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Abstract

Purpose To achieve effective robot-assisted laparoscopic prostatectomy, the integration of transrectal ultrasound (TRUS)
imaging system which is the most widely used imaging modality in prostate imaging is essential. However, manual manipu-
lation of the ultrasound transducer during the procedure will significantly interfere with the surgery. Therefore, we propose an
image co-registration algorithm based on a photoacoustic marker (PM) method, where the ultrasound/photoacoustic (US/PA)
images can be registered to the endoscopic camera images to ultimately enable the TRUS transducer to automatically track
the surgical instrument.

Methods An optimization-based algorithm is proposed to co-register the images from the two different imaging modalities.
The principle of light propagation and an uncertainty in PM detection were assumed in this algorithm to improve the stability
and accuracy of the algorithm. The algorithm is validated using the previously developed US/PA image-guided system with
a da Vinci surgical robot.

Results The target-registration-error (TRE) is measured to evaluate the proposed algorithm. In both simulation and exper-
imental demonstration, the proposed algorithm achieved a sub-centimeter accuracy which is acceptable in practical clinics
(i.e., 1.15 £ 0.29 mm from the experimental evaluation). The result is also comparable with our previous approach (i.e., 1.05
£ 0.37 mm), and the proposed method can be implemented with a normal white light stereo camera and does not require
highly accurate localization of the PM.

Conclusion The proposed frame registration algorithm enabled a simple yet efficient integration of commercial US/PA
imaging system into laparoscopic surgical setting by leveraging the characteristic properties of acoustic wave propagation
and laser excitation, contributing to automated US/PA image-guided surgical intervention applications.

Keywords Ultrasound imaging - Photoacoustic imaging - Image-guided surgical intervention - Robot-assisted surgery -
Multi-modality image registration
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improved the surgical efficacy and accuracy, the surgeon per-
ceives the surgical scene by solely relying on the endoscopic
camera view. Although the stereoscopic endoscopic imaging
can enable the surgeon to visually interpret the surgical pro-
cedure some critical information such as underlying tissue
structure or molecular characteristics (e.g., prostate cancer,
peripheral nerve network) are not available. In other words,
the endoscopic camera view cannot distinguish between
healthy and cancerous tissue, nor can it localize the nerve
structures surrounding the prostate gland. Therefore, there
has been an emerging demand for additional imaging modal-
ities that can provide advanced sensing capability [6-9].

Transrectal ultrasound (TRUS) imaging has been used for
prostate imaging as it can provide non-invasive and real-time
imaging of the prostate with high spatial resolution [10-12].
Moreover, photoacoustic (PA) imaging can be obtained using
TRUS without alternating the imaging setup, which can
deliver molecular contrast of the target tissue. Several stud-
ies have reported that the intra-operative TRUS+PA imaging
can improve the surgical outcome by providing additional
tissue information [13—16]. However, the effective usage of
TRUS+PA imaging during the surgery is challenging mainly
due to the fact that ultrasonic scanning is usually conducted
by manual manipulation of the ultrasound transducer. Such
scanning procedure will significantly interfere with the sur-
gical workflow since the surgeon or sonographer needs to
find the desired imaging plane.

Thus, it is crucial to effectively integrate the TRUS+PA
imaging system into the current surgical environment. In this
regard, there have been multiple endeavors to implement
the TRUS imaging system with RALP procedure. Mohareri,
et al. [10] developed a real-time US image guidance system
during RALP procedure, where a robotized TRUS trans-
ducer automatically rotates to track the da Vinci surgical
instrument. Based on this, real-time PA imaging was also
developed by attaching the optical source to the surgical
instrument [16]. However, these techniques have limited
accuracy and applicability as the registration is based on
da Vinci kinematics and acoustic detection of the surgical
instrument by physical contact to the soft tissue.

To overcome this, a photoacoustic marker (PM) tech-
nique was recently introduced [17] as a novel tool for frame
co-registration between the camera and the ultrasound imag-
ing frames, where multiple laser excitations can be detected
simultaneously by the camera and the ultrasound transducer
in the form of laser spots and photoacoustic sources, respec-
tively (Fig. 1). Hence, the acquired spots in both frames
are used to calculate the coordinate transformation between
the frames. Based on the proof-of-concept validation, this
technique was recently implemented with a TRUS imaging
system equipped with a compact near-infrared (NIR) pulsed
laser diode (PLD), and demonstrated ex vivo in a da Vinci SI
surgical robot environment [18]. The study showed that the
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system can be easily implemented to the surgery by minimiz-
ing the interference during the procedure, where only a single
optical fiber is inserted into the surgical area (i.e., abdomen).
Furthermore, the PM based frame registration has achieved
sub-centimeter accuracy (e.g., 1.05 & 0.37 mm in target reg-
istration error (TRE)) that can be practically accepted for
the imaging [19, 20]. However, the current technique still
suffers from several limitations: (1) The low-average power
laser source can be a hurdle for endoscopic camera to detect
the laser spot during the in vivo environment with the strong
tissue and blood absorption. In addition, the conventional
approach requires the fluorescence (FL) camera to detect the
FL spot as the PM. Hence, the user needs to switch the laser
on and off during the surgery. One might suggest that the
laser spot can be segmented by adding a visible laser source
to the existing laser path, but visible light spot can distract the
surgeon’s sight which disturbs the surgery. (2) The accuracy
of the frame transformation dependent on the detection accu-
racies of laser spot and photoacoustic source. In particular,
the TRUS transducer rotates to find the acoustic signal until
it obtains the optimal position of the photoacoustic source.
Note that such a searching process via manual manipulation
of the TRUS transducer or algorithmic approach can be less
accurate and time-consuming, respectively.

To address these limitations, we propose a novel algorithm
based on arc-to-line frame registration between the camera
and the ultrasound imaging frames. The proposed algorithm,
rather than directly localizing the laser spot, leverages the
principle of the laser beam, to parameterize the beam into a
line vector. In addition, we have imposed a rotation uncer-
tainty to the photoacoustic source detection by the TRUS
transducer, under the assumption that the detected source
position is not accurate but located within the arc having a
radius equivalent to the distance between the sensor and the
source. Based on these parameterizations, an iterative nonlin-
ear optimization algorithm solves the frame registration by
estimating the laser spot and corresponding acoustic source
in each frame.

In the following sections, the line-to-arc based frame
registration algorithm will be described in detail with its
implementation into the current system that we developed.
Also, quantitative evaluation and analysis will be discussed
based on our computer simulation and experimental vali-
dation. In this work, we have focused on developing and
validating the proposed algorithm, and its real-time demon-
stration will be further introduced and discussed in future
work.
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Fig. 1 Conceptual illustration of
the photoacoustic marker (PM)
based frame registration method.
The camera image and the
ultrasound + photoacoustic
image are co-registered with the
PM which can detected by both
camera and the ultrasound sensor
as forms of the visible laser spot
and photoacoustic source,

respectively oy % o

Endoscope camera Camera image

Fig. 2 Conceptual illustration of the proposed arc-to-line registration
method. The endoscopic camera detects the fiducial marker attached to
the optical fiber to estimate the excited laser beam. The TRUS transducer
collects the corresponding PM assuming that the detected position is not
perfectly accurate. Fre,: the frame transformation between the camera
and the TRUS transducer; ﬁgsﬂ the parameterized laser beam; ﬁ;f!:
the position of the detected PM in the TRUS transducer frame

Methods
Line-to-arc based frame registration

The ultimate objective of the proposed algorithm is to co-
register the two image frames, from the endoscopic camera
and the TRUS transducer (Fig. 2). Note that the algorithm
calculates the frame transformation by using the PMs esti-
mated from each frame without direct localization from the
camera view, or precise searching by the TRUS transducer.
Here, the algorithm is valid when the following conditions
are satisfied: (1) the laser beam is straight; (2) The acoustic
wave from the out-of-plane source can still be detected when
the source is within the transducer’s sensitivity range (i.e.,
slice thickness, Fig. 3). Assuming in an isotropic medium, the
laser beam is shown to propagate in a straight line. Thus, one
can parameterize the excited laser beam as a 3-dimensional
(3-D) line vector,

ﬁgser,‘ ) = ﬁ;c + )Li’i)ic (N

Camera vision

US+PA

Photoacoustic source

Frame
registration

Ground truth  1puss orientation

Center of TRUS Frame

Longitudinal, x

Fig. 3 Geometrical description of the TRUS transducer frame, and the
slice thickness of the ultrasound transducer. The photoacoustic signal
from the PM can be received by the TRUS transducer when the PM
is located within the slice thickness of the transducer. The blue shaded
area indicates the acoustic sensitivity of the sensor in the transverse
plane

where p¢, and i indicate any point lying on the laser line
(e.g., excitation point), and the orientation of the laser (i.e.,
unit vector) at i-th position, respectively.

Here, the position of the PM on the tissue surface can
be estimated by calculating the appropriate A. Note that the
parameterized line vector is based on the endoscopic cam-
era frame. Here, a fiducial marker is attached to the optical
fiber head where its pose can be estimated by the endoscopic
camera. Based on the estimated pose of the optical fiber,
the system calculates the orientation of the excited laser (i.e.,
ﬁf ), and hence parameterizes the laser pathway. The detailed
process for the calibration of the laser parameterization will
be discussed in the following section.

As introduced earlier, the PM can be also detected by
the ultrasound transducer as form of a photoacoustic source.
Here, the acoustic wave is generated at the PM position by
the photoacoustic effect, propagates through the tissue, and
can be received by the TRUS transducer. The position of the
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corresponding i-th PM with respect to the TRUS transducer
can be expressed as
ﬁpTﬁ = [xpm;s YoM, ZPM,-]T (2
To acquire the PM position in TRUS transducer frame, the
transducer rotates along the longitudinal axis until it detects
an acoustic signal from the PM in the reconstructed 2D PA
image. Note that the TRUS transducer frame is stationary
which does not move with the rotation (Fig. 3). In particular,
if the transducer detects the i-th PM in the PA image at scan-
ning angle 6; (Fig. 3), the position of PM (i.e., ﬁle_) can be
converted as a function of # such that,

PoR, 0)) = [Xers Yeis 2ei]" + [0, rom; sin6;, rewg; cos6;]”
(3)

where [Xe;, Yers z:e,-]]r is the 3-D position of the transducer
element at scanning angle 6;, rpy; indicates the distance
between the transducer element and the photoacoustic source
(i.e., PM). Here, [Xe;, Ye;» 2] is defined with the trans-
ducer specification and current orientation angle 8;. Given
the number of transducer element ( Ne), interval between
the elements (dpjtch ), and the radius of the transducer (rTrus),

the position of i-th transducer element [X,;, Ye;, Ze; | T canbe
defined as

Xg; = [—0.5 % (Ngle — 1) + 1] *dpitch 4-1)
Ye; = Sinb; % rrrus (4-2)
Ze; = COS6; % 'TRUS (4-3)

wherei =0,1,2,..., Ng—1

However, it is important to remember that the acoustic
sensor has a certain sensitivity range, the acoustic signal can
still be received when it is within the slice thickness of the
transducer, even if the PM is not aligned with the orientation
of the TRUS transducer. In other words, the position of the
actual photoacoustic source can be deviated by an unknown
angle A@ from the current scanning orientation (Fig. 3). Note
that the deviated source is located within the arc with a radius
of r py, since the signal is detected at equivalent time where
the acoustic wave propagates from the source to the trans-
ducer element. As a result, the revised expression for the
position of photoacoustic source is

Pl)ggf( ) [xe,, Yei» zﬁ] + [0 "PM; Sll’l(9 ) "PM; COS(BE)]T
&)

where 6, = 6; + A6;.
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Thus, the frame transformation between the endoscopic
camera and the TRUS transducer (Fp.g) can be derived by
solving a nonlinear cost function consists of Egs. (1) and (3),

J( Fregs 1 9) ZFmg Ploser, (hi) —

P (%), ©

where A = [Ag, A1, .- -,
Here, we propose to solve the cost function in an iterative
manner:

= r ’ r T
li]T,andQ’:[GD, 9,,...,9,] _

1

(1) Firstﬁof all, use gradient descent method to solve Freg
and A that minimizes the cost function (i.e., Eq. 6) such
that

» . — TR -
Freg, M* = argmmpmg,ilz Freg - Pgser,- (M) — Pom, (95)2]
i
)

Note that we leave the PMs in the TRUS frame as devi-
ated ones.

(2) Next, we compensate the deviated PM in the TRUS
frame to estimate the actual scanning angle (67"‘) using
gradient descent method, given the calculated Fr’:g and

Jok

9% = argming, {Z Frg -

i

ﬁlgser; (l}k) —-p

(3) From step (1) and (2), update the 3-D positions of
PMs in both coordinates by defining the PMs from
the parameterized lines and arcs, respectively. For
example, The updated position of i-th PM in both
frames are i, (M) = Pi + Al and ply, (6) =
[Xeis Yeis zgf.]r—l—[O, rey; sin(6}), rey; cos(Sl.“)]T rel-
ative to endoscopic camera frame and TRUS transducer
frame, respectively.

(4) Iterate the steps (1)—(3) until the cost function con-
verges.

Figure 4 summarizes the entire workflow of calculating
the frame registration between the endoscopic camera and the
TRUS transducer. At first, the user acquires multiple datasets
(Ns) composed of: (1) the pose of the attached fiducial marker
in the camera frame (i.e., Fr{dc); and (2) the position of the

corresponding PM in TRUS transducer frame (i.e., ;3};1:,1_).
Note that a single laser source is used for generating the
PM at different positions, and the TRUS transducer rotates
to search for the PM. Here, we assume that the calibration
between the fiducial marker and the optical fiber is already
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‘ Solve the cost function l+—
| Collect dataset {Fiyg, Fom ,} |
No
Converged
Yes
F reg

Fig. 4 Workflow chart of the registration process

conducted. Consequently, the laser beam is parameterized
with respect to the camera coordinate, and F,; is initialized.
Afterward, the proposed algorithm described above solves
the cost function to calculate the final F,.

Calibration

As mentioned in the section “Line-to-arc based frame regis-
tration,” the camera captures the pose of the fiducial marker
attached to the optical fiber head. Consequently, the orienta-
tion of the excited laser is estimated by parameterizing the
beam (i.e., Eq. 1). Here, a calibration process is conducted
in a similar manner to pivot calibration, to associate the laser
beam relative to the fiducial marker frame. Figure 5 shows
an illustration of the calibration process (Fig. 5a), and exper-
imental setup with a da Vinci endoscope camera (Fig. 5b.
A simple checkerboard is located at the field-of-view (FOV)
of the endoscopic camera which captures the corners of the
checkerboard. One of the corners are selected and we denote
the 3-D position of this point as ﬁ:;ot Consequently, the opti-
cal fiber is rotated multiple times while aiming at the same
corner (i.e., ﬁscpm). Here, the camera captures each pose of

the fiducial marker (Fjjc), and we can derive the following
linear relationship.

: Fe @ 0 :
=M. i i =C
p spot | = 0 K MC ?V P spot &)
0 : Frll| :
where ;3:;0: is the i-th position of the laser spot in local fidu-

cial marker frame, N; is the number of acquisitions.

An important aspect is that the sampled points in the local
fiducial marker frame are co-linear to each other. In other
words, as the laser is excited from the optical fiber head which
is rigidly fixed to the fiducial marker, every point (i.e., ﬁ:;c’,:,
i=0,1,2,..., N;)lies on the excited laser line in the fiducial
marker frame. Therefore, a straight line path can be estimated

with the points by using a line fitting algorithm such as singu-
lar value decomposition (SVD). By denoting the orientation
of the fitted line as ﬁi’“ , and choosing one of the sampled
points in the fiducial marker frame (e.g., ﬁf;;?), the param-
eterized line vector with respect to the camera frame (i.e.,
Eq. 1) can be re-expressed as

= i =M.0 [ -
pf}sen (i) = F;ﬂC * Pspot + A'!'F;:JC ) nlj’f (10)

Tracking

Based on the calculated frame transformation Fieg, the TRUS
transducer can track the PM when it is at the out-of-plane,
by rotating to the right orientation. Here, remember that
we require two constraints: (1) the fiducial marker can be
localized by the camera; (2) The PM is located within the
transducer’s sensitivity range. When the two constraints are
satisfied, the tracking angle can be calculated by first solving
the cost function given the calculated Fig:

3, 0% = argmin| Fg - Flae®) — FbM (0),] (D)

Hence, the desired rotation angle to make the TRUS
transducer to be in-plane to the PM can be calculated as
A =0* —0.

Performance evaluation via computer simulation

Computer simulation was conducted to evaluate the cali-
bration and registration algorithm. First of all, calibration
was evaluated by adding nonzero mean anisotropic Gaussian
noise (i.e., umc = {0.1, 0.1, 0.1} mm, in x-, y-, z-direction,
mean; oy = {0.1, 0.1, 0.8}, ofgt. = {0.01, 0.01, 0.01}
in x-, y-, z-direction, standard deviation of translation (mm)
and rotation (radian), respectively) to the fiducial marker
detection to reflect the systematic bias and detection noise
in practical circumstances [21]. Additional noise was con-
sidered to represent the error when the laser is pointing at
the same spot: a zero-mean Gaussian noise where o,m =
{1, 1} mm in horizontal and vertical direction, respectively.
Note that the Gaussian kernel is in 2-dimension as the aiming
object (i.e., checkerboard) is flat. By having the two noise
components (i.e., fiducial marker localization and pointing
the laser), the calibration performance was evaluated with
increasing number of tracked poses: {5, 10, 20, 30, 40}.

In addition, the feasibility of the proposed registration
algorithm was evaluated. Here, we assumed that the photoa-
coustic source is always generated, and the corresponding
acoustic wave is received by the TRUS transducer without
any external factors such as limited light absorbance, tissue
inhomogeneity, or the sensitivity of the transducer (e.g., slice
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Fig.5 a The illustration of
calibration process, b Calibration
setup

T,

thickness). Here, same noise model was applied to the fidu-
cial marker detection (i.e., upmc = {0.1, 0.1, 0.1 }jmm, in x-,
y-, Z-direction, mean; oy"® = {0.1, 0.1, 0.8}, oyp. = {0.01,
0.01, 0.01} in x-,y-, z-direction, standard deviation of trans-
lation (mm) and rotation (radian), respectively), and different
degrees of deviation of detected PMs in the TRUS transducer
frame are defined in order to investigate the tolerance of the
proposed algorithm: { 4+ 5°, + 10°, £ 15°, &+ 20°}.

Experimental demonstration in the da Vinci surgical
robot environment

The proposed registration algorithm is evaluated not only
in the computer simulation, but also demonstrated in our
recently developed TRUS+PA image-guided system with a
da Vinci SI surgical robot environment [18]. Note that we
will skip the detailed description of the developed system, but
focus on the revised or added components for this research.
Fig. 6 shows the overall system configuration composed of
the main host computer, da Vinci SI surgical robot system, an
actuator control module, and a TRUS+PA imaging system.
The system is developed on the Robot Operating System
(ROS) platform, and each component communicate to each
other in real-time.

In addition, the endoscopic stereo camera of the da Vinci
system estimates the pose of the fiducial marker attached
(ArUco marker with a size of 30 x 30 mmz) to a custom-
made mount that can be installed on the optical fiber body
(QSP-785-4, QPhotonics LLC, Ann Arbor, MI, USA). Here,
an open source library (i.e., OpenCV) based software is used
for the pose estimation of the fiducial marker. The excited
laser beam is propagated through a focusing lens (LB 1406-
B, Thorlabs, Newton, NJ, USA) to generate the PM on the
target surface. A homogenous phantom made of plastisol
material is used to maximize the light absorption to gener-
ate photoacoustic effect at the excited area. Consequently,
the generated acoustic wave from the PM is searched and
detected by a TRUS transducer (BPL 9-5/55, BK Medical,
Peabody, MA, USA) actuated by a rotation stage (PRM1Z8,
Thorlabs, Newton, NJ, USA). Here, the detection of the PM
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is conducted by manually rotating the TRUS transducer with
2° increment, and the searching of the PM stops once a signal
is detected by the developed PM localization program (i.e.,
no further searching is conducted for accurate PM detection).

Quantitative evaluation

The performance of the proposed algorithm was quanti-
tatively evaluated. In particular, we obtained 15 datasets
(i.e., the pose of the fiducial marker and corresponding PM
position in the camera and TRUS transducer frames, respec-
tively) during the registration process, and arbitrarily chose
10 datasets from the entire dataset to calculate the frame
transformation between the two frames. The accuracy of the
registration result was evaluated by the TRE measurement
using the remaining five datasets. The TRE is measured by
the following equation:

5
1 - g IR !
TRE = g E :Freg ’ pgser;‘ i) — p;M,— (gi)2 (12)

i=1

The tracking error was also evaluated to quantify how
accurate the TRUS transducer can rotate to localize the PM to
provide the in-plane image of corresponding cross-sectional
imaging plane. The tracking error is measured by taking the
difference between the calculated angle and the desired angle
rotation angle according to the true PM position.

Results

The proposed algorithm was demonstrated and validated in
both computer simulation and experimental setup, and will
be described in the following sections.

Evaluation in computer simulation

Based on the additive noise model described in section

“Performance evaluation via computer simulation,” the cali-
bration result showed that the residual errors were decreased
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Fig.7 Performance evaluation of the proposed algorithm in computer
simulation. a TRE measurement. Black, blue, and red line indicates the
TRE, upper, and lower bound, respectively. b The relative pose of the
ECEST (Estimated endoscopic camera frame) and ECST (Ground truth
endoscopic camera frame)

as the number of tracked poses increases (Fig. 7a): {2.12 +
0.81,1.71 4+ 042,139 + 041,130 + 0.38,1.18 &+
0.27} mm when the number of datasets is {5, 10, 20, 30,40},
respectively.

Moreover, the proposed algorithm was validated whose
TRE at each case was {2.21 + 1.08, 1.98 4+ 0.95, 1.96 +
0.98, 1.62 £+ 0.61, 1.51 £+ 0.61}-mm for { &+ 20°, + 15°,
+ 10°, =+ 5° 0°} of the deviation relative to the ground
truth PM positions, respectively. Note that the zero deviation
indicates that the detected PM is identical to the ground truth
position. The blue and red lines indicate the upper bound
and the lower bound of the proposed algorithm, respectively.
Figure 7(b) shows the relative positions of the camera frame
with respect to the TRUS transducer based on the recovered
Freg. Note that the frame of the camera becomes closer to
the ground truth pose, and the measured TRE proportionally
decreases as the deviation becomes smaller.

Fig.8 Visualization of the calibration result. The blue dots and the black
line indicate the converted positions of the laser spot and corresponding
fitted line, respectively. The average residual error was 1.46 mm

Experimental evaluation

The proposed algorithm is further validated experimentally in
the previously described TRUS+PA image-guided system in
ada Vinci environment [18]. In this section, the experimental
evaluation will be described in each step (i.e., calibration,
registration, and tracking).

Calibration

The calibration was conducted by obtaining 12 different
poses of the optical fiber (i.e., F J{fC ). As previously described,
the centers of the 12 different laser beams were overlapped
with the same corner on the checkerboard to ensure that the
laser beam is aimed at the same point (i.e., ﬁgw). The points
in the local fiducial marker frame were derived according to
Eq. (9), and line fitting was performed to estimate the orien-
tation of the excited laser beam. Figure 8 shows the converted
positions of the laser spot with corresponding fitted line (i.e.,
Fig. 8). The average Euclidean distance between the point
and the line was measured as the residual error (i.e., 1.55 +
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0.9 mm) which is within an acceptable range, and it is sub-
ject to change depending on the number of obtained tracked
poses.

Registration

Following the fiducial marker-to-laser calibration, the frame
registration was performed to obtain F.., between the two
frames (Fig. 9a). Fifteen datasets composed of the pose of the
fiducial marker in the camera frame and corresponding PM
positions in the TRUS transducer frame (i.e., { F’ ;;m s ﬁ’;,rl,i D
are collected for the calculation. Here, an important thing to
remember is that the clinical TRUS transducer has certain
slice thickness along the scanning direction, we have exper-
imentally measured the sensitivity range by scanning from
— 35° to 35° to unveil how much deviated angle the TRUS
transducer can receive the out-of-plane PM signal. Figure 9b
shows the sensitivity curve of the TRUS transducer at the
scanned range (i.e., [— 35°, 35°]), and the maximum angle
that the transducer can receive the out-of-plane PM signal
was =+ 6° at 30 mm imaging depth. Note that the sensitivity
range can be changed at deeper imaging depth. Next, a sub-
set of the entire datasets was chosen to calculate the frame
transformation Fpg. Figure 9c shows the relative pose of
the endoscopic camera with respect to the TRUS transducer
based on the optimizedF,.,. The TRE measurement revealed
that the larger amount of collected pairs will contribute to
more accurate calculation, as more noise components (e.g.,
fiducial marker detection error, and PM localization in the PA
image, etc.) are suppressed during the optimization (Fig. 9d).
In particular, four to ten datasets were arbitrarily chosen
among the entire dataset for the calculation, and the aver-
aged TRE values are: {2.95 &+ 0.87 mm, 2.23 + 1.21 mm,
1.86 £+ 0.52 mm, 1.73 &+ 0.44 mm, 1.58 £+ 0.46 mm, 1.45
+ 0.5 mm, 1.15 &+ 0.29 mm} for Ny =4, 5, 6, ---, 10,
respectively. Here, N, refers to the number of acquisitions. In
addition, the proposed algorithm is quantitatively compared
to the conventional PM approach, the method which directly
detects the position of the PM both in the camera image and
PA image, to investigate its clinical efficacy: 1.15 + 0.29 mm
versus 1.05 &+ 0.37 mm for the proposed method and the con-
ventional approach, respectively. The two methods showed a
comparable performance in its registration accuracy. More-
over, we have conducted a leave-one-out cross validation
approach to statistically analyze the performance of the pro-
posed algorithm given limited dataset (Ny; = 15). The cross
validation shows that the average error is 2.06 + 1.97 mm,
implying the fact where the proposed algorithm is sensitive
to the deviated PM with respect to the TRUS. Nonetheless,
the proposed method has several advantages where it is not
dependent on the FL detection of the PMs from the camera
(i.e., more robust in detecting the fiducial marker than the
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FL spot), and the deviated PM can still be used in frame
calculation. That being said, the proposed algorithm can sig-
nificantly reduce the time for dataset acquisition during the
registration, compared to that of previous method in [18].
Based on the sensitivity range of 4+ 6° at 30 mm imaging
depth, and assuming that the PM can be resolved with an
actuator that has 0.1° accuracy, the worst case of searching
a field-of-view of 70° can be roughly estimated by 70°/12°
+ 12°/0.1°= 126 times. On the other hand, our method can
achieve the detection within 70°/12°= 6 times. We have also
measured the average convergence time of the proposed algo-
rithm at each deviation: {50.6 4 49.38, 79.6 4 37.9, 81.84
+ 19.61, 101.28 4 39.56, 125.84 + 35.4}-sec for {0°, 5°,
10°, 15°, 20°}. It implies that convergence time increases
when the deviated PM is farther from the transducer. As a
result, the proposed arc-to-line based registration algorithm
provides the fact that it can play a better role for the US/PA
image-guided surgical intervention during the RALP.

Tracking

Based on the calibrated laser detection and the co-registered
frames between the camera and the TRUS transducer, the
tracking of the PM by the TRUS transducer was tested. As
the TRUS transducer is only rotating along the longitudi-
nal axis (i.e., one degree-of-freedom), the tracking error was
measured by calculating the difference between the angle
derived from the optimization (i.e., Eq. (10)) and the angle
needs to be rotated in order to be aligned with the PM at
the surface (i.e., in-plane). Based on the registration result,
the evaluation was performed on the F,.., which was calcu-
lated with 10 pairs: 1.06 + 0.56°. Here, securing accurate
tracking of the PM is important for precise imaging, and it
becomes more significant when the imaging depth becomes
deeper [22]. For example, tracking error of 1° at 30 mm imag-
ing depth will produce 0.5 mm of imaging plane deviation in
radial direction (i.e., 30 mm * 1° * ; / 180° = 0.5 mm), while
it becomes larger when it becomes deeper (e.g., 60 mm * 1°
* 1 /180° = 1 mm).

Discussion and conclusion

In this paper, we presented arc-to-line registration based
frame transformation algorithm for registering the TRUS+PA
image to the endoscopic camera during robot-assisted
laparoscopic prostatectomy. In particular, the algorithm was
experimentally evaluated in a widely used surgical robot
environment, the da Vinci SI system, and provided stable reg-
istration performance with sub-centimeter accuracy. It was
also comparatively evaluated with the previously developed
PM technique, and further provided better applicability for
the clinics by providing not only comparable accuracy, but
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Fig. 9 Experimental evaluation of the proposed algorithm. a Experi-
mental setup. EC: Endoscopic camera; OF: Optical fiber. b Acoustic
intensity curve to represent the directional sensitivity of the transducer.
¢ The relative pose of the estimated EC (ECEST) with respect to the

also secures more robust fiducial marker detection from the
camera and improved accuracy in detecting the PM in the
US+PA image. Besides, the study does have some limita-
tions that can be addressed by future work.

First of all, we will miniaturize the fiducial marker
attached to the optical fiber head. Currently, the size of the
marker is 30 x 30 mm?2, which is relatively large in laparo-
scopic circumstances. For instance, the marker may cover
some parts of the surgical ROI that can hamper the surgical
workflow. Moreover, current design of the marker is single-
sided and designed to be seen from the top, which makes
the marker might not be always visible from the endoscopic
camera when it is hidden behind the surgical instruments or
out of the FOV of the camera. Note that simply reducing the
dimension of the marker cannot fundamentally resolve these
limitations, nor secure the estimation accuracy. Hence, a new
type of marker with a compact form-factor that fits into the
laparoscopic circumstances is required. Recently, a cylindri-
cally shaped marker was introduced which shows promising
performance in the estimation accuracy when it is attached to
the da Vinci surgical instrument [23]. Its robust performance
yet compact design provided a potential utilization into other
laparoscopic clinical applications. Therefore, a customized
revision of the marker design tailored to our system will bol-
ster the overall performance of the proposed algorithm.

Furthermore, an automated algorithm for efficient search-
ing of the PM is under development within our research
group. This will enable the system to become more efficient
in the operating room. For example, manual manipulation
for searching the PM in the TRUS domain will no longer
required to the user, and it will ultimately shorten the reg-
istration time. In addition, the automated system will also
enable an online re-calibration during the operation if it is
needed. In particular, the position shift of the endoscopic
camera might happen based on the surgeon’s intention which
requires frequent update of the registration. Here, the online

g
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TRUS transducer. The blue and red dots indicate the estimated PMs in
the TRUS and the camera frame, respectively. d The TRE measurement.
Black, blue, and red line indicates the TRE, upper, and lower bound,
respectively. Ny: number of pairs used in the registration

re-calibration will enable the system to track the PM without
any compromise.

In conclusion, we believe that the proposed arc-to-line
based registration algorithm will take one step further toward
the efficient integration of the US/PA imaging system into the
clinics, especially contribute to the image-guided surgical
intervention field.
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