable catheter can be equipped with at least two radio-
opaque markers, which can be easily identified in bi-plane
images. Using 3D position and velocity reconstruction, we
compare the expected error in estimating the bending planes
of these catheters if one were to use position or velocity
information. The methods presented herein are valid for both
constant and variable curvature segments including multiple
stacked segments.

In Section II, the previous works related to estimating
catheter pose and shape are presented to motivate the
contributions of this work. The robotic system and setup
is described in Section III. In Section IV, the direct and
instantaneous kinematics are presented for use in the es-
timation approach which is described in detail in Section
V. Simulation and experimental studies of this approach are
shown in Section VI, and conclusions and future works are
synthesized in Section VII.
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Fig. 1: A two-segment bending catheter (top right ) showing the actuation unit (bottom right ). right camera view (),
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II. RELATED WORKS

Robotic catheter systems have been developed in both
academic and industry settings for applications including
structural vascular procedures and cardiac electrophysiology
(EP), many of which are reviewed in [8—10]. Most of the
existing commercialized robotic catheter systems were devel-
oped with the sole aim of limiting radiation exposure to the
interventional team. This is done by actuation units that allow
remote telemanipulation from outside of the radiation field.
While this addresses the occupational hazard associated with
repeated radiation exposure for the interventionalist, it does
not improve the distal dexterity of catheters or alleviate the
cognitive burden of torsionally flexible catheter navigation
using bi-plane imaging.

Magnetic tracking was used for pose estimation in [l 1—
13], but this approach comes at the cost of a significant cross-
sectional real estate needed to accommodate the magnetic
coils, complicates catheter sterilization, and increases costs.
Other groups leveraged both 2D and 3D ultrasound imaging
to estimate the pose of a catheter tip. Kesner et al. use 3D
ultrasound to visualize both the catheter and heart wall for
cardiac ablation [14], while Boskma et al. use 2D ultrasound
as a feedback modality for a magnetically-actuated catheter
[15]. Optical fibers and fiber Bragg grating (FBG) sensors
can estimate bending plane and catheter pose via curvature
sensing, but remain expensive and sensitive to thermal effects
[16], [17]. Of the works reconstructing catheters in bi-plane
fluoroscopic images, most cannot describe torsion about the
catheter’s axis [18—25]. Papalazarou et al. consider this tor-
sion but require shape information along the full bending seg-
ment [26]. Single-plane fluoroscopy can be used to estimate
the bending plane of a single bending segment if the segment
is assumed to bend in a circular fashion. This approach
requires segmenting the location of multiple radiopaque
markers along the catheter [27], [28]. A circular bending
assumption is not a safe assumption for flexible catheters,

in which multiple points of contact can be affecting the 3D
shape of the catheter. Similarly, Camarillo et al. present a
method to extract the shape of a bending manipulator by
reconstructing point clouds of the manipulator’s "silhouette"
from multiple image planes [29], [30], which can be useful
for bi-plane fluoroscopy for guidewires, but may not be
feasible for catheters that only have radiopaque marker bands
at the tip and are radiolucent along their length. Ravigopal et
al. utilize single C-arm images for reconstruction using deep
learning techniques [31], [32]. Few papers have included
fusion of sensing modalities for catheter pose or shape
tracking [33], [34]. Of these prior works, there still exists
a need for pose estimation of steerable catheters that do not
have full shape information in bi-plane fluoroscopic images,
which cannot afford to utilize embedded sensors due to shape
or design constraints.

III. A TWO-SEGMENT STEERABLE MICRO CATHETER

The SRMC robot shown in Fig. 1 @ is a two-segment
continuum robot with two corresponding natural bending
planes. Each segment uses push-pull antagonistic actuation
of two superelastic NiTi tubes with eccentric flexures. The
inner/outer diameter of the distal segment are 0.48/0.89mm,
respectively. The proximal segment uses the outer tube of
the distal segment as an inner tube and it is actuated by
pushing/pulling on an outer tube with an outer diameter of
1.2mm. The proximal and distal segments are 13mm and
16mm, respectively. The robot is actuated by a 4 degree of
freedom (DoF) actuation unit that includes insertion, rotation,
and bending of each segment. Control is implemented on a
Simulink Real-Time operating system with a PC104 (xPC)
control computer. The control cycle frequency is set at 1KHz.

Figure 1 also shows a mock bi-plane imaging setup that
uses USB cameras ® and @ (640x480px, 20fps), in lieu of bi
plane fluoroscopy images. A third camera & giving a frontal
view looking orthographically on the base of the proximal
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segment is also used for ground truth in determining the
bending plane as discussed in Section VI.
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Fig. 2: Steerable Catheter: Visualization of bending frames
for double-articulating SRMC.

IV. KINEMATICS FORMULATION

The kinematics of the double-articulated steerable micro-
catheter has been previously introduced in [6], [7]. Unlike
[7], we consider torsional losses along the length of the
catheter and we do not include a passive flexure between
the two bending segments of the steerable catheter.

A. Direct Kinematics

We assign frame {B} as the base frame' at the base of the
proximal segment with z; pointing distally along the axis of
the catheter, X;, aligned within the initial bending plane of the
proximal segment, and y; completing a right-handed frame
and denoting the sign of the bending angle according to
the right-hand rule. For a given proximal actuation push/pull
amount g, and at arc length location s, we define the local
curve tangent angle 61 (s, g,) as the angle of the local tangent
in plane %X;, Z;. We also use 01, to denote the tip angle
01(s = Ly), where L is the segment length. Finally, we
define the complementary angle 9~L1 = 5 — 0r,. In the
following derivations, we will use 6 as a shorthand notation
for 61(s, qp).

The first bending segment is assigned frame {1} as a
simple rotation about Z;, by an angle J;. Assuming that the
actuation unit commands a base rotation angle g, and that
a torsional transmission loss angle §y, results from torsional
friction buildup, the angle characterizing the bending plane
of the proximal segment can be written d; = ¢, + d1. The
direct kinematics of the first bending segment becomes”:

Ly
b0y, = ezl / [cos(61),0,sin(0,)]" ds (1a)
0

'R,y = el ] i 191" (1b)
where Yo, /b is the tip position of segment 1 relative to the
origin of {B} and °Ry is the orientation of frame {2} at the
tip of the first segment?.

'The notation { A} denotes a right-handed frame with origin at point o,
and unit vectors Xq, Ya, Za-

2The notation a” denotes the cross-product form of vector a

3We use Yo, /;, to denote vector o, /;, represented in frame {B} and °R,,
to denote the orientation of frame {A} relative to frame {B}

Using g4, 92, Lo, 05 and §L2 in place of ¢p, 61, L1, 61
and 0 1, the kinematics of the distal segment with respect to
{2} follows the same derivation, returning 2o, /2 and 2Ry.
In this expression g; and Lo denote the actuation and the
length of the distal segment, and the angle 0r,, is defined for
the distal segment in a similar fashion as for the proximal
segment. The angle J5 defines the distal bending plane as
rotated about Zo according to the right-hand rule. Since the
first bending segment is short (relative to catheter length),
we neglect its contribution to torsional loss. Hence, ds is
assumed fixed. Finally, 65 is used as a shorthand notation
for 05(s, qq).

Given the kinematics of each independent segment, the full
configuration of the catheter with respect to {B} is written:

(2a)
(2b)

b0y = bogyy + "Ro04/9
"Ry = "Ry’Ry

Since the segments do not necessarily bend in a circular
fashion, we characterize the bending shape using the local
tangent angle to the backbone of each segment (6;(s,q)
where ¢ = 1,2). The change in bending curvature profile
as a function of actuation can be captured using a modal
representation yielding a double interpolation least-squares
solution that best fits experimental calibration data as in
[7]. This process results in the modal kinematics for both
segments given by:

0:(s, q;) = ()" Aim(q;) 3)

where j =p,d, ¢p € R"™ represents the vector of modal
basis functions, n € R™ the vector of modal coefficients,
and A; € R™™, ¢ = 1,2, denote the characteristic shape
matrices obtained from a least-squares calibration as in [7].

B. Instantaneous Kinematics

The instantaneous direct kinematics is obtained via dif-
ferentiation of the direct kinematics. The linear and angular
velocity* of the tip of the first segment are given by:

—dy sin(8;)v — cos(4) le sin(0, )6, ds

bvo = | & cos(d1)v — sin(dy) fo ! sin(@l)élds (4a)
fOLl cos(6)01ds

. . 1T

bCUQ = [91 sin 51, — 01 COS (;1, 51] (4b)
where v is the horizontal coordinate along X;:
Ly
v :/ cos(61)ds )
0

The integral terms in the first two rows of Equation (4a)
include 6, which is a function of both arc-length and time.
This term can be further reduced to relate the velocity at the
tip of the segment to the velocity of the joint variable, g,:

f ; f 96, 0
/ sin(61)01ds = g, / sin(01) 22 T ds  (6)
0 0 om Oqp
4we use Pw,, to denote the angular velocity vector of frame {A} described
in frame {B}
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26,

where o

is found by taking the partial derivative of (3)a:

00, .
Fra JOMEY (7)

Using the above definitions, we derive the instantaneous
direct kinematics geometric Jacobian J; € R®*? such that
&, = Ji[gp, 01]" where &, is the twist of frame {2} with
linear velocity preceding angular velocity. The first 3 rows
of J; denote the translational Jacobian J,; and the last 3
rows the orientational Jacobian J,; given by:

—cosdy fi sin(61)9(s)T A %Lds —sin 0y v

J,1 = | —sind; fOLl sin(@l)w(s)TAlg—;ds cos 0 v
Ly
In cos(61)(s)T Ay g—;;’)ds 0
(3a)
¢(5)TA1§—(Z) sind; 0
Jo1 = _zp(s)TAl% cosd; 0 (8b)
0 1

In this equation, a simplifying assumption is that the rate of
torsional loss &y, is negligible, such that the rate of change
of the bending plane &; ~ ¢,. This assumption is acceptable
since the segmentation and estimation protocol can run at a
fast rate of around 20Hz.

The instantaneous direct kinematics of the distal segment
with respect to {2} follows the same derivation and yields

the Jacobian Jo such that £, = Jo [(jd,égf where 52 =0
is used since the distal segment is affixed to the proximal
segment. This Jacobian follows the same expression for its
translational and rotational parts as in (8a) and (8b), but
replaces 601, 1, gp, and A with 03, d2, qq, and Ay. Using
these segment Jacobians, the combined serial kinematics
becomes:

dp

bV i
sé[bwﬂ:[sul |83 | ©)

0

where S; and S represent the twist transformation matrices
(adjoints) given by:

T (~"Ro204)0)" 'Ry 0
Sl—|:0 I , Sp= 0 'R, (10)

where I € IR®*3 is the identity matrix.

V. BENDING PLANE AND POSE ESTIMATION APPROACH

The image planes in neurointervention are the anterior-
posterior (AP) and lateral views, which are respectively
labeled the front {F'} and side {S} planes in Figure 3 and
the remainder of this paper. The orientation of these imaging
planes is defined by their respective unit normal vectors, f¢
and g, which are known in the world coordinate frame {W'}
from the encoders on the bi-plane fluoroscopy machine.

In both planes, image segmentation algorithms can extract
the positions of discrete points along the length of the
catheter where radiopaque marker bands are placed [28],
[35]. The minimal required input for the proposed approach

Side Plane Front Plane
{ ?/ \~; Fy
Aj sp4. ‘{4} * Ipy l
42

spb. e fpb.
~ |
1, i

{w}

Fig. 3: Bi-Plane Projections of Catheter Frames.

will assume segmentation at both the tip and base of the
catheter’s bending segment, corresponding to the coordinate
frames labeled {4} and {B} in Figure 3, respectively. The
segmented positions of these frames in the local frame of
the front plane will be denoted /6, and 6. Similarly, *6,
and 04 denote the segmented positions of these frames in
the local frame of the side plane.

The vector “oy 3 £ wo, — "o, represents the tip location
relative to the base. This vector is projected onto the front
and side planes via these projection matrices [36]:

Py =1-nymj, P, =1-nn’ (11)

The projection of “o4,;, onto {F} and {S} is given by:
YPsloy, = "R 64, “PsYoy ="Ri%64 (12)

where 'f64/b e (‘f(~)4 — f()(;) and 864/b e (864 — S(~)b)
represent the difference between the segmented coordinate
frames in the front and side imaging planes.

Given the above equations, one can estimate 04y, to find
the reconstructed position of the catheter tip relative to the
base of the first segment in world frame:

Y64y, = rpfr "Ry (o, - 7a)
4/b wP sz (364 _ sf’b)

The bending plane can be estimated by finding the loss
parameter, 7, which minimizes the difference between the
modeled direct kinematics (2a) and the estimated direct
kinematics (13). Since this error is a nonlinear function of
01, the following nonlinear least-squares statement defines
the problem:

d; = argmin <(DirKin (q,d1) — w(~)4/b)2>

where DirKin (q, d;,) refers to the direct kinematics as
described in (1)-(2), which is a function of the joint value
vector q = [gr, gp, qd]T and the torsional loss angle.

If more discrete points along the robot are available from
segmentation, (14) can be extended to compare the model
and estimated kinematics for the set of discrete points:

13)

(14)

07 = argmin (Z (DirKini (q, 1) — wai/b)2> (15)

i=1
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Fig. 4: Sensitivity Analysis: (a) Estimation error as noise is added to the image projections. (b) Configuration-dependent
estimation error over the workspace assuming Ilmm of segmentation noise. (c) Estimation error subject to varying levels of
tip deflection (in the bending direction) with the environment, also assuming Imm of segmentation noise.

where n is the total number of segmented points and DirKin;
is the direct kinematics up to the i*" point.

An alternate approach that is considered leverages the use
of the instantaneous kinematics to find the bending plane
angle based on the displacement of the catheter tip over time.
The direction of the tip velocity is found by finite differences
of segmented tip positions, and will be noted as (w64 /b>.
(14) and (15) can be further modified to compare the squared
error of the instantaneous kinematics:

w - 2
&% = argmin ((InstKin (4, 02) — "Bass) ) (16)
where InstKin (q, 1) refers to the instantaneous kinematics
as described in (9), which are a function of the joint speed
vector ¢ and the torsional loss angle.

VI. EVALUATION

A. Simulation Study: Sensitivity Analysis

In Section V, three estimation approaches were presented.
In this section, the approach outlined in (14) will be anno-
tated as the "Tip Position" approach, while the approaches
in (15) & (16) will be labeled "Body Positions" and "Tip
Velocity" approaches, respectively. The different approaches
were simulated in MATLAB using Isqnonlin() nonlinear
least-squares optimization with initial guesses of 0°. The
approaches were simulated to compare their sensitivity to
the expected disturbances that may arise in a clinical setting.

Fluoroscopic segmentation methods have been shown to
exhibit inaccuracies < 5mm due to low signal-to-noise
(SNR) ratio and segmentation algorithm sensitivity [37—41].
The segmentation approach developed from [6] exhibits error
< 2mm. To compare the proposed estimation approaches’
robustness to segmentation uncertainty, each method was
simulated 500 times in the same configuration with different
levels of random error projected on the coordinates in the
imaging planes to simulate noisy segmented poses. Figure
4(a) shows that the bending plane estimation error increases
with increasing levels of segmentation uncertainty. Overall,
the "Body Positions" approach returns slightly improved
error compared to the "Tip Position" approach, while the
"Tip Velocity" approach is most sensitive to noise.

The bending configuration of the steerable catheter tip
affects the utility of the estimation methods. For exam-
ple, in straight configurations (no bending exhibited), there
is no bending plane to solve for. The estimation error,
assuming Imm of segmentation uncertainty, was simu-
lated for each approach across the catheter workspace, as
shown in Figure 4(b). For the position-based approaches
the error clearly increases approaching the straight con-
figuration (67 — 90°, 65 — 90°). Across a majority of
the workspace, however, the position-based approaches are
shown to have significantly low error subject to only 1mm
of segmentation noise.

The catheter bending segments may be subject to deflec-
tion as they contact the anatomy, so this estimation approach
must be robust to such a disturbance. Figure 4(c) shows
the effect of tip deflections on the estimation approaches,
assuming Imm of segmentation uncertainty. It is important
to specify that tip deflection here occurs in the bending plane
direction. The results show a similar trend to the sensitivity
to noise found in Figure 4(a).

B. Experimental Evaluation

The experimental setup is described in Section III and
shown in Fig 1 (and the multimedia extension).

1) Protocol: Mounted to the catheter-supporting fixture is
a checkerboard fiducial marker for USB camera calibration
which is visualized in both camera frames (shown in Fig 1 ®
@). Using MATLAB’s built in Camera Calibrator App, which
utilizes Zhang’s planar fiducial camera calibration algorithm
[42], the pose of the fiducial marker origin frame {W} is
found with respect to both USB camera frames, {F},{S}.
Given the pose of each camera frame with respect to the
assigned world frame (fiducial origin), the image plane unit
normals are given by the z-axis direction of the camera
planes with respect to the world (“ny = “zy, “n, = “z,).

Given the calibrated bi-plane imaging setup, the catheter
is segmented in both image planes independently following
an online variation of the approach first presented in [0].
The segmentation approach subtracts the catheter from an
a-priori background image to extract the tip of the catheter,
and the base of the bending segments is fixed relative to the
fiducial frame {W}, and runs at ~ 20Hz. Segmentation
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Fig. 5: Experimental Results: (a) Estimated bending angle error across recorded segmentation noise levels. (b) Estimation
error over the workspace showing sensitivity to increased distal bending. (c) Increasing estimation error with higher levels

of tip deflection from experimental data.

of intermediate points along the catheter is feasible for
fluoroscopic images, but infeasible for camera images, hence
the Body Positions approach could not be validated, but will
later be implemented for fluoroscopic use.

With the catheter in a straight configuration, the catheter
was rotated to an arbitrary bending plane. With the segmen-
tation script running, the catheter was actuated to different
joint configurations, pausing at each configuration to record

~ 100 reconstructed tip positions and to record the ground

truth image. Once the catheter returned to it’s straight
configuration, the actuation unit was rotated to a different
bending plane, and the procedure was repeated at bending
planes around the catheter’s longitudinal axis.

With knowledge of the joint positions returned from the
actuation unit at each configuration, as well as the stream of
segmented tip positions, the Tip Position and Tip Velocity
estimation approaches described in (14)&(16) were used to
estimate each bending plane rotation. The ground truth bend-
ing plane was found by manually segmenting the proximal
tip {2} of the steerable catheter as it was actuated in a single
bending plane, which returns a vector of points that can be
fit to a line representing the bending plane, shown as the
green line in Fig. 1 ®.

To determine the effect of tip deflection on these estima-
tion approaches, the same segmented positions were used,
however random noise was artificially added to the joint level
encoder readings to deflect the modeled kinematics away
from the estimated kinematics.

2) Results: The experimental protocol was performed at
11 different bending planes, with a total of 94 joint configu-
rations estimated across these 11 bending planes. Including
the estimation of all bending plane configurations, the over-
all root-mean-squared (RMS) error between the estimated
bending plane orientation and the ground truth orientation
was found to be 8.31° for the Tip Position approach, and the
maximum estimation error was found to be 29.94°. The Tip
Velocity approach exhibited RMS and maximum errors of
79.74° and 156.8°, respectively. Across the workspace, with
results shown in Figure 5(b), there is no trend for errors
of the Tip Velocity approach, however it can be observed
that the Tip Position errors increase towards the straight

configuration, as observed in Figure 4(b).

The segmentation noise at each of the configurations was
characterized by the Euclidean norm of the standard devi-
ation of each of the three segmented position components.
The RMS segmentation noise across all data collected, shown
in Fig. 5(a), was found to be 0.1 1mm, while the maximum
segmentation noise recorded for a particular configuration
was found to be 0.35mm. There isn’t a noticeable trend
on the effect of segmentation noise on estimation error, but
this is likely due to the relatively low noise exhibited from
segmentation with this setup.

By adding random joint level noise, tip deflection of up to
10mm was introduced into the experimental data. In Figure
5(c), the estimation error increases as the tip deflection
increases, which matches the simulation case from Figure
4(c).

VII. CONCLUSION

In this study, methods to estimate the bending plane and
pose of a steerable catheter tip are presented leveraging the
catheter tip’s calibrated kinematic model and bi-plane image
feedback. Sensitivity analyses simulated the effects of bi-
plane imaging noise, degree of bending, and tip deflection
on the estimation accuracy of the presented methods. Ex-
perimental results validated the feasibility of this approach,
with the tip position-based estimation approach returning
the bending plane with an average accuracy around 8°,
which greatly improves the rotation uncertainty observed
for catheters which can be higher than 180°. Position-
based estimation approaches are significantly more robust to
segmentation uncertainty compared with velocity-based ap-
proaches throughout a majority of the catheter’s workspace.

This study was limited to using grayscale USB camera
images, rather than fluoroscopic X-ray images which are
currently used in the clinical setting. Future studies will
include implementing these estimation approaches under
fluoroscopic imaging with added filtering, and will look at
leveraging this estimation for feedback control of the catheter
pose in phantom anatomies.
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