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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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Introduction

Prostatectomy is one of the most common surgical proce-
dures to treat prostate cancer, where the entire prostate gland
is physically removed. Over the decades, several different
surgical approaches such as radical prostatectomy and the
procedure approached through perineal region have been
accepted [1, 2]. In particular, robot-assisted laparoscopic
prostatectomy (RALP), in which the surgeon conducts the
surgery with a teleoperated surgical robot (e.g., da Vinci
surgical robot). More than 80% of the entire radical prostate-
ctomy in the USA has been performed using da Vinci robots
to shortened recovery time and reduced post-operative com-
plications [3–5]. Despite the fact that RALP procedure has
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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

system can be easily implemented to the surgery byminimiz-
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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Fi g. 1 C o n c e pt u al ill ustr ati o n of
t h e p h ot o a c o usti c  m ar k er ( P M)
b as e d fr a m e r e gistr ati o n  m et h o d.
T h e c a m er a i m a g e a n d t h e
ultr as o u n d + p h ot o a c o usti c
i m a g e ar e c o-r e gist er e d  wit h t h e
P M  w hi c h c a n d et e ct e d b y b ot h
c a m er a a n d t h e ultr as o u n d s e ns or
as f or ms of t h e visi bl e l as er s p ot
a n d p h ot o a c o usti c s o ur c e,
r es p e cti v el y

Fi g. 2 C o n c e pt u al ill ustr ati o n of t h e pr o p os e d ar c-t o-li n e r e gistr ati o n
m et h o d.  T h e e n d os c o pi c c a m er a d et e cts t h e fi d u ci al  m ar k er att a c h e d t o
t h e o pti c al fi b er t o esti m at e t h e e x cit e d l as er b e a m.  T h e  T R U S tr a ns d u c er
c oll e cts t h e c orr es p o n di n g P M ass u mi n g t h at t h e d et e ct e d p ositi o n is n ot
p erf e ctl y a c c ur at e. F r e g : t h e fr a m e tr a nsf or m ati o n b et w e e n t h e c a m er a

a n d t h e  T R U S tr a ns d u c er; p C
l as er: t h e p ar a m et eri z e d l as er b e a m; p T R

P M :
t h e p ositi o n of t h e d et e ct e d P M i n t h e  T R U S tr a ns d u c er fr a m e

M et h o d s

Li n e-t o- ar c b a s e d fr a m e r e gi str ati o n

T h e ulti m at e o bj e cti v e of t h e pr o p os e d al g orit h m is t o c o-

r e gist er t h e t w o i m a g e fr a m es, fr o m t h e e n d os c o pi c c a m er a

a n d t h e  T R U S tr a ns d u c er ( Fi g. 2 ).  N ot e t h at t h e al g orit h m
c al c ul at es t h e fr a m e tr a nsf or m ati o n b y usi n g t h e P Ms esti-

m at e d fr o m e a c h fr a m e  wit h o ut dir e ct l o c ali z ati o n fr o m t h e

c a m er a vi e w, or pr e cis e s e ar c hi n g b y t h e  T R U S tr a ns d u c er.
H er e, t h e al g orit h m is v ali d  w h e n t h e f oll o wi n g c o n diti o ns

ar e s atis fi e d: ( 1) t h e l as er b e a m is str ai g ht; ( 2)  T h e a c o usti c

w a v e fr o m t h e o ut- of- pl a n e s o ur c e c a n still b e d et e ct e d  w h e n
t h e s o ur c e is  wit hi n t h e tr a ns d u c er’s s e nsiti vit y r a n g e (i. e.,

sli c e t hi c k n ess, Fi g. 3 ).  Ass u mi n g i n a n is otr o pi c  m e di u m, t h e

l as er b e a m is s h o w n t o pr o p a g at e i n a str ai g ht li n e.  T h us, o n e

c a n p ar a m et eri z e t h e e x cit e d l as er b e a m as a 3- di m e nsi o n al
( 3- D) li n e v e ct or,

p C
l as eri

(λ i ) = p C
i + λ i n i

C ( 1)

Fi g. 3 G e o m etri c al d es cri pti o n of t h e  T R U S tr a ns d u c er fr a m e, a n d t h e
sli c e t hi c k n ess of t h e ultr as o u n d tr a ns d u c er.  T h e p h ot o a c o usti c si g n al
fr o m t h e P M c a n b e r e c ei v e d b y t h e  T R U S tr a ns d u c er  w h e n t h e P M
is l o c at e d  wit hi n t h e sli c e t hi c k n ess of t h e tr a ns d u c er.  T h e bl u e s h a d e d
ar e a i n di c at es t h e a c o usti c s e nsiti vit y of t h e s e ns or i n t h e tr a ns v ers e
pl a n e

w h er e p C
i , a n d n C

i i n di c at e a n y p oi nt l yi n g o n t h e l as er li n e

( e. g., e x cit ati o n p oi nt), a n d t h e ori e nt ati o n of t h e l as er (i. e.,
u nit v e ct or) at i-t h p ositi o n, r es p e cti v el y.

H er e, t h e p ositi o n of t h e P M o n t h e tiss u e s urf a c e c a n

b e esti m at e d b y c al c ul ati n g t h e a p pr o pri at e λ .  N ot e t h at t h e
p ar a m et eri z e d li n e v e ct or is b as e d o n t h e e n d os c o pi c c a m-

er a fr a m e.  H er e, a fi d u ci al  m ar k er is att a c h e d t o t h e o pti c al

fi b er h e a d  w h er e its p os e c a n b e esti m at e d b y t h e e n d os c o pi c

c a m er a.  B as e d o n t h e esti m at e d p os e of t h e o pti c al fi b er,
t h e s yst e m c al c ul at es t h e ori e nt ati o n of t h e e x cit e d l as er (i. e.,

n C
i ), a n d h e n c e p ar a m et eri z es t h e l as er p at h w a y.  T h e d et ail e d

pr o c ess f or t h e c ali br ati o n of t h e l as er p ar a m et eri z ati o n  will
b e dis c uss e d i n t h e f oll o wi n g s e cti o n.

As i ntr o d u c e d e arli er, t h e P M c a n b e als o d et e ct e d b y

t h e ultr as o u n d tr a ns d u c er as f or m of a p h ot o a c o usti c s o ur c e.
H er e, t h e a c o usti c  w a v e is g e n er at e d at t h e P M p ositi o n b y

t h e p h ot o a c o usti c eff e ct, pr o p a g at es t hr o u g h t h e tiss u e, a n d

c a n b e r e c ei v e d b y t h e  T R U S tr a ns d u c er.  T h e p ositi o n of t h e

12 3



2 0 2 I nt er n ati o n al J o ur n al of C o m p ut er Assist e d R a di ol o g y a n d S ur g er y ( 2 0 2 4) 1 9: 1 9 9 – 2 0 8

c orr es p o n di n g i-t h P M  wit h r es p e ct t o t h e  T R U S tr a ns d u c er

c a n b e e x pr ess e d as

p T R
P M i

= x P M i , y P M i , z P M i

T
( 2)

T o a c q uir e t h e P M p ositi o n i n  T R U S tr a ns d u c er fr a m e, t h e
tr a ns d u c er r ot at es al o n g t h e l o n git u di n al a xis u ntil it d et e cts

a n a c o usti c si g n al fr o m t h e P M i n t h e r e c o nstr u ct e d 2 D P A

i m a g e.  N ot e t h at t h e  T R U S tr a ns d u c er fr a m e is st ati o n ar y
w hi c h d o es n ot  m o v e  wit h t h e r ot ati o n ( Fi g. 3 ). I n p arti c ul ar,

if t h e tr a ns d u c er d et e cts t h e i-t h P M i n t h e P A i m a g e at s c a n-

ni n g a n gl e θ i ( Fi g. 3 ), t h e p ositi o n of P M (i. e., p T R
P M i

) c a n b e
c o n v ert e d as a f u n cti o n of θ s u c h t h at,

p T R
P M i

(θ i ) = x e i , y e i , z e i

T
+ 0, r P M i si n θ i , r P M i c o s θ i

T

( 3)

w h er e x e i , y e i , z e i

T
i s t h e 3- D p ositi o n of t h e tr a ns d u c er

el e m e nt at s c a n ni n g a n gl e θ i , r P M i i n di c at es t h e dist a n c e
b et w e e n t h e tr a ns d u c er el e m e nt a n d t h e p h ot o a c o usti c s o ur c e

(i. e., P M).  H er e, x e i , y e i , z e i

T
i s d e fi n e d  wit h t h e tr a ns-

d u c er s p e ci fi c ati o n a n d c urr e nt ori e nt ati o n a n gl e θ i . Gi v e n
t h e n u m b er of tr a ns d u c er el e m e nt (N el e ), i nt er v al b et w e e n

t h e el e m e nts (d pit c h ), a n d t h e r a di us of t h e tr a ns d u c er (r T R U S ),

t h e p ositi o n of i-t h tr a ns d u c er el e m e nt x e i , y e i , z e i

T
c a n b e

d e fi n e d as

x e i = [− 0 .5 ∗ ( N el e − 1 ) + i] ∗ d pit c h ( 4- 1)

y e i = si n θ i ∗ r T R U S ( 4- 2)

z e i = c os θ i ∗ r T R U S ( 4- 3)

w h er e i = 0, 1, 2, . . ., N el e − 1
H o w e v er, it is i m p ort a nt t o r e m e m b er t h at t h e a c o usti c

s e ns or h as a c ert ai n s e nsiti vit y r a n g e, t h e a c o usti c si g n al c a n

still b e r e c ei v e d  w h e n it is  wit hi n t h e sli c e t hi c k n ess of t h e
tr a ns d u c er, e v e n if t h e P M is n ot ali g n e d  wit h t h e ori e nt ati o n

of t h e  T R U S tr a ns d u c er. I n ot h er  w or ds, t h e p ositi o n of t h e

a ct u al p h ot o a c o usti c s o ur c e c a n b e d e vi at e d b y a n u n k n o w n

a n gl e θ fr o m t h e c urr e nt s c a n ni n g ori e nt ati o n ( Fi g. 3 ).  N ot e
t h at t h e d e vi at e d s o ur c e is l o c at e d  wit hi n t h e ar c  wit h a r a di us

of r P M , si n c e t h e si g n al is d et e ct e d at e q ui v al e nt ti m e  w h er e

t h e a c o usti c  w a v e pr o p a g at es fr o m t h e s o ur c e t o t h e tr a ns-
d u c er el e m e nt.  As a r es ult, t h e r e vis e d e x pr essi o n f or t h e

p ositi o n of p h ot o a c o usti c s o ur c e is

p ∗ T R

P M i
θ i = x e i , y e i , z e i

T
+ 0, r P M i si n θ i , r P M i c o s θ i

T

( 5)

w h er e θ i = θ i + θ i .

T h us, t h e fr a m e tr a nsf or m ati o n b et w e e n t h e e n d os c o pi c

c a m er a a n d t h e  T R U S tr a ns d u c er ( F r e g) c a n b e d eri v e d b y

s ol vi n g a n o nli n e ar c ost f u n cti o n c o nsists of  E qs. ( 1 ) a n d (3 ),

J F r e g, λ , θ =
i

F r e g · p C
l as eri

(λ i ) − p ∗ T R

P M i
θ i

2
( 6)

w h er e λ = [λ 0 , λ 1 , . . . , λ i ]
T , a n d θ = θ 0 , θ 1 , . . . , θ i

T
.

H er e,  w e pr o p os e t o s ol v e t h e c ost f u n cti o n i n a n it er ati v e

m a n n er:

( 1) First of all, us e gr a di e nt d es c e nt  m et h o d t o s ol v e F r e g

a n d λ t h at  mi ni mi z es t h e c ost f u n cti o n (i. e.,  E q. 6 ) s u c h

t h at

F ∗
r e g , λ ∗ = ar g mi n F r e g , λ

i

F r e g · p C
l as eri

(λ i ) − p ∗ T R

P M i
θ i

2

( 7)

N ot e t h at  w e l e a v e t h e P Ms i n t h e  T R U S fr a m e as d e vi-

at e d o n es.

( 2)  N e xt,  w e c o m p e ns at e t h e d e vi at e d P M i n t h e  T R U S
fr a m e t o esti m at e t h e a ct u al s c a n ni n g a n gl e (θ ∗ ) usi n g

gr a di e nt d es c e nt  m et h o d, gi v e n t h e c al c ul at e d F ∗
r e g a n d

λ ∗

θ ∗ = ar g mi n θ
i

F ∗
r e g · p C

l as eri
λ ∗

i − p ∗ T R

P M i
θ i

2

( 8)

( 3) Fr o m st e p ( 1) a n d ( 2), u p d at e t h e 3- D p ositi o ns of
P Ms i n b ot h c o or di n at es b y d e fi ni n g t h e P Ms fr o m

t h e p ar a m et eri z e d li n es a n d ar cs, r es p e cti v el y. F or

e x a m pl e,  T h e u p d at e d p ositi o n of i-t h P M i n b ot h

fr a m es ar e p C
l a s eri

λ ∗
i = p i + λ ∗

i n i a n d p ∗ T R

P M i
θ ∗
i =

x e i , y e i , z e i

T
+ 0, r P M i si n θ ∗

i , r P M i c o s θ ∗
i

T
r el-

ati v e t o e n d os c o pi c c a m er a fr a m e a n d  T R U S tr a ns d u c er

fr a m e, r es p e cti v el y.
( 4) It er at e t h e st e ps ( 1) –( 3) u ntil t h e c ost f u n cti o n c o n-

v er g es.

Fi g ur e 4 s u m m ari z es t h e e ntir e  w or k fl o w of c al c ul ati n g
t h e fr a m e r e gistr ati o n b et w e e n t h e e n d os c o pi c c a m er a a n d t h e

T R U S tr a ns d u c er.  At first, t h e us er a c q uir es  m ulti pl e d at as ets

( N s ) c o m p os e d of: ( 1) t h e p os e of t h e att a c h e d fi d u ci al  m ar k er
i n t h e c a m er a fr a m e (i. e., F i

M C ); a n d ( 2) t h e p ositi o n of t h e

c orr es p o n di n g P M i n  T R U S tr a ns d u c er fr a m e (i. e., p ∗ T R

P M i
).

N ot e t h at a si n gl e l as er s o ur c e is us e d f or g e n er ati n g t h e
P M at diff er e nt p ositi o ns, a n d t h e  T R U S tr a ns d u c er r ot at es

t o s e ar c h f or t h e P M.  H er e,  w e ass u m e t h at t h e c ali br ati o n

b et w e e n t h e fi d u ci al  m ar k er a n d t h e o pti c al fi b er is alr e a d y

12 3
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Fi g. 4 W or k fl o w c h art of t h e r e gistr ati o n pr o c ess

c o n d u ct e d.  C o ns e q u e ntl y, t h e l as er b e a m is p ar a m et eri z e d

wit h r es p e ct t o t h e c a m er a c o or di n at e, a n d F r e g i s i niti ali z e d.
Aft er w ar d, t h e pr o p os e d al g orit h m d es cri b e d a b o v e s ol v es

t h e c ost f u n cti o n t o c al c ul at e t h e fi n al F r e g .

C ali br ati o n

As  m e nti o n e d i n t h e s e cti o n “ Li n e-t o- ar c b as e d fr a m e r e gis-

tr ati o n,” t h e c a m er a c a pt ur es t h e p os e of t h e fi d u ci al  m ar k er

att a c h e d t o t h e o pti c al fi b er h e a d.  C o ns e q u e ntl y, t h e ori e nt a-
ti o n of t h e e x cit e d l as er is esti m at e d b y p ar a m et eri zi n g t h e

b e a m (i. e.,  E q. 1 ).  H er e, a c ali br ati o n pr o c ess is c o n d u ct e d

i n a si mil ar  m a n n er t o pi v ot c ali br ati o n, t o ass o ci at e t h e l as er
b e a m r el ati v e t o t h e fi d u ci al  m ar k er fr a m e. Fi g ur e 5 s h o ws

a n ill ustr ati o n of t h e c ali br ati o n pr o c ess ( Fi g. 5 a), a n d e x p er-

i m e nt al s et u p  wit h a d a  Vi n ci e n d os c o p e c a m er a ( Fi g. 5 b.

A si m pl e c h e c k er b o ar d is l o c at e d at t h e fi el d- of- vi e w ( F O V)
of t h e e n d os c o pi c c a m er a  w hi c h c a pt ur es t h e c or n ers of t h e

c h e c k er b o ar d.  O n e of t h e c or n ers ar e s el e ct e d a n d  w e d e n ot e

t h e 3- D p ositi o n of t his p oi nt as p C
s p ot .  C o ns e q u e ntl y, t h e o pti-

c al fi b er is r ot at e d  m ulti pl e ti m es  w hil e ai mi n g at t h e s a m e

c or n er (i. e., p C
s p ot ).  H er e, t h e c a m er a c a pt ur es e a c h p os e of

t h e fi d u ci al  m ar k er (F i
M C ), a n d  w e c a n d eri v e t h e f oll o wi n g

li n e ar r el ati o ns hi p.

⎡

⎢
⎢
⎣

...

p M , i
s p ot
...

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎣

F 0
M C

0

0

...

F i
M C
...

0

0

F N s
M C

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

...

p C
s p ot
...

⎤

⎥
⎥
⎦ ( 9)

w h er e p M , i
s p ot i s t h e i-t h p ositi o n of t h e l as er s p ot i n l o c al fi d u-

ci al  m ar k er fr a m e, N s i s t h e n u m b er of a c q uisiti o ns.
A n i m p ort a nt as p e ct is t h at t h e s a m pl e d p oi nts i n t h e l o c al

fi d u ci al  m ar k er fr a m e ar e c o-li n e ar t o e a c h ot h er. I n ot h er

w or ds, as t h e l as er is e x cit e d fr o m t h e o pti c al fi b er h e a d  w hi c h
is ri gi dl y fi x e d t o t h e fi d u ci al  m ar k er, e v er y p oi nt (i. e., p M , i

s p ot ,

i = 0, 1, 2,  …, N s ) li es o n t h e e x cit e d l as er li n e i n t h e fi d u ci al

m ar k er fr a m e.  T h er ef or e, a str ai g ht li n e p at h c a n b e esti m at e d

wit h t h e p oi nts b y usi n g a li n e fitti n g al g orit h m s u c h as si n g u-

l ar v al u e d e c o m p ositi o n ( S V D).  B y d e n oti n g t h e ori e nt ati o n

of t h e fitt e d li n e as n M
l , a n d c h o osi n g o n e of t h e s a m pl e d

p oi nts i n t h e fi d u ci al  m ar k er fr a m e ( e. g., p M , 0
s p ot ), t h e p ar a m-

et eri z e d li n e v e ct or  wit h r es p e ct t o t h e c a m er a fr a m e (i. e.,

E q. 1 ) c a n b e r e- e x pr ess e d as

p C
l a s eri

(λ i ) = F i
M C · p M , 0

s p ot + λ i F
i
M C · n M

l ( 1 0)

Tr a c ki n g

B as e d o n t h e c al c ul at e d fr a m e tr a nsf or m ati o n F r e g , t h e T R U S

tr a ns d u c er c a n tr a c k t h e P M  w h e n it is at t h e o ut- of- pl a n e,
b y r ot ati n g t o t h e ri g ht ori e nt ati o n.  H er e, r e m e m b er t h at

w e r e q uir e t w o c o nstr ai nts: ( 1) t h e fi d u ci al  m ar k er c a n b e

l o c ali z e d b y t h e c a m er a; ( 2)  T h e P M is l o c at e d  wit hi n t h e
tr a ns d u c er’s s e nsiti vit y r a n g e.  W h e n t h e t w o c o nstr ai nts ar e

s atis fi e d, t h e tr a c ki n g a n gl e c a n b e c al c ul at e d b y first s ol vi n g

t h e c ost f u n cti o n gi v e n t h e c al c ul at e d F r e g:

λ ∗ , θ ∗ = ar g  mi n
λ , θ

F r e g · p C
l as er(λ ) − p ∗ T R

P M θ
2

( 1 1)

H e n c e, t h e d esir e d r ot ati o n a n gl e t o  m a k e t h e  T R U S

tr a ns d u c er t o b e i n- pl a n e t o t h e P M c a n b e c al c ul at e d as

θ = θ ∗ − θ .

P erf or m a n c e e v al u ati o n vi a c o m p ut er si m ul ati o n

C o m p ut er si m ul ati o n  w as c o n d u ct e d t o e v al u at e t h e c ali-

br ati o n a n d r e gistr ati o n al g orit h m. First of all, c ali br ati o n

w as e v al u at e d b y a d di n g n o n z er o  m e a n a nis otr o pi c  G a ussi a n

n ois e (i. e., μ M C = { 0. 1, 0. 1, 0. 1 }  m m, i n x-, y-, z- dir e cti o n,
m e a n; σ tr a ns

M C = { 0. 1, 0. 1, 0. 8 }, σ r ot
M C = { 0. 0 1, 0. 0 1, 0. 0 1 }

i n x -, y -, z - dir e cti o n, st a n d ar d d e vi ati o n of tr a nsl ati o n ( m m)

a n d r ot ati o n (r a di a n), r es p e cti v el y) t o t h e fi d u ci al  m ar k er
d et e cti o n t o r e fl e ct t h e s yst e m ati c bi as a n d d et e cti o n n ois e

i n pr a cti c al cir c u mst a n c es [2 1 ].  A d diti o n al n ois e  w as c o n-

si d er e d t o r e pr es e nt t h e err or  w h e n t h e l as er is p oi nti n g at
t h e s a m e s p ot: a z er o- m e a n  G a ussi a n n ois e  w h er e σ ai m =

{ 1, 1 }  m m i n h ori z o nt al a n d v erti c al dir e cti o n, r es p e cti v el y.

N ot e t h at t h e  G a ussi a n k er n el is i n 2- di m e nsi o n as t h e ai mi n g

o bj e ct (i. e., c h e c k er b o ar d) is fl at.  B y h a vi n g t h e t w o n ois e
c o m p o n e nts (i. e., fi d u ci al  m ar k er l o c ali z ati o n a n d p oi nti n g

t h e l as er), t h e c ali br ati o n p erf or m a n c e  w as e v al u at e d  wit h

i n cr e asi n g n u m b er of tr a c k e d p os es: { 5, 1 0, 2 0, 3 0, 4 0 }.
I n a d diti o n, t h e f e asi bilit y of t h e pr o p os e d r e gistr ati o n

al g orit h m  w as e v al u at e d.  H er e,  w e ass u m e d t h at t h e p h ot o a-

c o usti c s o ur c e is al w a ys g e n er at e d, a n d t h e c orr es p o n di n g
a c o usti c  w a v e is r e c ei v e d b y t h e  T R U S tr a ns d u c er  wit h o ut

a n y e xt er n al f a ct ors s u c h as li mit e d li g ht a bs or b a n c e, tiss u e

i n h o m o g e n eit y, or t h e s e nsiti vit y of t h e tr a ns d u c er ( e. g., sli c e
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Fi g. 5 a T h e ill ustr ati o n of
c ali br ati o n pr o c ess, b C ali br ati o n
s et u p

t hi c k n ess).  H er e, s a m e n ois e  m o d el  w as a p pli e d t o t h e fi d u-

ci al  m ar k er d et e cti o n (i. e., μ M C = { 0. 1, 0. 1, 0. 1 } m m, i n x -,
y -, z - dir e cti o n,  m e a n; σ tr a ns

M C = { 0. 1, 0. 1, 0. 8 }, σ r ot
M C = { 0. 0 1,

0. 0 1, 0. 0 1 } i n x -,y -, z - dir e cti o n, st a n d ar d d e vi ati o n of tr a ns-

l ati o n ( m m) a n d r ot ati o n (r a di a n), r es p e cti v el y), a n d diff er e nt
d e gr e es of d e vi ati o n of d et e ct e d P Ms i n t h e  T R U S tr a ns d u c er

fr a m e ar e d e fi n e d i n or d er t o i n v esti g at e t h e t ol er a n c e of t h e

pr o p os e d al g orit h m: { ± 5 °, ± 1 0 °, ± 1 5 °, ± 2 0 ° }.

E x p eri m e nt al d e m o n str ati o n i n t h e d a Vi n ci s ur gi c al
r o b ot e n vir o n m e nt

T h e pr o p os e d r e gistr ati o n al g orit h m is e v al u at e d n ot o nl y

i n t h e c o m p ut er si m ul ati o n, b ut als o d e m o nstr at e d i n o ur
r e c e ntl y d e v el o p e d  T R U S + P A i m a g e- g ui d e d s yst e m  wit h a

d a  Vi n ci SI s ur gi c al r o b ot e n vir o n m e nt [ 1 8 ].  N ot e t h at  w e

will s ki p t h e d et ail e d d es cri pti o n of t h e d e v el o p e d s yst e m, b ut
f o c us o n t h e r e vis e d or a d d e d c o m p o n e nts f or t his r es e ar c h.

Fi g. 6 s h o ws t h e o v er all s yst e m c o n fi g ur ati o n c o m p os e d of

t h e  m ai n h ost c o m p ut er, d a  Vi n ci SI s ur gi c al r o b ot s yst e m, a n

a ct u at or c o ntr ol  m o d ul e, a n d a  T R U S + P A i m a gi n g s yst e m.
T h e s yst e m is d e v el o p e d o n t h e  R o b ot  O p er ati n g S yst e m

( R O S) pl atf or m, a n d e a c h c o m p o n e nt c o m m u ni c at e t o e a c h

ot h er i n r e al-ti m e.
I n a d diti o n, t h e e n d os c o pi c st er e o c a m er a of t h e d a  Vi n ci

s yst e m esti m at es t h e p os e of t h e fi d u ci al  m ar k er att a c h e d

( Ar U c o  m ar k er  wit h a si z e of 3 0 × 3 0  m m 2 ) t o a c ust o m-
m a d e  m o u nt t h at c a n b e i nst all e d o n t h e o pti c al fi b er b o d y

( Q S P- 7 8 5 – 4,  Q P h ot o ni cs  L L C,  A n n  Ar b or,  MI,  U S A).  H er e,

a n o p e n s o ur c e li br ar y (i. e.,  O p e n C V) b as e d s oft w ar e is us e d

f or t h e p os e esti m ati o n of t h e fi d u ci al  m ar k er.  T h e e x cit e d
l as er b e a m is pr o p a g at e d t hr o u g h a f o c usi n g l e ns ( L B 1 4 0 6-

B,  T h orl a bs,  N e wt o n,  NJ,  U S A) t o g e n er at e t h e P M o n t h e

t ar g et s urf a c e.  A h o m o g e n o us p h a nt o m  m a d e of pl astis ol
m at eri al is us e d t o  m a xi mi z e t h e li g ht a bs or pti o n t o g e n er-

at e p h ot o a c o usti c eff e ct at t h e e x cit e d ar e a.  C o ns e q u e ntl y,

t h e g e n er at e d a c o usti c  w a v e fr o m t h e P M is s e ar c h e d a n d
d et e ct e d b y a  T R U S tr a ns d u c er ( B P L 9- 5/ 5 5,  B K  M e di c al,

P e a b o d y,  M A,  U S A) a ct u at e d b y a r ot ati o n st a g e ( P R M 1 Z 8,

T h orl a bs,  N e wt o n,  NJ,  U S A).  H er e, t h e d et e cti o n of t h e P M

is c o n d u ct e d b y  m a n u all y r ot ati n g t h e  T R U S tr a ns d u c er  wit h

2 ° i n cr e m e nt, a n d t h e s e ar c hi n g of t h e P M st o ps o n c e a si g n al
is d et e ct e d b y t h e d e v el o p e d P M l o c ali z ati o n pr o gr a m (i. e.,

n o f urt h er s e ar c hi n g is c o n d u ct e d f or a c c ur at e P M d et e cti o n).

Q u a ntit ati v e e v al u ati o n

T h e p erf or m a n c e of t h e pr o p os e d al g orit h m  w as q u a nti-

t ati v el y e v al u at e d. I n p arti c ul ar,  w e o bt ai n e d 1 5 d at as ets

(i. e., t h e p os e of t h e fi d u ci al  m ar k er a n d c orr es p o n di n g P M
p ositi o n i n t h e c a m er a a n d  T R U S tr a ns d u c er fr a m es, r es p e c-

ti v el y) d uri n g t h e r e gistr ati o n pr o c ess, a n d ar bitr aril y c h os e

1 0 d at as ets fr o m t h e e ntir e d at as et t o c al c ul at e t h e fr a m e

tr a nsf or m ati o n b et w e e n t h e t w o fr a m es.  T h e a c c ur a c y of t h e
r e gistr ati o n r es ult  w as e v al u at e d b y t h e  T R E  m e as ur e m e nt

usi n g t h e r e m ai ni n g fi v e d at as ets.  T h e  T R E is  m e as ur e d b y

t h e f oll o wi n g e q u ati o n:

T R E =
1

5

5

i= 1

F r e g · p C
l as eri

(λ i ) − p ∗ T R

P M i
θ i

2
( 1 2)

T h e tr a c ki n g err or  w as als o e v al u at e d t o q u a ntif y h o w

a c c ur at e t h e  T R U S tr a ns d u c er c a n r ot at e t o l o c ali z e t h e P M t o

pr o vi d e t h e i n- pl a n e i m a g e of c orr es p o n di n g cr oss-s e cti o n al
i m a gi n g pl a n e.  T h e tr a c ki n g err or is  m e as ur e d b y t a ki n g t h e

diff er e n c e b et w e e n t h e c al c ul at e d a n gl e a n d t h e d esir e d a n gl e

r ot ati o n a n gl e a c c or di n g t o t h e tr u e P M p ositi o n.

R e s ult s

T h e pr o p os e d al g orit h m  w as d e m o nstr at e d a n d v ali d at e d i n
b ot h c o m p ut er si m ul ati o n a n d e x p eri m e nt al s et u p, a n d  will

b e d es cri b e d i n t h e f oll o wi n g s e cti o ns.

E v al u ati o n i n c o m p ut er si m ul ati o n

B as e d o n t h e a d diti v e n ois e  m o d el d es cri b e d i n s e cti o n

“ P erf or m a n c e e v al u ati o n vi a c o m p ut er si m ul ati o n ,” t h e c ali-

br ati o n r es ult s h o w e d t h at t h e r esi d u al err ors  w er e d e cr e as e d
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Fi g. 6 O v er all s yst e m
c o n fi g ur ati o n.  T h e s yst e m is
c o m p os e d of t h e h ost c o m p ut er,
l as er s yst e m, a ct u at or c o ntr ol
m o d ul e,  U S + P A i m a gi n g
s yst e m, a n d d a  Vi n ci SI s ur gi c al
r o b ot.  T h e  T R U S i m a g e a n d t h e
e n d os c o pi c c a m er a i m a g e ar e
c o-r e gist er e d vi a t h e P M.  T h e
T R U S tr a ns d u c er tr a c ks t h e P M
g e n er at e d b y t h e l as er e x cit ati o n.
T h e e n d os c o pi c c a m er a d et e cts
t h e p os e of t h e o pti c al fi b er

Fi g. 7 P erf or m a n c e e v al u ati o n of t h e pr o p os e d al g orit h m i n c o m p ut er
si m ul ati o n. a T R E  m e as ur e m e nt.  Bl a c k, bl u e, a n d r e d li n e i n di c at es t h e
T R E, u p p er, a n d l o w er b o u n d, r es p e cti v el y. b T h e r el ati v e p os e of t h e
E C E S T ( E sti m at e d e n d os c o pi c c a m er a fr a m e) a n d  E CG T ( Gr o u n d tr ut h
e n d os c o pi c c a m er a fr a m e)

a s t h e n u m b er of tr a c k e d p os es i n cr e as es ( Fi g. 7 a): { 2. 1 2 ±

0. 8 1, 1. 7 1 ± 0. 4 2, 1. 3 9 ± 0. 4 1, 1. 3 0 ± 0. 3 8, 1. 1 8 ±

0. 2 7 }  m m  w h e n t h e n u m b er of d at as ets is { 5, 1 0, 2 0, 3 0, 4 0 },
r es p e cti v el y.

M or e o v er, t h e pr o p os e d al g orit h m  w as v ali d at e d  w h os e

T R E at e a c h c as e  w as { 2. 2 1 ± 1. 0 8, 1. 9 8 ± 0. 9 5, 1. 9 6 ±
0. 9 8, 1. 6 2 ± 0. 6 1, 1. 5 1 ± 0. 6 1 }- m m f or { ± 2 0 °, ± 1 5 °,

± 1 0 °, ± 5 °, 0 ° } of t h e d e vi ati o n r el ati v e t o t h e gr o u n d

tr ut h P M p ositi o ns, r es p e cti v el y.  N ot e t h at t h e z er o d e vi ati o n

i n di c at es t h at t h e d et e ct e d P M is i d e nti c al t o t h e gr o u n d tr ut h
p ositi o n.  T h e bl u e a n d r e d li n es i n di c at e t h e u p p er b o u n d

a n d t h e l o w er b o u n d of t h e pr o p os e d al g orit h m, r es p e cti v el y.

Fi g ur e 7 ( b) s h o ws t h e r el ati v e p ositi o ns of t h e c a m er a fr a m e
wit h r es p e ct t o t h e  T R U S tr a ns d u c er b as e d o n t h e r e c o v er e d

F r e g.  N ot e t h at t h e fr a m e of t h e c a m er a b e c o m es cl os er t o

t h e gr o u n d tr ut h p os e, a n d t h e  m e as ur e d  T R E pr o p orti o n all y
d e cr e as es as t h e d e vi ati o n b e c o m es s m all er.

Fi g. 8 Vis u ali z ati o n of t h e c ali br ati o n r es ult.  T h e bl u e d ots a n d t h e bl a c k
li n e i n di c at e t h e c o n v ert e d p ositi o ns of t h e l as er s p ot a n d c orr es p o n di n g
fitt e d li n e, r es p e cti v el y.  T h e a v er a g e r esi d u al err or  w as 1. 4 6  m m

E x p eri m e nt al e v al u ati o n

T h e pr o p os e d al g orit h m is f urt h er v ali d at e d e x p eri m e nt all y i n

t h e pr e vi o usl y d es cri b e d  T R U S + P A i m a g e- g ui d e d s yst e m i n
a d a  Vi n ci e n vir o n m e nt [ 1 8 ]. I n t his s e cti o n, t h e e x p eri m e nt al

e v al u ati o n  will b e d es cri b e d i n e a c h st e p (i. e., c ali br ati o n,

r e gistr ati o n, a n d tr a c ki n g).

C ali br ati o n

T h e c ali br ati o n  w as c o n d u ct e d b y o bt ai ni n g 1 2 diff er e nt

p os es of t h e o pti c al fi b er (i. e., F i
M C ).  As pr e vi o usl y d es cri b e d,

t h e c e nt ers of t h e 1 2 diff er e nt l as er b e a ms  w er e o v erl a p p e d

wit h t h e s a m e c or n er o n t h e c h e c k er b o ar d t o e ns ur e t h at t h e

l as er b e a m is ai m e d at t h e s a m e p oi nt (i. e., p C
s p ot ).  T h e p oi nts

i n t h e l o c al fi d u ci al  m ar k er fr a m e  w er e d eri v e d a c c or di n g t o

E q. ( 9 ), a n d li n e fitti n g  w as p erf or m e d t o esti m at e t h e ori e n-

t ati o n of t h e e x cit e d l as er b e a m. Fi g ur e 8 s h o ws t h e c o n v ert e d
p ositi o ns of t h e l as er s p ot  wit h c orr es p o n di n g fitt e d li n e (i. e.,

Fi g. 8 ).  T h e a v er a g e  E u cli d e a n dist a n c e b et w e e n t h e p oi nt

a n d t h e li n e  w as  m e as ur e d as t h e r esi d u al err or (i. e., 1. 5 5 ±
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0. 9  m m)  w hi c h is  wit hi n a n a c c e pt a bl e r a n g e, a n d it is s u b-

j e ct t o c h a n g e d e p e n di n g o n t h e n u m b er of o bt ai n e d tr a c k e d

p os es.

R e gistr ati o n

F oll o wi n g t h e fi d u ci al  m ar k er-t o-l as er c ali br ati o n, t h e fr a m e

r e gistr ati o n  w as p erf or m e d t o o bt ai n F r e g b et w e e n t h e t w o

fr a m es ( Fi g. 9 a). Fift e e n d at as ets c o m p os e d of t h e p os e of t h e

fi d u ci al  m ar k er i n t h e c a m er a fr a m e a n d c orr es p o n di n g P M

p ositi o ns i n t h e  T R U S tr a ns d u c er fr a m e (i. e., { F i
M C ,p ∗ T R

P M i
})

ar e c oll e ct e d f or t h e c al c ul ati o n.  H er e, a n i m p ort a nt t hi n g t o

r e m e m b er is t h at t h e cli ni c al  T R U S tr a ns d u c er h as c ert ai n
sli c e t hi c k n ess al o n g t h e s c a n ni n g dir e cti o n,  w e h a v e e x p er-

i m e nt all y  m e as ur e d t h e s e nsiti vit y r a n g e b y s c a n ni n g fr o m

− 3 5 ° t o 3 5 ° t o u n v eil h o w  m u c h d e vi at e d a n gl e t h e  T R U S
tr a ns d u c er c a n r e c ei v e t h e o ut- of- pl a n e P M si g n al. Fi g ur e 9 b

s h o ws t h e s e nsiti vit y c ur v e of t h e  T R U S tr a ns d u c er at t h e

s c a n n e d r a n g e (i. e., [ − 3 5 °, 3 5 °]), a n d t h e  m a xi m u m a n gl e
t h at t h e tr a ns d u c er c a n r e c ei v e t h e o ut- of- pl a n e P M si g n al

w as ± 6 ° at 3 0  m m i m a gi n g d e pt h.  N ot e t h at t h e s e nsiti vit y

r a n g e c a n b e c h a n g e d at d e e p er i m a gi n g d e pt h.  N e xt, a s u b-

s et of t h e e ntir e d at as ets  w as c h os e n t o c al c ul at e t h e fr a m e
tr a nsf or m ati o n F r e g. Fi g ur e 9 c s h o ws t h e r el ati v e p os e of

t h e e n d os c o pi c c a m er a  wit h r es p e ct t o t h e  T R U S tr a ns d u c er

b as e d o n t h e o pti mi z e d F r e g .  T h e  T R E  m e as ur e m e nt r e v e al e d
t h at t h e l ar g er a m o u nt of c oll e ct e d p airs  will c o ntri b ut e t o

m or e a c c ur at e c al c ul ati o n, as  m or e n ois e c o m p o n e nts ( e. g.,

fi d u ci al  m ar k er d et e cti o n err or, a n d P M l o c ali z ati o n i n t h e P A
i m a g e, et c.) ar e s u p pr ess e d d uri n g t h e o pti mi z ati o n ( Fi g. 9 d).

I n p arti c ul ar, f o ur t o t e n d at as ets  w er e ar bitr aril y c h os e n

a m o n g t h e e ntir e d at as et f or t h e c al c ul ati o n, a n d t h e a v er-

a g e d  T R E v al u es ar e: { 2. 9 5 ± 0. 8 7  m m, 2. 2 3 ± 1. 2 1  m m,
1. 8 6 ± 0. 5 2  m m, 1. 7 3 ± 0. 4 4  m m, 1. 5 8 ± 0. 4 6  m m, 1. 4 5

± 0. 5  m m, 1. 1 5 ± 0. 2 9  m m } f or N s = 4, 5, 6, · · · , 1 0,

r es p e cti v el y.  H er e, N s r ef ers t o t h e n u m b er of a c q uisiti o ns. I n
a d diti o n, t h e pr o p os e d al g orit h m is q u a ntit ati v el y c o m p ar e d

t o t h e c o n v e nti o n al P M a p pr o a c h, t h e  m et h o d  w hi c h dir e ctl y

d et e cts t h e p ositi o n of t h e P M b ot h i n t h e c a m er a i m a g e a n d
P A i m a g e, t o i n v esti g at e its cli ni c al ef fi c a c y: 1. 1 5 ± 0. 2 9  m m

v ers us 1. 0 5 ± 0. 3 7  m m f or t h e pr o p os e d  m et h o d a n d t h e c o n-

v e nti o n al a p pr o a c h, r es p e cti v el y.  T h e t w o  m et h o ds s h o w e d a

c o m p ar a bl e p erf or m a n c e i n its r e gistr ati o n a c c ur a c y.  M or e-
o v er,  w e h a v e c o n d u ct e d a l e a v e- o n e- o ut cr oss v ali d ati o n

a p pr o a c h t o st atisti c all y a n al y z e t h e p erf or m a n c e of t h e pr o-

p os e d al g orit h m gi v e n li mit e d d at as et ( N s = 1 5).  T h e cr oss
v ali d ati o n s h o ws t h at t h e a v er a g e err or is 2. 0 6 ± 1. 9 7  m m,

i m pl yi n g t h e f a ct  w h er e t h e pr o p os e d al g orit h m is s e nsiti v e

t o t h e d e vi at e d P M  wit h r es p e ct t o t h e  T R U S.  N o n et h el ess,
t h e pr o p os e d  m et h o d h as s e v er al a d v a nt a g es  w h er e it is n ot

d e p e n d e nt o n t h e F L d et e cti o n of t h e P Ms fr o m t h e c a m er a

(i. e.,  m or e r o b ust i n d et e cti n g t h e fi d u ci al  m ar k er t h a n t h e

F L s p ot), a n d t h e d e vi at e d P M c a n still b e us e d i n fr a m e

c al c ul ati o n.  T h at b ei n g s ai d, t h e pr o p os e d al g orit h m c a n si g-

ni fi c a ntl y r e d u c e t h e ti m e f or d at as et a c q uisiti o n d uri n g t h e
r e gistr ati o n, c o m p ar e d t o t h at of pr e vi o us  m et h o d i n [1 8 ].

B as e d o n t h e s e nsiti vit y r a n g e of ± 6 ° at 3 0  m m i m a gi n g

d e pt h, a n d ass u mi n g t h at t h e P M c a n b e r es ol v e d  wit h a n

a ct u at or t h at h as 0. 1 ° a c c ur a c y, t h e  w orst c as e of s e ar c hi n g
a fi el d- of- vi e w of 7 0 ° c a n b e r o u g hl y esti m at e d b y 7 0 °/ 1 2 °

+ 1 2 °/ 0. 1 ° ∼= 1 2 6 ti m es.  O n t h e ot h er h a n d, o ur  m et h o d c a n

a c hi e v e t h e d et e cti o n  wit hi n 7 0 °/ 1 2 ° ∼= 6 ti m es.  We h a v e als o
m e as ur e d t h e a v er a g e c o n v er g e n c e ti m e of t h e pr o p os e d al g o-

rit h m at e a c h d e vi ati o n: { 5 0. 6 ± 4 9. 3 8, 7 9. 6 ± 3 7. 9, 8 1. 8 4

± 1 9. 6 1, 1 0 1. 2 8 ± 3 9. 5 6, 1 2 5. 8 4 ± 3 5. 4 }-s e c f or { 0 °, 5 °,
1 0 °, 1 5 °, 2 0 ° }. It i m pli es t h at c o n v er g e n c e ti m e i n cr e as es

w h e n t h e d e vi at e d P M is f art h er fr o m t h e tr a ns d u c er.  As a

r es ult, t h e pr o p os e d ar c-t o-li n e b as e d r e gistr ati o n al g orit h m

pr o vi d es t h e f a ct t h at it c a n pl a y a b ett er r ol e f or t h e  U S/ P A
i m a g e- g ui d e d s ur gi c al i nt er v e nti o n d uri n g t h e  R A L P.

Tr a c ki n g

B as e d o n t h e c ali br at e d l as er d et e cti o n a n d t h e c o-r e gist er e d

fr a m es b et w e e n t h e c a m er a a n d t h e  T R U S tr a ns d u c er, t h e

tr a c ki n g of t h e P M b y t h e  T R U S tr a ns d u c er  w as t est e d.  As
t h e  T R U S tr a ns d u c er is o nl y r ot ati n g al o n g t h e l o n git u di-

n al a xis (i. e., o n e d e gr e e- of-fr e e d o m), t h e tr a c ki n g err or  w as

m e as ur e d b y c al c ul ati n g t h e diff er e n c e b et w e e n t h e a n gl e
d eri v e d fr o m t h e o pti mi z ati o n (i. e.,  E q. ( 1 0 )) a n d t h e a n gl e

n e e ds t o b e r ot at e d i n or d er t o b e ali g n e d  wit h t h e P M at

t h e s urf a c e (i. e., i n- pl a n e).  B as e d o n t h e r e gistr ati o n r es ult,
t h e e v al u ati o n  w as p erf or m e d o n t h e F r e g w hi c h  w as c al c u-

l at e d  wit h 1 0 p airs: 1. 0 6 ± 0. 5 6 °.  H er e, s e c uri n g a c c ur at e

tr a c ki n g of t h e P M is i m p ort a nt f or pr e cis e i m a gi n g, a n d it

b e c o m es  m or e si g ni fi c a nt  w h e n t h e i m a gi n g d e pt h b e c o m es
d e e p er [ 2 2 ]. F or e x a m pl e, tr a c ki n g err or of 1 ° at 3 0  m m i m a g-

i n g d e pt h  will pr o d u c e 0. 5  m m of i m a gi n g pl a n e d e vi ati o n i n

r a di al dir e cti o n (i. e., 3 0  m m * 1 ° * π / 1 8 0 ° ∼= 0. 5  m m),  w hil e
it b e c o m es l ar g er  w h e n it b e c o m es d e e p er ( e. g., 6 0  m m * 1 °

* π / 1 8 0 ° ∼= 1  m m).

Di s c u s si o n a n d c o n cl u si o n

I n t his p a p er,  w e pr es e nt e d ar c-t o-li n e r e gistr ati o n b as e d
fr a m e tr a nsf or m ati o n al g orit h m f or r e gist eri n g t h e  T R U S + P A

i m a g e t o t h e e n d os c o pi c c a m er a d uri n g r o b ot- assist e d

l a p ar os c o pi c pr ost at e ct o m y. I n p arti c ul ar, t h e al g orit h m  w as
e x p eri m e nt all y e v al u at e d i n a  wi d el y us e d s ur gi c al r o b ot

e n vir o n m e nt, t h e d a  Vi n ci SI s yst e m, a n d pr o vi d e d st a bl e r e g-

istr ati o n p erf or m a n c e  wit h s u b- c e nti m et er a c c ur a c y. It  w as
als o c o m p ar ati v el y e v al u at e d  wit h t h e pr e vi o usl y d e v el o p e d

P M t e c h ni q u e, a n d f urt h er pr o vi d e d b ett er a p pli c a bilit y f or

t h e cli ni cs b y pr o vi di n g n ot o nl y c o m p ar a bl e a c c ur a c y, b ut

12 3
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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.
c The relative pose of the estimated EC (ECEST) with respect to the

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

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 × 30 mm2, 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

re-calibration will enable the system to track the PMwithout
any compromise.

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