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Fig.6 Results of Magnetic Distortion Correction
Measurement Error of Magnetic Tracker.
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Abstract: This paper describes a remote surgery experiment, which was conducted between Japan and Thailand by using the
minimally surgical system. A laparoscopic cholecystectomy was successfully performed on a pig. Network measurements were

conducted for the evaluation of the remote surgery.
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Abstract

Objectives In laparoscopic liver surgery, intraoperative
navigation is strongly recommended. We developed a nav-
igation system based on intraoperative ultrasound Ious).
The purpose of this study was to evaluate the usefulness and
accuracy of this system using an animate model.

Materials and methods Augmented reality (AR) visualiza-
tion superimposing three-dimensional ultrasound (3D-US)
images onto captured laparoscopic live images was
constructed. We employed magneto-optic hybrid tracking
configuration and a rapid method of magnetic distortion
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correction. Twelve pigs and liver tumor mimics were used,
and effects of magnetic distortion correction and accuracy of
3D-US navigation were evaluated.

Results Using magnetic distortion correction, tracking error
was significantly reduced. Each ultrasound scanning time
was within 305, and the time to generate 3D-US images was
within 3 min. All tumor mimics were successfully puncture-
guided with navigation. Registration accuracy was signifi-
cantly improved from 17.2 % 5.27 to 1.96 £ 0.87 mm.
Conclusion We developed an AR navigation system based
on IOUS. Experimental results showed that the proposed
method was effective, and could be used in clinical settings.
3D-US, as an imaging modality allows real-time imaging
regardless of organ shifts or distortion.

Keywords Augmented reality (AR) - Navigation -
3D-US - Laparoscopic surgery - Image-guided surgery
acs)

Abbreviations
IOUS intraoperative ultrasound

AR augmented reality

3D-US three-dimensional ultrasound
DOF  degrees of freedom

ROI region of interest

CT computed tomography

RMS  root mean square

IGS image-guided surgery

Introduction

The laparoscopic treatment of primary and metastatic liver
tumors is feasible in appropriate settings [1-4]. However,
indications of laparoscopic treatment are still limited despite
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recent advances in laparoscopic techniques and instrumen-
tations. One of the reasons may be the lack of intraoper-
ative information such as tumor location, and relations to
surrounding anatomical landmarks. In addition, limited views
and lack of tactile sensation restrict the surgeon’s abilities and
stress the surgeon; therefore, additional information which
could be used intraoperatively is strongly recommended.

Intraoperative ultrasound (JOUS) imaging is a useful and
widely used intraoperative modality, especially in liver sur-
gery because of its sensitivity in detecting liver tumors. IOUS
has become the gold standard technique for detecting liver
tumors, especially with the increasing numbers of lesions
seen in patients who are typical candidates for radiofrequen-
Cy ablation [5]. However, since ultrasound images have re)-
atively low signal-to-noise ratio, are two dimensional, and
offer a limited field of view, direct interpretation of the infor-
mation from IOUS images remains difficult. Three-dimen-
sional reconstructed imaging is useful to precisely simulate
operative procedures, and could assist the surgeon in recog-
nizing spatial relationships between tumors and surrounding
tissues during laparoscopic surgery.

Recently, navigation systems have been widely used in
various surgical fields, especially in neurosurgery, otorhino-
laryngologic surgery, and spinal surgery [6-8]. Since lapa-
roscopic surgery essentially involves monitor-based surgery,
monitor-based augmented reality (AR) visualization can be
naturally integrated into it. AR systems for microscopic neu-
rosurgery based on preoperative 3D images have been re-
ported [9,10]. However, in laparoscopic or thoracoscopic
surgery, since the subject’s organs are easily deformed or
dislocated by surgical maneuvers and/or respiratory motions,
AR visualization based on preoperative images have not yet
been obtained.

In laparoscopic liver surgery, the main source of organ
deformation is respiratory motion. Under general anesthesia,
respiration is controllable, and endoscopic images can be ac-
quired at the same respiratory phase as in 3D-US
acquisition.

In order to acquire 3D-US data of the liver, the tip of
a laparoscopic ultrasound probe should be tracked in the
abdominal cavity. Although optical trackers are suitable for
tracking rigid endoscopes with a rigid body attached outside
the body, they are not appropriate for probe tip tracking due
to line-of-sight constraints as the probe tip easily moves in
the abdominal cavity to touch hepatic surfaces. On the other
hand, magnetic trackers are particularly suitable for tracking
within the abdomen. Therefore, we aimed to acquire 3D-US
data using a magnetic tracker, and laparoscopic images were
acquired by an optically tracked laparoscope.

However, the accuracy of magnetic trackers is greatly
affected by magnetic field distortion resulting from metal
objects and electronic equipments in close proximity, which
is usually unavoidable in the operating room [11,12].

Q) Springer

Therefore, the magnetic.distortion correction is essential for
accurate acquisition.

We previously developed a laparoscopic navigation sys-
tem using the AR technology and a high-speed computer
technology that generated three-dimensional images recon-
structed from IOUS images and superimposed onto laparo-
scopic live images [13,14]. We recently developed and used
arapid method for magnetic tracker ca.].ibration'using amag-
neto-optic hybrid tracking configuration.

The purpose of the present study was to clarify the effec-
tiveness of this current navigation system and the accuracy
of 3D-US reconstruction in animal experiments.

Materials and methods

Other papers have described our system design in details
[13-16]. In the following sections, we provide a brief over-
view of our current system, and the full design of our current
animal experiments for accuracy evaluation.

Augmented reality navigation system
System overview

Our navigation system consisted of a high-end ultrasound
device SSD5500 (ALOKA, Japan) and a fiexible US probe
(ALOKA, Japan), an endoscope system (OTV-SS5, Olym-
pus, Japan), and a graphics and computing platform com-
bined to the Virtual Place software (Medical Imaging
Laboratory, Tokyo, Japan). We employed two different
tracking systems: optical (Polaris, Northern Digital Inc.,
Canada) and magnetic (microBIRD, Ascension Technology
Inc., USA) (Fig. 1).

The microBIRD system consists of a field generator, a
control unit, and a miniature magnetic receiver. According
to the official specification, position and orientation accuracy
are 1.8 mm (RMS) and 0.5° RMS, respectively. Measurement
volume is a sphere with a radius of 45.7cm and center
located at the magnetic field generator. The miniature
magnetic receiver allows attachment of various tracked
instruments which can be_.localized in the electromagnetic
coordinate system in front of the field generator.

The Polaris system irradiates the object with ultra-red light
and senses the light reflected from special reflection balls
attached to the obeject. The official accuracy of polaris is
0.35 mm for single passive marker positioning and measure-
ment volume is a sphere with a radius of 1.0m and center
located at 1.9 m from the camera.

The measurement rates of Polaris and miniBIRD were
30 and 1201ps according to their specifications, respectively.
Both system can six degree-of-freedom tracking.
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Fig. 1 System overview:

schematic outline of the
navigation system for
endoscopic surgery. The 3D-US
image is obtained in endoscopic
surgery, and is superimposed on
the endoscopic live images.
Optical tracking system,

magnetic tracking system,
endoscopy system, and
ultrasound imaging system are

connected to computing
platform

Fig. 2 System configuration:
Relations among the coordinate
systems involved in
magneto-optic hybrid tracker.
Endoscopic ultrasound probe,
were magnetically tracked while
rigid instruments such as rigid
endoscopes were optically
tracked. Optical position sensors
were used as reference frame.

A magnetic field generator and
an endoscope were tracked by
optical sensor. Ultrasound probe
tip was tracked by
magneto-optic hybrid tracking
configuration

Magnetic
Field Generator

Intraoperative live video images from the ultrasound probe
and the endoscope were digitized and fed into the comput-
ing platform (Fig. 1). The computing platform also received
data on position and orientation of the ultrasound probe and
the endoscope with magneto-optic hybrid tracking config-
uration described in [13] (Fig. 1). Figure 2 shows outline
of the coordinate systems. For magneto-optic hybrid track-
ing, endoscopic instruments that could easily move inside
the abdomen such as an endoscopic ultrasound probe were
magnetically tracked while rigid instruments such as rigid
endoscopes were optically tracked.

These data were adequately corrected and quickly
combined in the computing platform. The generated 3D-US
images were integrated into the endoscopic monitor, pro-
viding surgeons with AR visualization. In addition, using a

Ta'rget

OR Table

Optical 3-D Position Sensor

‘Magnetic Sensor

computing platform, we performed plans based on preoper-
ative CT, and we are now in the process of integrating these
plans into intraoperative imaging.

3D-US navigation

Figure 3a shows setup for endoscopic 3D-US acquisition.
A miniature magnetic receiver of the microBIRD system was
attached to the ultrasound probe tip in order to obtain 3D
position and orientation of the acquired US image planes.
The probe tip moved in the abdominal or thoracic cavity to
make full contact with the surface of the organ. The ultra-
sound calibration process is described in [1 1] in an environ-
ment without magnetic distortion. .
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Fig. 3 Instruments for
endoscopic ultrasound
navigation. a Flexible
ultrasound probe for endoscopic
surgery (ALOKA, Japan).

A magnetic receiver is attached
to the tip of the probe. b
Distortion measurement
apparatus: a magnetic receiver
and optical markers are attached § Magnetic
| receiver

gl Inside the body

@ Outside the body

Magnetic receiver

The procedure for reconstruction of 3D-US from ultra-
sound images has been described previously [12]. Briefly,
in order to collect US images, a region of interest (ROI)
was examined with a slow freehand sweep of the endoscopic
probe at the end point of the expiratory phase. Data were
stored on a workstation. Using coordinates of each single 2D
image, 3D-US volume data reconstructions were generated
based on the transformation equation [11,13] and visualized
by a volume rendering method. We employed ray-casting
method as volume rendering algorithm. 3D-US volume was
rendered by perspective projection from the same viewpoint
as the laparoscope, which was tracked by the Polaris system.
Target constructions such as vessels or tumors were extracted
by controlling opacity according to a histogram of the inten-
sity of pixels in the target. Then, visualized 3D-US volume
images were superimposed onto the captured endoscopic live
images in accordance with 3D coordinates and AR visual-
ization, and were displayed onto the monitor. The 3D-US
images followed movements of the endoscope.

Calibration system of the oblique viewing endoscope

Advanced endoscopic surgeries including laparoscopic liver
surgery require an oblique viewing endoscope because it is
useful to secure a wide view while the camera head is fixed.
Anoblique viewing endoscope was designed so that the view-
ing direction could move by rotating a scope cylinder, even
if the camera head was not moving. Although a camera cali-
bration method is necessary to apply augmented reality tech-
nologies to oblique endoscopic procedures, no method for
oblique scope calibration has been developed yet.

@ Springer

# Optical markers

We previously developed a calibration system for an
oblique viewing endoscope [16]. Briefly, a rigid body with
optical markers was attached to the camera head for measur-
ing its 6DOF pose parameters using an optical tracker, and the
rotary encoder was geared to the scope cylinder for measur-
ing its rotation parameters. Then, directions of laparoscopic
views were calculated. We have evaluated the projection er-
ror of calibrated oblique viewing endoscope. The error was
around 3 pixels [16].

Rapid calibration method for magnetic distortion correction

Electromagnetic trackers are significantly affected by
magnetic field distortion resulting from metal and electronic
equipments in the environment [14,15]. We demonstrated
that the main strut of an operating table was the main source
of magnetic field distortion [15].

In clinical settings for laparoscopic surgery, data sampling
has to be performed just before 3D-US data acquisition, and
should be done as rapidly as possible although the targeted
space for distortion correction is small for 3D-US scanning.
‘We proposed a rapid method for magnetic tracker calibration
using a magneto-optic hybrid tracker [15]. Calibration data
can be acquired by freehand using the distortion measure-
ment apparatus with a hybrid tracker (Fig. 3b). An optical
rigid body and a magnetic receiver are attached to this appa-
ratus so that the position and orientation of the receiver can be
simultaneously measured by optical and magnetic tracking
methods.

To collect calibration data, a ROI where distortion correc-
tion is required was examined with a slow freehand sweep
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of the measurement apparatus, twice at the end point of the
expiratory phase.

One problem due to frechand data acquisition involves
variable calibration accuracy resulting from changes in
uniformity and density of the collected calibration data. To
overcome this problem, we formulated a distortion model
selection method using a cross-validation technique among
five distortion models obtained by zeroth to fourth degree
polynomial fitting to the calibration data [15]. The position
accuracy of Polaris and microBIRD itself was 0.35 mm RMS
and 1.4 mm RMS, respectively.

Design of the evaluation study

We performed animal experiments to clarify the clinical util-
ity of the distortion correction method, as follows. Figure 3
shows the experimental environment for evaluation, where
an electrically powered operating table (MIZUHO MOT -
5000) was used in order to simulate a clinical operative
environment.

Twelve domestic pigs weighing 25-35kg were used in the
following experiments. Each pig was anesthetized and endot-
racheally intubated. All pigs were pharmacologically para-
lyzed using vecuronium (0.2 mg/kg). Ventilatory support and
continuous monitoring of vital signs were performed.

All animals were treated under the protocols approved by
the animal care committee of Kyushu University, and exper-
iments were performed in accordance with both guidelines
for Animal Experiments in Kyushu University, and the Law
and Japanese notification.

Effects of magnetic distortion correction

We performed a comparative study of results of the receiver’s
orientation and angle on distortion correction using the cor-
rection procedure. :

Data collection was performed laparoscopically by a free-
hand sweep with the measurement apparatus. The scanned
space was located above the liver surface, and was approxi-
mately 10 x 10 x 2Zem.

In addition, we evaluated the simplicity of the procedure
and time required for magnetic distortion correction. It was
thought that both these factors were important data in clinical
cases.

Accuracy of 3D US navigation

In this experiment, laparoscopic surgical environment was
simulated. Two pigs underwent laparoscopic procedures un-
der general anesthesia and pneumoperitoneum.

Tumor mimics were made using a modification of the tech-
nique described by Nomori [17]. Briefly, a mixture of 8%
purified agar and 25% gelatin dissolved in distilled water

and 0.1% GD-DTPA was prepared. To maintain the mixture
in a liquid form, if was kept at 80°C. Above 65°C, the mixture
was liquid, was filled into syringes, and injected into livers
using a 14G needle. Five agar injections were performed for
two pigs each as nodular targets of approximately 2cm in
diameter. They became elastic hard tumors in the livers as
temperature decreased.

After data were collected for distortion correction, US
images of the tumor mimics were acquired, and 3D-US vol-
umes were reconstructed using uncorrected and corrected
magnetic 6D measurements for US probe tracking.

3D-US volume data reconstructions were generated and
visualized by a volume rendering method. Tumors were ex-
tracted by controlling opacity. Then, visualized tumor images
were superimposed onto the captured endoscopic live images
in accordance with 3D coordinates.

AR navigation views were then constructed and displayed
on the monitor. Needle punctures were performed while pigs
were in the full expiratory phase. The needle was manually
advanced toward a tumor in the liver under only AR naviga-
tion guidance. We utilized tumor depth information base on
2D ultrasound images and the needle scale.

The needle was advanced to a tumor to the shortest dis-
tance perpendicularly from the liver surface to reduce an error
with the needle deformation.

We used an open configuration MRI detector (AIRIS I
Hitachi Medical Company, Tokyo, Japan) for accuracy eval-
uation (Fig. 6).

At the final location of the needle insertion, needle position
was then verified using MRI imaging. The axial MRI images
in 3 mm thickness were collected for accuracy evaluation. We
analyzed MRI images three dimensionally. To evaluate reg-
istration accuracy, root mean square (RMS) distances from
the final needle tip position to the gravity center of the nodule
were calculated in the 3D reconstructed volumes from MRI
images.

When the puncture needle and the target tumor mimic
were not well detected by MRI, we performed laparotomy,
and directly measured positions of the tip of the puncture
needle and the center of tumor mimics using a Polaris.

Data were reported as means = SD. For statistical anal-
ysis, the Student 7 test was performed. A P value less than
0.05 was considered as a statistically significant difference.

Results

Effects of magnetic distortion correction

Magnetic distortion data for evaluation were sampled by the
measurement apparatus successfully. Using magnetic distor-
tion correction, error caused by magnetic distortion was sig-
nificantly reduced from 34.64 & 15.27 to 2.590 £0.913 mm
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in position and from 9.077 =+ 4.570° to 0.820 = 0.782° in
orientation (Fig. 4). '

For freehand distortion correction, calculation time was
less than 60s, and data acquisition time was 67.8 % 25.1s.
Number of the first data samples was 889.9 +431.2. Number
of the second data samples was 861.1 = 380.6.

Fig. 4 Effects of rapid

Accuracy of 3D US niavigation

Ultrasound images of tumor mimics were acquired, and
3D-US volumes were reconstructed using uncorrected and
corrected magnetic 6D measurements with US probe track-
ing. AR images were successfully obtained (Fig. Sa—).

calibration for magnetic P<0.05 P<0.05
distortion correction. Using I I I l
magnetic distortion correction, 40r 16
error caused by magnetic
distortion was significantly 85 147 —_
reduced — 30} 121 3
E 3
E 251 101 =
S Lol s
g 20 8] &
151 6 -
10} 4 1
| [ N
Uncorrected Corrected Uncorrected Corrected
Position Angle
3D US Vessel
Model
3D US Tumor
Model

Fig. 5 The figures indicate obtaining a sequence of 2D ultrasound im-
ages of tumor (a), the volume- rendered 3D tumor image (b), and the
3D tumor image superimposed on the liver in laparoscopic images (c).
The volume rendered 3D vessels extracted from color Doppler ultra-
sound images (d). a Two-dimensional ultrasound images of a tumor
mimic. b Reconstructed from two-dimensional image data (a) and vol-
ume-rendered three-dimensional ultrasound image of a tumor mimic
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manually extracted according to the histogram. ¢ Augmented reality
image: three-dimensional tumor image (b) superimposed on to liver
surface. d Augmented reality image: three-dimensional image recon-
structed from Doppler ultrasound image of intrahepatic portal veins.
Navigation can assist the surgeon in recognizing spatial relationships
between tumors and vessels by superimposing 3D US data onto lapa-
roscopic images
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Fig. 6 Results of evaluation of
magnetic distortion correction
on AR navigation with MRI
detector. a MRI image: A tumor
mimic is visualized as high
intensity tumor in T1 image (a
black dot arrow), and puncture
needle was visualized as low
intensity (white arrows). The tip
of the needle inserted with
augmented reality navigation is
also detected (a white dot
arrow). b Effects of rapid
calibration for magnetic
distortion correction. Using
magnetic distortion correction,
accuracy of 3D-US navigation
was significantly improved

—
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Tumor mimics were visible as hyperechoic masses on ultra-
sound, and were easily segmented. Volume-rendered images
of reconstructed 3D-US volumes of intra-hepatic portal veins
were also overlaid onto the liver surface (Fig. 5d). Each ultra-
sound scanning time was within 30s, and tirne loss due to dis-
tortion correction of the magnetic field and reconstruction of
3D-US images was within 3min. As long as all positional
information was measured correctly, our system operated
normally, and 3D-US images were quickly updated and
reconstructed, tracking real laparoscopic images. The update
rate was approximately 5 Hz. All procedures were performed
safely. Display latency due to lags in position measurements
and rendering time requirements was so short that no opera-
tive procedures were disturbed.

All tumor mimics were depicted by high signals in T1
images from MRI, and the puncture needle was visualized
as low signals (Fig. 6a). The measured size of tumor mimics
was 6~14mm in diameter. Using magnetic distortion cor-
rection, accuracy of 3D-US navigation was significantly im-
proved from 17.2  5.27 to 1.96 &+ 0.87mm RMS (p <
0.05) (Fig. 6b). All tumors were successfully punctured un-
der the AR navigation guidance with magnetic distortion
collection.

Discussion

The number of minimally invasive surgical approaches is
increasing; especially, the indication of laparoscopic surgery
for early cancer of abdominal organs has expanded. Lapa-
roscopic surgery is a monitoring based surgery, i.e., a type
of image-guided surgery (IGS), as almost all intraoperative
information is integrated on a monitor. It is considered that
techniques of IGS which have been introduced to other sur-
gical fields may easily be applied to laparoscopic surgery.
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However, IGS using virtual reality technology for an abdom-
inal region has not yet been used in the clinics. This might
be due to two major problems including deformation of the
liver and respiratory movements.

Due to large deformations and motions between preop-
erative images and intraoperative organs, non-rigid match-
ing between these is required, making it difficult for clinical
applications. Intraoperative imaging such as US imaging is an
alternative way to avoid the difficulty of preoperative image
matching [18,19].

Some kind of intraoperative imaging method such as 2D or
3D ultrasound imaging can be used to compensate for shifts
in anatomy relative to preoperative CT/MR images. By using
intraoperative 3D ultrasound, the surgeon can obtain updated
anatomical images during a surgical procedure [18-20].
3D-US as an imaging modality allows real-time imaging,
regardless of organ shifts or distortions, and is available in
every hospital.

We have developed a 3D-US system for laparoscopic sur-
gery using a miniature magnetic tracker combined with an
optical tracker to realize accurate tracking inside the abdo-
men, aiming at integrating a laparoscopic AR system. One
potential drawback of magneto-optic hybridization is error
propagation by combining two trackers. We confirmed by
both simulations and laboratory experiments that error in-
creased by magneto-optic hybridization was 0.1 or 0.2 mm
for an appropriate rigid body size compared to a simple mag-
netic tracker [13,14].

In this paper, we demonstrated the accuracy and feasibil-
ity of a navigation system for laparoscopic surgery using ani-
mal experiments in the same environment as that in clinical
settings. ’

Our results provide the basis for future clinical experi-
ments. Clinical application of our navigation system for lap-
aroscopic surgery relies on a rapid and reliable method. Our
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system can provide calibrated data acquisition within 1 or
2min. The whole procedure including distortion estimation
and correction can be concluded within 5 min, which s within
the permissible time period during operation. .

Most of error derives from magnetic tracking and US
scanning processes [22-24]. The rapidity of our method also
enables on-the-spot validation because two calibration data
sequences can be acquired from a region of interest within a
short period of time. On-the-spot validation compensates for
uncertainty of freehand data acquisition. Estimated accuracy
by validation provides the surgeon with the criterion of dis-
tortion correction. If the estimated accuracy is not acceptable,
the surgeon can repeat data acquisition or acquire additional
data. :

We consider that evaluation study with MRI was carried
out as a pilot study that provided preliminary results. Actu-
ally, real-time imaging modality or needle tracking system
is necessary to monitor the insertion of the needle. We did
puncture with tumor depth information based on ultrasound
images and the needle scale. Now, we are developing needle
tracking system.

We think that the needle deformation is a big problem.
To overcome this problem in the near future, we are now
developing integrated navigation with real-time US or MRI.

Kleeman et al. [25] reported a laparoscopic navigation
system based on IOUS. They also used an electromagnetic
tracker to obtain 3D images, and concluded that further stud-
ies investigating accuracy and reproducibility in laparoscopic
surgery were necessary.

We used experimental settings almost similar to those of
the clinics, so our accurate experimental results revealed that
our methods allowed minimally invasive treatment of liver
tumors.

Distortion correction is an essential technology when us-
ing a magnetic tracker in endoscopic surgery, and it is thought
that precision and data collection time are clinically signifi-
cant factors with this technology.

Several clinical applications of navigation systems for
bronchoscopy using magnetic tracking have been reported,
and matching accuracy was 4.2-5.6mm [26,27].

Accuracy of our navigation system was about 2mm, and
was superior to previously reported data. With about 2mm
of accuracy, superimposition of the 3D-US models of a small
tumor or thin blood vessels is reliable. We consider that our
results were attributed to the distortion correction effect. As
for our methods of distortion, we could rapidly measure dis-
tortion of a magnetic field in the operative room, and adapt
each environment to surgical fields. This was also an advan-
tage, and confirmed the feasibility of our methods for clinical
applications.

Furthermore, our system can be utilized with an oblique
viewing endoscope, which is required in advanced endo-
scopic procedures. The superimposed virtual images tracked
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movements of laparoscopic views according to rotation of
the camera head of the oblique viewing endoscope [14,28].
Therefore, our system is especially useful in advanced
surgery.

The AR systems using 3D-US images have been devel-
oped for breast surgery to visualize tumors under the skin
[11,12]). Assuming that organ deformation between 3D-US
and endoscopic (or a video camera) image acquisitions is
small enough, 3D-US images are regarded to match with
endoscopic images without non-rigid registration.

On the other hand, 3D reconstructions from computed
tomography (CT) and magnetic resonance imaging (MRI)
can provide more sophisticated fine imaging, and can also be
used for preoperative planning of complicated procedures.
We previously established a “combined” AR navigation sys-
tem which integrated preoperative CT/MRI images and IOUS
images into the navigation software (Fig. 7), and have already
applied that system to various clinical cases [28]. Three-
dimensional reconstructions from CT and magnetic reso-
nance imaging (MRI) can provide more sophisticated fine
imaging, and can be used for preoperative planning of com-
plicated procedures. CT is useful to especially visualize blood
vessels compared to US. 3D-CT imaging provides details of
the vascular system.

Our current matching approach makes use of landmarks
based on direct methods to match the preoperative and endo-
scopic views together using the Polaris optical tracking sys-
tem. With our system, simultaneous display of laparoscopic
images and 3D-CT images can be obtained (Fig. 7).

Bao et al. [24] reported a US to CT registration method
using an optically tracking US probe. The concept of their
methods was almost the same as ours {24]. Since we cannot
ignore shifts and deformations of an organ, it is difficult to
obtain high precision that is necessary for a navigation sys-
tem based on preoperative CT alone. However, CT imaging
is advantageous when it is simuitaneously used with ultra-
sonography. As for liver surgery, the surgeon can easily rec-
ognize spatial relationships between tumors and intrahepatic
vessels using this combined technique. However, to establish
useful IGS for liver surgery, an accurate registration method
which superimposes images obtained from different modali-
ties is required. If a complete IGS system could be devised for
laparoscopic liver surgery, the number of candidates for lap-
aroscopic treatment of liver tumors may increase [24,29,30].
Such an IGS system may also improve the quality of resec-
tion and local therapies such as radiofrequency ablation of
liver tumors. We estimate that the IGS system may ultimately
reduce recurrences and improve surgery.

‘While we first focused on liver surgery, our methodology
can be applied to any other surgical fields. Currently, one of
our targets is to apply our techniques to thoracoscopic sur-
gery, especially for partial resection of small lung cancer.
A more accurate navigation system is required in such cases,




IntJ CARS (2007) 2:1-10

Virtual 4
Zndoscopy &

(3D-CT)

Endoscopi
Field of Viey

Fig. 7 Integrated display of navigation system based on 3D-CT and
3D-US with calibration system of oblique-viewing endoscope. Upper
lef: figure shows structures in a liver constructed from preoperative CT
images, and upper righz figure represents AR visualization that presents

because when location of the tumor is not defined from the
surface of the lungs, conversion to open surgery is required.

In the near future, we will attempt to increase accuracy of
our present system, and develop a “clinically approved” mul-
timodal matching method for capturing intraoperative organ
deformations.

Conclusion

We developed an AR navigation system for laparoscopic liver
surgery based on 3D-US. The system provides real-time ana-
tomical information which cannot be otherwise visualized
without navigation. Experimental results demonstrated that
a rapid calibration method was effective, and is proposed to
correct magnetic field distortion with an accuracy of 2 mm or
less within 2 min. Therefore, 3D-US as an imaging modality
allows real-time imaging, regardless of organ shifts or distor-
tions. We believe that this navigation system will play a very
important role in the future, and will contribute to improve
safety of minimally invasive surgeries.
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Abstract

In this paper, a remote surgery experiment, which was conducted between Japan and Korea by using the developed
minimally surgical system is described. A research Internet, APII (Asia-Pacific Information Infrastructure), which consists of
an optical submarine cable network, KICN (Korea-Japan Cable Network) was used as an information transmission channel.
In the experiment, a laparoscopic cholecystectomy was successfully performed on a pig. The network time-delays of robot
and images were 6.5 ms and 435 ms respectively.
Key words

Remote surgery, Surgical robot and Minimally invasive surgical system.
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Fig.1 Overview of the developed system.
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Fig.3 Slave manipulator.

Fig.4 Link driven multiple DOF forceps.
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Fig.5 Aspect of the operation site (Hanyang Univ.).
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Table 1 Surgical procedures of laparoscopic cholecystectomy.

No. | -Surgical procedure -

1 Insertion of surgical instruments (setup)

2 Creating working space by moving organs
3 Exfoliation cystic duct and arteria cystica
4 Treatment of cystic duct and arteria cystica
5

6

Resection of cholecyst
Extraction of cholecyst
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Fig.6 Aspect of the surgery site (Kyushu Univ.).
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Fig.7 Overview of the network configuration.
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Table 3 Time-consuming chart of surgical procedures
(including the discussion during surgical procedures).
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Table 2 DVTS data transfer bandwidth.

Time Precedure
0:00 Inserting trocars
0:15 Inserting a laparoscope
0:30 Inserting the robotic forceps
0:55 Finishing the surgical setup
0:57 Starting the remote surgery
1:20 Switching right forceps to an radio knife
1:30 Cutting a cholecyst
2:33 Cutting a cystic duct
2:47 Finishing cutting a cholecyst
3:00 Operation completed

Image Bandwidth
From surgery site to operation site:
Conference Use 15Mbps
Laparoscope (Right) 10Mbps
Laparoscope (Left) 10Mbps
From operation site to surgery site:
Conference Use 15Mbps
Totel 50Mbps
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: Table 4 Network time-delay by ping (Round-trip).
Network Used bandwidth Op. site — Surg. site Distance Hop Time-delay
ISDN(2B+D) 128 Kbps Tokyo - Shizuoka 150 km - 99.8 ms
ISDN(23B+D) 1472 Kbps Tokyo - Shizuoka 150 km - - 35.6ms
APl 50 Mbps _ Seoul - Fukuoka 540 km 14 13.0ms
é -
Table 5 Image time-delay (Round-trip).
Network Used bandwidth Op. site — Surg. site Distance CODEC Time-delay
ISDN(2B+D) X2 256 Kbps Tokyo - Shizuoka 150 km SONY PCS-P500 676.0 ms
ISDN(23B+D) 1472 Kbps Tokyo - Shizuoka 150 km NEC TC5000EX100 785.0 ms
APII 50 Mbps Seoul - Fukuoka 540 km DVTS 871.0 ms
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