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Performing a surgical task on a beating heart requires superhuman skill as the surgeon must manually track the heart’s motion
while performing a surgical task. However, the ability to operate on a beating heart would eliminate the need to use a mechanical
stabilizer or arrest the heart and connect the patient to a heart-lung machine and would consequently eliminate their side effects.
This work develops the image processing and control structure for an ultrasound-guided robot-assisted beating heart surgical system
that will move the surgical tool tip in synchrony with the heart. This would allow the surgeon to operate through teleoperation on
a virtually stabilized point on the heart. In developing this system, the position data acquired from ultrasound images is upsampled
and predicted ahead to compensate for the image acquisition and processing delay. We present the results of a user task based on

mitral valve annuloplasty performed under ultrasound guidance.
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Nomenclature
EKF Extended Kalman filter
POI Point of interest
ROI  Region of interest

Ix Position measurement X in the image frame
R;X Position measurement X in the robot frame
X Time delayed value of X

X Estimated value of X

X' Slowly sampled discrete value of X

X" Fast sampled discrete value of X

D Distance between the surgical tool tip and the POI
Ppor Position of the POI

Ps Position of the surgeon

Pr Position of the surgical tool tip

1. Introduction

The ability to operate on a freely beating heart offers many
benefits to patients. Currently, if a surgical procedure is
performed on a beating heart, a mechanical stabilizer is
used to locally suppress the beating motion. However, me-
chanical stabilizers fail to eliminate all of the heart’s beat-
ing motion and can damage the heart’s tissue.! For complex
procedures or ones performed inside the heart, the patient’s
heart is currently arrested and a heart-lung bypass machine
circulates the patient’s blood and ventilates the lungs. How-

ever, this increases the patient’s risk of stroke and can cause
long-term cognitive loss.? 3

To date, performing a surgical procedure on a freely
beating heart remains nearly impossible as the surgeon
must manually compensate for the heart’s beating motion
while performing the surgical procedure. However, the abil-
ity to operate on a beating heart has the potential to im-
prove the outcome of surgical procedures. For example,
more than 300,000 people undergo mitral valve annulo-
plasty each year worldwide.* If securing this annuloplasty
ring could be performed while the heart is still beating, the
effectiveness of the newly reshaped valve could be evalu-
ated immediately, which is not currently possible. The use
of robotic assistance has the potential to greatly reduce
the disturbing effects of heartbeat-induced motion during
interventions. By controlling a surgical robot to move in
synchrony with the point of interest (POI) on the beat-
ing heart, the POI can be made stationary with respect to
the surgical robot’s tool tip. Then, the surgeon could oper-
ate on a seemingly stationary heart via teleoperation. This
will allow for safer, more effective interventions that can be
evaluated on the fly in the operating room as the heart will
continue beating throughout the procedure.

2. Prior Art

To provide meaningful assistance, the surgical robotic sys-
tem must compensate for the physiological motion. The
goal of the physiological motion compensation is to make
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the surgical tool tip follow the combination of the POI’s
and the surgeon’s motion. Depending on the desired car-
diac surgical procedure, the design of the robot-assisted
beating heart surgical system will vary. However, certain
components are common to all designs: a method of mea-
suring the positions of the surgical tool tip and the POI on
the heart, and a controller that moves the surgical tool tip
in synchrony with the POI on the heart and then superim-
poses the surgeon’s motion.

2.1. Control System Configuration

The POI motion measurement methods can be divided into
two categories: (a) position sensors such as sonomicrome-
try crystals, and (b) image-based sensors, which includes
cameras, endoscopes, and ultrasound imaging. The control
system maintains a desired distance between the surgical
tool tip and the heart tissue.

An alternative that does not require the surgical tool
tip and the heart to remain in contact is to maintain a
desired distance. In this scenario, the surgical tool tip will
follow the motion of the heart tissue whether or not it is
in contact with the heart tissue. Some methods first reduce
the heart’s physiological motion using a mechanical stabi-
lizer; however, they are only useful for procedures on the
outside of the heart and still can cause damage to the heart
tissue.!

Other proposed methods allow the heart to beat
freely.> 14 To maintain a desired distance, the position of
the heart tissue must be measured. One method is to use so-
nomicrometry crystals that are sutured to the heart tissue
(case (a)).> Improved algorithms have reduced the data
processing time in [9], but this method still cannot be used
in real-time. Alternatively, different types of images can be
used (case (b)). For example, a 955 Hz camera is used for
coronary artery bypass graft.'? Later, a slower camera with
a frame rate of 500 Hz and compensation for the one sam-
ple time of image processing delay is presented in [11,12].
However, high-speed cameras and endoscopes can only vi-
sualize the outer surface of the heart and, therefore, are not
feasible for procedures performed inside the heart such as
valve repairs.

To visualize the interior of the heart through the
opaque blood pool, medical images are needed. MRI or CT
are expensive, difficult to have in an operating suite, and
are not real-time modalities. Ultrasound images are more
appropriate even though they have a slow frame rate, typi-
cally in the range of 20 to 60 Hz. This issue is compounded
by the large ultrasound image acquisition delay and the
subsequent image processing delay.

2.2. Surgical Tool Configuration

Previously, a hand-held surgical tool has been developed by
Kettler et al. for mitral valve repair.'® Processing the ultra-
sound image of the heart and surgical tool and subsequently
servoing the tool in real-time based on the position data was

developed by Novotny et al. in [16] and [17], respectively.
Finally, the control system that moved this hand-held tool
in synchrony with the mitral valve was developed by Yuen
et al.™ A limitation of the hand-held tool approach is that
if the hand-held surgical tool comes into contact with the
heart, it is difficult to determine where the tool tip is.

The use of a hand-held tool does not take advantage
of the benefits of teleoperated robotic surgery where the
surgeon operates from a separate user console with a more
ergonomic posture. In addition, teleoperation can enhance
the surgeon’s performance as the surgeon’s motions can be
scaled and hand tremors can be reduced.'® With teleop-
erated tools, the position of the surgical tool can easily
be recorded, which is much more difficult with hand-held
tools. Having this trajectory data is important for skill as-
sessment as the motion trajectories of experienced and non-
experienced surgeons can be compared as they complete the
same task.'?It is also important for enhanced documenta-
tion and the development of surgical simulation systems.
Teleoperation is also important for training new surgeons
as trilateral teleoperation systems allow experienced and
non-experienced surgeons to operate a single slave robot
(the surgical robot) together.? In the teleoperation mode,
control of the surgical robot can also be split between be-
tween a control system and a surgeon if, for example, the
surgical tool should not cross into a specific area. This split
control could also maintain a desired contact force between
an ultrasound probe and the patient, while the physician
controls the other degrees of freedom of the probe’s position
to find the desired imaging plane.?!
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Fig. 1. The position of the surgical tool tip and the POI on
the heart are measured in the ultrasound frame. The position
of the surgical tool tip is measured in the robot frame.
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Previously, we proposed a teleoperated robotic surgi-
cal system in [22], where a Smith predictor maintained the
stability of the system despite the time delays. The time de-
lays were introduced by a Micron Tracker used to measure
the position of the surgical tool and the POI from images
using its own software. In this paper, ultrasound images
are used to measure the position of the POI and a detailed
description of the required image processing is included.
Also, [22] only tested the surgical tool’s ability to syn-
chronize with the POI’s motion when the surgeon’s motion
was a preset trajectory that did not make the surgical tool
come into contact with the POI. The image processing pre-
sented in this paper; however is developed such that motion
tracking continues even when the surgical tool is in contact
with the heart tissue and it is hard to differentiate the two
in the ultrasound images. Previously, no user trials were
performed in [22]. In this paper we conduct a user study
on a task based on mitral valve annuloplasty under ultra-
sound guidance with a teleoperated motion-compensating
beating-heart surgical robot.

This paper is organized as follows. The development
of the robot-assisted surgical system is presented in Sec. 3.
The image processing algorithm that finds the surgical tool
tip and the POI in each ultrasound image is outlined in
Sec 3.2. The POI’s slowly sampled motion is then upsam-
pled in Sec. 3.3. Finally, to compensate for the delays, the
POI’'s motion is predicted ahead to the current time in
Sec. 3.4. The experimental setup is described in Sec. 4 and
the surgical task based on mitral valve annuloplasty is de-
scribed in Sec. 4.1. The conclusion is presented in Sec. 5.
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Fig. 2. A flow chart of the image processing. Each image is
thresholded to create a black and white image. Hough trans-
forms are then used to locate the tool shaft and heart tissue in
the first image. The ROIs are set and the tool tip and POI lo-
cations are found. Lines are then fit to the tool shaft and heart
tissue in the remaining images, the edge of the heart tissue is
found, the heart tissue ROI is updated, and the tool tip and
POI locations are found.

3. System Development

The feedback control structure synchronizes the distance
between the surgical tool tip and the POI. When design-
ing this controller, either the controller itself must compen-
sate for the delayed position measurements, or the delayed
position measurements must be predicted forward to the
current time before being fed to the controller. Previously,
we took the former approach in [22] and [23]. In this work,
a simpler controller will be used and the delayed position
measurements are predicted forward to the current time.

3.1. Predictive Feedback Control of the
Surgical Robot
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Fig. 3. A simple feedback controller for teleoperated motion
compensation. Here, the setpoint for the robot’s position, RP/T/
is the combination of the surgeon’s position, RP”, and the es-
timated current POI position RPIID’O I

A diagram of the utilized feedback loop is given in
Fig. 3. The surgical tool tip’s motion will be controlled to
follow the combination of the estimated POI’s motion and
the surgeon’s motion. First, the POI’s motion is upsam-
pled according to (1) as described below in Sec. 3.3, pre-
dicted ahead according to (3a and 8) as described below in
Sec. 3.4, and converted into the robot’s frame of reference

R pr
to become “Ppy;.

3.2. Ultrasound Imaging

To design a control system that will make the surgical tool
tip follow the combined surgeon’s and POI’s motion, the
surgeon’s and the POI’s motion must be measured. The
surgical robot’s position and hence the position of the sur-
gical tool tip can be measured in the robot’s frame of refer-
ence without a delay at a fast sampling rate from the surgi-
cal robot’s encoders and is denoted £ P.. The surgeon’s mo-
tion can also be measured at this high sampling rate with-
out any delay from the user console and is denoted RPg .As
the surgeon’s motion is assumed to be one-dimensional, the
distance between the surgeon’s hand position and the user
console’s zero position is the same distance the slave robot
should move and hence, this measurement is considered to
be in the robot’s frame of reference. The POI’s motion is
measured in ultrasound images that are acquired at a slow
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sampling rate. The images need to be processed to find the
location of the POI which means the measurements will be
delayed and the POI’s position is denoted ! Ph;.

For the proposed robot-assisted beating heart surgical
system to perform procedures on the interior surface of the
heart as well as the exterior surface, the imaging modal-
ity must be able to visualize the heart tissue through the
opaque blood pool. For this reason, medical images were
chosen despite the slow image acquisition rate. Ultrasound
imaging is the most portable and least expensive medical
imaging modality and hence, was chosen for this work. The
purpose of the imaging is to locate the surgical tool and the
POI, which is the point on the heart tissue the surgical tool
is pointing directly towards. These position measurements
will be found in the image frame as shown in Fig. 1.

The image processing method presented in this paper
does not require the use of any markers and is completed
within one sample time of the image acquisition rate of
34 Hz. The image processing begins by applying a binary
threshold to convert the gray-scale images to black and
white images. The remaining processing is based on find-
ing lines in the images as the shaft of the surgical tool is
a straight rod. The image processing procedure is summa-
rized in Fig. 2.

Fig. 4. A Hough transform converts all points in the image to
polar coordinates. All points on a single line share the same p
and 6 value.

The surgical tool, which has the shape of a long
straight line, is found first in each image. In the first image,
this is done using a Hough transform. The Hough transform
converts the rectangular coordinates of each white point in
the image into polar coordinates and a line is character-
ized by the perpendicular distance between the line and
the origin (p) and the angle that p makes with respect to
the horizontal (), as shown in Fig. 4. All of the points
on a single line have the same p and 6 values. A p and 6
pair is considered to represent a line if enough points in
the image have been converted into this pair in polar coor-
dinates. To find the correct line (as there will be multiple
lines in the image), only a range of § 6 values surround-
ing where the surgical tool is expected to be is analyzed.
The longest line found in this region is the surgical tool
shaft. Throughout the procedure, the surgical tool is con-

fined to one-dimensional motion. To reduce the processing
time of the remaining images, a region of interest (ROI) is
created in the area surrounding the determined location of
the surgical tool and is set as the region of interest.

The Hough transform is a computationally expensive
method of finding lines. In addition, as the tool shaft is a
thick line, the longest line found by the Hough transform
is not necessarily the centre line and may not be parallel
with the tool shaft (e.g., the longest line may begin in the
upper right corner of the tool and end in the lower left cor-
ner). To correctly identify the centre line of the tool shaft
least squares regression is used in the remaining images,
which minimizes the distance between the line and all of the
candidate pixels. To minimize the computation time when
identifying the candidate pixels contained within the ROI,
the image is down-sampled and only every third column
and third row are analysed. A line is then fit through these
points using OpenCV’s fitline().?* Once the tool’s shaft has
been identified, the surgical tool tip, { P, is found by ex-
tending the line along the surgical tool shaft until the last
candidate pixel point. Fig. 5 shows the result of finding
the tool. The ROI surrounding the tool shaft is marked by
the green lines, the center of the tool shaft is given by the
purple line, and the tool tip is shown my the blue dot.

Fig. 5. The result of the image processing required to find the
surgical tool shaft and tip. The green lines form the boundary
of the ROI, the purple line identifies the surgical tool shaft, and
the blue dot shows the surgical tool tip.

The heart tissue is found in a manner similar to the
tool’s shaft. In the first image, a Hough transform identifies
the longest line within a 7 range of § values perpendicular
to the surgical tool shaft. A new ROI is then created to
identify the area surrounding the heart tissue. In all sub-
sequent images, the heart tissue is identified by fitting a
line using least squares regression. Once again, to minimize
the computation time when identifying the candidate pix-
els contained within the ROI, the image is down-sampled
and only every third column and third row are analysed.
Within every subsequent image, the candidate pixels on the
upper edge of the heart tissue are identified and a straight
line is fit through them. As the heart tissue moves continu-
ally, the ROI surrounding the heart tissue is updated after
every image. Fig. 6 shows the result of finding the heart
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tissue. The ROI surrounding the heart tissue is marked by
the light green lines, the edge of the heart tissue is given
by the dark green line, and the centre line of the heart is
given by the red line.

(b)

Fig. 6. The result of the image processing required to find the
heart tissue and POI. The light green lines form the boundary
of the ROI, the red line identifies the heart tissue, and the dark
green line identifies the edge of the heart tissue. When the sur-
gical tool does not touch the heart in (a) the green dot identifies
the location of the POI, and when the surgical tool touches the
heart in (b) the pink dot identifies the location of the POI

The goal of the motion compensating controller is to
maintain a desired distance between the tip of the surgical
tool and the POI. Since the POI location is reported with
a slow sampling rate (ultrasound image refresh rate) and
is subject to the image acquisition and processing delays,
it is denoted ! Pp,;. The location of the POI is found by
extending the line through the surgical tool shaft and lo-
cating the first candidate pixel beyond the surgical tool’s
tip — the heart tissue. However, a difficulty arises when the
surgical tool tip makes contact with the heart tissue. In this
case, it is still possible to identify the shaft of the surgical
tool, but not its tip location nor the location of the POI
as the surgical tool and the heart tissue will appear as one
solid object in the image. To separate the two, we begin by
determining whether the surgical tool tip has collided with
the heart. If the line identifying the tool shaft intersects
with the line through the heart, there is a collision between
the surgical tool tip and the heart tissue. In this scenario,
the POI is identified by the intersection of the line found
along the edge of the heart tissue and the line through the
surgical tool shaft. Fig. 6 shows the location of the POI
when the surgical tool and the heart do not touch — green
dot in (a) — and when they do — pink dot in (b).

There are two main challenges to overcome when us-
ing ultrasound guidance: the slowly sampled data and the
image acquisition and processing delay. To overcome these
challenges, we propose to first upsample the position data
using cubic interpolation based upsampling. Next the POI’s
motion is predicted ahead for the duration of the image ac-
quisition and processing delay to the current time using an
extended Kalman filter (EKF).

3.3. Heart Motion Data Upsampling

To take advantage of the robot’s faster sampling rate, the
slowly sampled POI position data will be upsampled using
cubic interpolation to 100 Hz. Cubic interpolation was cho-
sen because it upsamples the motion in a smooth fashion
and is robust.

The following equation describes the cubic interpo-
lated upsampled data points p(i):

p(i) = hoo(2)po + hio(i)mo + ho1(1)p1 + hi1(9)m1 (1)
where the h coefficients are as follows:

hoo(i) = 2i% — 3i% + 1 (2a)
hio(i) =% — 2i* +i (2b)
hoy (i) = —2i 4 3i? (2¢)
hiy(i) =i —i? (2d)

and pg and p; are the points in between which the inter-

polation is occurring, and mg and m; are the slopes at pg
and pi, respectively. The interpolation variable ¢ contains
evenly spaced values between 0 and 1, and has a length
of one greater than the number of points to be upsampled
between the two slowly sampled points py and p;. As four
data points are required (points py and p; and a data point
on either side used to calculate the slope) to ensure that
the upsampled signal and its first derivative are continuous,
cubic interpolation involves a processing delay of 2n—1 fast
sample times, where n is the number of samples added to
the signal. The POI's motion, ' P{,; is now estimated at
the fast sampling rate, but it is still delayed.

3.4. Heart Motion Data Prediction

Once the position data has been upsampled, the POI’s po-
sition must be predicted ahead to the current time to over-
come the image acquisition and processing delay inherent
in ultrasound-based POI motion tracking as well as the de-
lay caused by cubic interpolation, which is 170 ms. Here an
EKEF is used for prediction as it allows for a changing heart
rate and changing amplitude in the motion signal.

The signal model y(x(t)) for the POI’s position is a

Fourier series in which the coefficients can vary with time
(3):14:25

y(x(t)) = c+ Z rysin 0, (¢ (3a)

_l/

x(t) = [e(

T)dT + ¢i(t) (3b)

(1), m1(8), w(t), ()] (3¢)

The EKF describing the POI’s motion is based on the
state space model (4) that evolves through random walk,
where the offset ¢, the sine wave coefficients r;, and the
frequency w remain constant between samples. Only the
0, values are updated according to (3b) each sample time.
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These values are later updated by the EKF based on the
error between the predicted and actual measurement.

x(t + At) = F(At)x(t) + u(t) (4a)
2(t) = y(x(t)) + v(t) (4b)
where
i 0
1

At 1

F(At)=1| 0 [2At0 1 (5)
mAt L oo x 2m+2)

and p(t) and v(t) are independent Gaussian noise terms.

Next, the EKF is updated at the fast sampling rate by
the following equations as the POI motion was previously
upsampled from the slow sampling rate:

P(t + At|t) =F(At)P(t{t)F(A)T + Q (6a)

S =of + H(A)P(t + At|t)H(AH)T (6b)

K(t) =P(t + Atj)H(AH)T S~! (6¢)

X(t + At|t + At) =F(At)X(¢]t) (6d)
+K(t)(z(t + At) — h(F(AD)x(t|t))) 6)

P(t + Att + At) =1 — K(OH(A)P(t + Atlt)  (6f)

where P(t) is the estimated covariance matrix, which
is a [2m + 2] x [2m + 2] diagonal matrix with
0.001,0.1/1,0.1/2, ...,0.1/1,0.1,0.21 ] along the diago-
nal, Q is the process noise covariance matrix, which is also
a [2m+ 2] x [2m + 2] diagonal matrix with 0.0001 along the
diagonal, 0% is the observation noise covariance matrix,

which is a scalar with a value of 0.01, and H(At) is

T
HT (At) = (ay> (7a)
ox
X(t+At|t)=Fx(t|t)
_ 1 -
sin 0, (t + At|t)
= sin O, (t + Alt) (7b)

1t + At[t) cos B (t + At|t)

P (t + At|t) cos O, (t + At]t).

where the " symbol denotes the estimated value.

To predict future POI positions, the state matrix x is
multiplied j times by the update matrix F to move j steps
ahead:

X(t + jALt + At) = F(AL)IX(t + At|t) (8)

The predicted position, ! P, is found by calculating
(3a) using the predicted x(t + jAt|t + At) found above.

As the POI’s motion is confined to 1D, the direction of the
axis of the surgical tool, it is converted to the robot’s frame
by converting the distance between the POI and the origin
(common to both the image and robot frame) from pixels

: s Rpn
into mm to obtain “Pp ;.

4. Experimental Setup

The experimental setup shown in Fig. 7 uses a 6 MHz
4DL14-5/38 linear 4D transducer connected to a Sonix-
Touch ultrasound scanner (SonixTouch from Ultrasonix,
Richmond, BC, Canada) as the image sensor, which has
a low frame rate of 34 Hz. The depth of the images was
4.5 cm. The 2D ultrasound images were collected from the
ultrasound scanner using a DVI2USB 3.0 frame grabber
(Epiphan, Ottawa, ON, Canada). The entire image acqui-
sition, processing delay and upsampling delay is 170 ms. A
custom-built mechanical cam (simulated heart) generated
the POI motion. The shape of the cam is based on the mo-
tion trajectory collected from the movement of a point on
the side wall of the heart in a series of clinical ultrasound
images of a patient’s beating heart. The single degree-of-
freedom (DOF') surgical tool (surgical robot) is actuated by
a voice coil motor (NCC20-18-020-1X from H2W Technolo-
gies Inc., Santa Clarita, CA, USA). To verify the results,
real-time position measurements of both the mechanical
cam and the robot were collected from two potentiome-
ters (LP-75FP-5K and LP-30FP-1K from Midori America
Corp., Fullerton, CA, USA); however the real-time mea-
surement of the mechanical cam’s motion was not made
available to the controller. The entire system is controlled
at a fast sampling rate of 100 Hz.

Simulated

User Interface

Fig. 7. The experimental setup.

For each trial, the heartbeat motion has a peak-to-
peak amplitude of 10 mm and a period of 64 bpm (1.07 Hz).
Three error metrics are calculated for each trial: the mean

absolute error (MAE) is 2=|upsamp ;Edﬂwt“al , where [ is the
number of data points in the sample, the integral squared

2
error (ISE) is =(upsamp lfdfacmal) , and the peak error is
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the largest error at a single point in time. The results from
each of the trials are summarized in Table 1.

Surgical
Tool

Fig. 8. A staple that has been successfully deployed from the
surgical tool into the phantom heart tissue.

4.1. Swurgical Task

The surgical task presented simulates deploying a staple to
secure an annuloplasty ring onto the mitral valve. If the
mitral valve is not shaped properly, it may not seal when
the ventricle contracts. This allows blood to flow backwards
through the heart, making each heart beat less efficient. To
correct this, the surgeon enters the heart through the left
atrium. The sutures are placed around the mitral valve an-
nulus, the annuloplasty ring is set in place, and the knots
are tied. The newly shaped valve is then tested using wa-
ter before the patients heart is restarted.?6 If securing this
annuloplasty ring could be performed while the heart is
still beating, the effectiveness of the newly reshaped valve
could be evaluated immediately. This user study was ap-
proved by the University of Alberta’s Research Ethics Of-
fice #Pro00055825.

Fig. 9.
staple.

An example of using excessive force when deploying a

In this study, the participant is asked to deploy the
staple into moving heart tissue. The participant moves the
surgical tool through teleoperation by moving the stylus of
a PHANToM Omni (Geomagic, Cary, NC, USA) — the user
interface. The heart tissue is a piece of soft plastic visible
under ultrasound. This simulated heart tissue is connected
to the mechanical cam and moves in a quasi-periodic fash-
ion — simulated heart. The surgical tool is rigidly attached
to a stand and has a 5 cm range of motion. The ultrasound
probe is positioned such that the simulated heart’s motion

and the motion of the surgical tool are visible. The partic-
ipant views the motion of the simulated heart tissue and
the surgical tool on the ultrasound screen. The last element
is a button connected to the surgical tool which deploys
the staple. An image of a successfully deployed staple is
shown in Fig. 8. This task is completed under two con-
ditions: with and without motion compensation. For both
conditions, the participants view the ultrasound video of
the simulated heart tissue and surgical tool. While com-
pleting this task, the participant is told not to press the
tool into the tissue such that the tissue deforms.

100%

80% -

H With

60% - Compensation

% Without
Compensation

40%

Success Rate

20%

0%

Participant

Fig. 10. The rate of successful deployment of the staple for
each participant.

Each participant successfully deployed three staples
with motion compensation before beginning the trials.
They were also allowed to practice under both conditions
until they felt comfortable with the system before starting
the trials. Each participant completed 10 trials, 5 with mo-
tion compensation and 5 without. The trials alternated be-
tween the two control conditions starting with motion com-
pensation. If the surgical tool left an indent in the phantom
tissue when the staple was deployed (see Fig. 9), the trial
was counted as a failure and a penalty was assigned regard-
less of whether or not the staple deployment was successful.

O 40% § .
g % % % H With
7 zZ 7z Compensation

E 20% 7 ,,—/24/; 4¢/, p

3 7 Z 7 7 7 % Without

2 % 7% Z g , é .

& 0% : T —“ Compensation

1 2 3 4 5 6 7 8 9 10
Participant

Fig. 11. The rate of the use of excessive force for each partici-
pant.

The trials included 10 participants who were not sur-
geons (2 females and 8 males) ages 21-30. When there was
no motion compensation, the staple was successfully de-
ployed in 28% of the trials and excessive force, leaving an
indent in the tissue, occurred in 24.5% of the trials. When
motion compensation was provided, the success rate more
than doubled to 64% and the use of excessive force was re-
duced by half to 12% of the trials. The success rate of each
participant is given in Fig. 10 and the rate of the use of
excessive force is given in Fig. 11.
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Distance Between the Heart And Tool

---- Surgeon
—— Distance
—— Error

Motion Synchronization with the Heart
10r ---- Heart
—— Robot - Surgeon

Fig. 12.  The result when motion compensation is provided. In
case (a), the dashed pink line is the user’s motion, the solid black
line is the distance between the surgical tool tip and the heart
tissue, and the red line is the error between these two. Case (b)
shows the motion synchronization. Here, the surgeon’s motions
have been subtracted from the surgical tool tip’s motion leaving
the POI following portion of the surgical tool tip’s motion — the
solid black line. The heart’s motion is the dotted pink line and
the error between the two is the red line.

To compare the success rates we used a two-tailed t-
test and obtained the p-value of the null hypothesis 1y = po
for the 10 trials.?” The probability of the results assuming
the null hypothesis for the success of the staple deployment
with and without compensation was 0.01 and for the use
of excess force with and without compensation was 0.10.
These results indicate that there was a significant difference
between providing and not providing motion compensation
with respect to the successful deployment of the staple, but
not with respect to the use of excessive force.

When motion compensation was not provided, only 3
of the 10 participants, participants 3, 9, and 10 attempted
to manually compensate for the heart’s motion. These par-
ticipants used excessive force in 40% of the trials, which
is much higher than the average rate of 24.5%. The ma-
jority of the participants simply waited for the tissue to
approach the tool tip and then deployed the staple at the
correct time. This method is possible, because the staple
can be deployed very quickly. However, the tasks in most
surgical procedures cannot be performed so quickly and

would hence have higher failure rates as this method would
no longer be feasible.

Manual Motion Synchronization Attempt

---- Heart
— Robot

Fig. 13. The result when no motion compensation is provided.
Here the user tries to manually compensate for the heart’s mo-
tion. The surgical tool tip’s motion is the solid black line, the
heart’s motion is the dotted pink line and the error between the
two is the red line.

When motion compensation was provided, it was eas-
ier for the user to move the surgical tool towards the mov-
ing heart tissue. The user’s motions for this case creates the
pink line in Fig. 12a. The user’s motion simply moves the
surgical tool tip towards the heart tissue. The solid black
line in this figure is the resulting distance between the sur-
gical tool tip and the POI and the solid red line is the error.
Part (b) of Fig. 12 shows the result of the motion compensa-
tion. Here, the surgeon’s motion has been subtracted from
the surgical tool tip’s motion to remove the offset between
the surgical tool tip and the heart tissue — the solid black
line. The POI’s motion is given by the dashed pink line and
the error is given by the solid red line. The MAE tracking
error when motion compensation is provided is 0.95 mm,
the ISE tracking error is 3.58 mm?, and the absolute value
of the peak tracking error is 3.58 mm. It is much harder for
the user to follow the POI’s motion when no motion com-
pensation is provided. Fig. 13 shows the surgeon’s motion
— the solid black line and the POI’s motion — the dashed
pink line. It is quite obvious that the errors are quite large
— the solid red line. The MAE tracking error when motion
compensation is not provided is 4.33 mm, the ISE track-
ing error is 27.19 mm?, and the absolute value of the peak
tracking error is 11.78 mm.

Table 1. The experimental results
Motion MAE ISE Peak Error
Compensation  (mm) (mm?) (mm)
Yes 0.95 1.38 3.58
No 4.33 27.19 11.78




January 7, 2016 20:19 Ultrasound

Ultrasound-based Image Guidance and Motion Compensating Control for Robot-assisted Beating-heart Surgery 9

5. Conclusion

Performing a surgical procedure on a freely beating heart
is extremely difficult, and most surgical procedures are per-
formed with the aid of a mechanical stabilizer or a heart-
lung bypass machine. However, these methods have serious
side-effects. Alternatively, if the surgical tool could auto-
matically move in synchrony with the POI on the heart and
the surgeon’s motions are superimposed through teleoper-
ation, the surgeon would be able to operate on seemingly
stationary tissue. This paper presents an image process-
ing and control system for ultrasound-guided robot-assisted
beating heart surgery for procedures such as mitral valve
annuloplasty. As the position of the heart is measured from
ultrasound images that are collected at a slow sampling
rate, the position trajectory of the POI is first upsampled
to 100 Hz. To overcome the time delay caused by ultra-
sound image acquisition and processing, the POI motion
trajectory is predicted ahead to the current time using an
EKF. To show the efficacy of this system, user trials simu-
lating deploying a staple for mitral valve annuloplasty were
conducted. The results indicate that the improvement in
the success rate when motion compensation is provided
is statistically significant. The success rate when motion
compensation was not provided was aided by the fact that
the participant did not need to follow the heart’s motion
to successfully deploy the staple. Rather, the participant
could simply move the surgical tool to the furthest point
in the heart’s trajectory so the two came into contact once
every beat. They then deployed the staple at the correct
moment. This method was successful in this case; however,
this method would not be successful for more complicated
surgical procedures where the surgical tool must remain in
contact with the heart for any length of time.

The average and peak tracking error reported in this
work, 0.95 mm and 3.58 mm, is similar to those reported
in the literature. Sub-millimetre errors were reported when
a 500 Hz camera measured the position of the POI and
the time delay was limited to one sample time in [12]. The
use of pre-recorded data resulted in average errors as low
as 0.669 mm and peak errors as large as 4.3 mm in [5].
However, this method is not viable in real-time. The use
of motion compensation after the heart is stabilized by a
mechanical stabilizer resulted in small errors of 0.4 and
0.8 mm in the x and y directions and a peak error of 2 mm
in the y-direction in [1]. However, this method does not
let the heart beat freely. Finally, an average and peak er-
ror of 0.97 mm and 3.26 mm respectively was reported in
[14] where the POI motion was measured from ultrasound
images. A similar user task performed with a hand-held
motion compensating surgical tool reported a success rate
of 74% when motion compensation was provided and only
32% when motion compensation was not provided.?
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