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Abstract

Although robotic telesurgery is growing in popularity, the benefits of telesurgery compared to local surgery are unclear.
This study aimed to evaluate the performance of robotic tele-cholecystectomy with a commercial line using the Saroa™
(Riverfield, Inc., Tokyo, Japan) system. The operation rooms of the Hokkaido University Hospital and Kushiro City General
Hospital were connected using a best effort-type line (1 Gbps), with a distance of 250 km between the two hospitals. In this
experimental single-blind randomized crossover trial, eight expert robotic surgeons performed robotic cholecystectomy in
an artificial organ model using the Saroa™ system and were randomized to begin with either local surgery or telesurgery. All
surgeons were assessed on task completion time, total path length of the right- and left- hand forceps and camera, Global
Evaluative Assessment of Robotic Skills (GEARS), Global Operative Assessment of Laparoscopic Skills (GOALS), and
System and Piper Fatigue Scale-12 (PFS-12). In all experiments, the communication environment was stable and the mean
communication delay was 8 ms (3—-31 ms). All tele-cholecystectomies were performed safely. There was no significant dif-
ference in completion time (P =0.495), score of GEARS (P=0.258), GOALS (P=0.180), or PFS-12 (P =0.528) between
local surgery and telesurgery. The total path of the forceps tended to be longer in tele-cholecystectomy, particularly with
significantly longer left-hand forceps total path length (P =0.041). Robotic tele-cholecystectomy using a commercial line
can be performed safely as same as local robotic surgery, but the total path of the left-hand forceps was prolonged in robotic
tele-cholecystectomy due to overshoot. Therefore, a solution for overshooting will be required in the future.

Keywords Robotic tele-surgery - Cholecystectomy - Single blind - A randomized single-blind controlled pilot study -
Robotic tele-cholecystectomy - Robotic surgeons - Surgical robots - Tele-laparoscopic cholecystectomy

Introduction

In recent years, surgical robots have been deployed in a large

number of hospitals worldwide and have become increas-
ingly popular in Japan. Furthermore, the development of
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high-speed, high-capacity communication technology using
optical fiber and 5th generation mobile communication
systems (5G) along with the development of new surgical
robots has made remote surgery a reality [1]. Telerobotic
surgery has been studied since the 1970s, and the world's
first tele-laparoscopic cholecystectomy was performed
between the US and France in 2001 [2]. This was followed
by a number of remote surgeries in Canada [3], all of which
were reported to be successful, and experiments with remote
robotics were also reported in Japan [4]. However, there are
still many problems to be solved before robotic telesurgery
may be implemented in society. Few reports have examined
telesurgery in comparison to local surgery, and existing evi-
dence is insufficient. The aim of this study was to assess the
technical evaluation of robotic tele-cholecystectomy with
a commercial line using a Saroa"" (Riverfield, Inc., Tokyo,
Japan).

Materials and methods
Participants and experimental design

We used a prospective, single-blind, randomized, crossover
study to compare the technical evaluation of robotic tele-
cholecystectomy and robotic local-cholecystectomy. Eight
expert robotic surgeons with endoscopic surgical skill quali-
fication systems from the Japan Society for Endoscopic Sur-
gery (JSES) [5] participated in this experiment. The techni-
cal evaluation was conducted by two surgeons certified in
the JSES proctor system [6]. The study was conducted from
July to September 2021. Participants were consecutively
enrolled from affiliated hospitals. Surgeons with conflict-
ing schedules on the day of the experiment were excluded.
Participants were randomly assigned to group A or group
B sequentially in a 1:1 ratio by recruitment number. The
participants in Group A performed local-cholecystectomy
initially followed by tele-cholecystectomy (n=4), and the
participants in Group B performed tele-cholecystectomy ini-
tially followed by local-cholecystectomy (n=4). No practice
was allowed before evaluation of performance, which was
supervised and recorded. One day was allowed to elapse
(i.e., the washout period) before each participant performed
the next task. A flowchart of the trial is shown in Fig. 1.

Network connections

The operation rooms of the Hokkaido University Hospital
and Kushiro City General Hospital, located about 250 km
apart, were connected using a commercial best effort-type
line (FLET’S VPN PRIO) provided by NTT East (Nippon
Telegraph and Telephone East Corporation, Tokyo, Japan).
The maximum communication bandwidth was set at 1-Gbps.
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Fig. 1 Flowchart of the trial

For CODEC, we used the Zao-SH encoder and Zao-View
decoder of Soliton Systems (Tokyo, Japan). This CODEC
has a function that reserves 1-Mbps of communication band-
width preferentially for robot operation signals and allocates
the remaining bandwidth to video transmission. We defined
communication delay time as round-trip time (RTT) or the
combined transmission delay of three steps: (1) the encoding
delay; (2) the round-trip delay of the communication line;
and (3) the decoding delay (Fig. 2).

Robot system

We used a Saroa"™ surgical robot system (Riverfied, Inc.,
Tokyo, Japan). The robot uses a pneumatically powered
robotic system from Riverfield, which is being developed
in Japan [7]. An Olympus 3D scope (Olympus, Tokyo,
Japan) was installed in the system. The surgeon cockpit was
installed at Hokkaido University, and the operation unit was
installed at Hokkaido University Hospital and Kushiro City
General Hospital. The surgeon cockpit was installed outside
the operation room so that the participants were not aware
which operation unit was connected.

Skill test and evaluation

We used a gallbladder model manufactured by FASOTEC
Co., Ltd. (Chiba, Japan). The right hand was used as a
monopolar scissors that dissected using electrocautery,
and the left hand used fenestrated forceps. After identify-
ing the cystic duct and the cystic artery, both were clipped
proximally and distally, once each by the assistant surgeon.
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Fig.2 Network system. Round trip time (RTT) is composed of three steps: (1) the encoding delay; (2) the round-trip delay of the communication

line; and (3) the decoding delay

The gallbladder was then removed from the gallbladder
bed to complete the task (Fig. 3). We measured task com-
pletion time, total path length of the right and left -hand
forceps and camera, and robotic surgical skill using the
Global Evaluative Assessment of Robotic Skills (GEARS)
[8] and Global Operative Assessment of Laparoscopic
Skills (GOALS) [9]; subjective evaluation of the surgeon
was validated using the System and Piper Fatigue Scale-12
(PFS-12) [10].

Fig. 3 Skill test (Cholecystec-
tomy). A The gallbladder model
was manufactured by FASO-
TEC Co., Ltd. (Chiba, Japan).
B The right hand was used

as a monopolar scissors that
dissected using electrocautery,
and the left hand was used as a
fenestrated forceps. After iden-
tifying the cystic duct and the
cystic artery, both were clipped
proximally and distally, once
each by an assistant surgeon.

C The gallbladder was then
removed from the gallbladder
bed to complete the task. D
Photograph after completion of
cholecystectomy

Statistical analysis

The task completion time, total path length of the right and
left-hand forceps and camera, and each test score were com-
pared between the groups using the Mann—Whitney U test
for continuous variables. Statistical analyses comparing tele-
cholecystectomy and local-cholecystectomy data of the same
surgeons were performed using a paired two-tailed Student’s
t test. Statistical significance was set at P <0.05. Statistical
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analysis was performed using the JIMP® 15 software (SAS
Institute Inc., Cary, NC, USA).

Results

In all experiments, the communication environment was
stable without image degradation, and the mean RTT was
8 ms (3-31 ms). All tele-cholecystectomies were per-
formed safely and without gallbladder injury. The chol-
ecystectomy completion time was as follows: local, 620.5 s
(346.0-1097.0); tele: 625.5 s (411.0-1030.0) (P=0.495)
(Table 1). An individual examination of completion time
was prolonged in six out of eight (75%) of the surgeons in
tele-cholecystectomy, although no significant difference
was observed (P=0.119). The GEARS score (local: 29.0
[24-30], tele: 26.5 [20-30], P=0.180), GOALS score
(local: 23.5 [20-25], tele: 21.5 [18-25], P=0.258), and
PFS-12 score (local: 35.0 [12-63], tele: 51.0 [11-69],
P =0.528) were not found to be significantly differ-
ent between local- and tele-cholecystectomy (Table 1).
The total path of the forceps in tele-cholecystectomy
was significantly longer for the left-hand forceps (local:
5924.5 mm [4151-8602], tele: 8742.0 mm [4151-8602],
P=0.041), and the total path length of the right hand
(local: 6051.5 mm [4413-8189], tele: 8826.0 mm
[6690-13718], P =0.089), camera (local: 6138.5 mm
[1744-12821], tele: 7491.5 mm [5185-12821], P=0.126),

Table 1 Completion time, technical evaluation score, and subjective
evaluation of the surgeon

Local-cholecys-  Tele-cholecystectomy P
tectomy (n=4) (n=4)
Task com- 620.5 [346-1097] 625.5 [411-1030] 0.495
pletion
time (s)
GEARS* 29.0 [24-30] 26.5 [20-30] 0.180
GOALS** 23.5[20-25] 21.5 [18-25] 0.258
PFS-12f 35.0 [12-63] 51.0 [11-69] 0.528

Results are expressed as the median [min.—max]
*Global evaluative assessment of robotic skills
**Global operative assessment of laparoscopic skills

Piper fatigue scale-12

and both-hand forceps and camera (local: 15,988 mm
[11674-23262], tele: 25,783.0 mm [18565-39079],
P=0.061) were not significantly different between local-
and tele-cholecystectomy (Table 2). Figure 4 shows a
radar chart of the items examined in the present study.
The measurements of tele-cholecystectomy are shown as a
percentage of local-cholecystectomy. There was no differ-
ence with regard to skill assessment, although a large gap
was found in the areas of total path length of the forceps
between local- and tele-cholecystectomy.

Task completion time ’ @ Local ‘

Right forceps

Left forceps GOALS

Camera PSF-12

Both forceps and camera

Fig.4 A radar chart of the items examined in the present study. The
measurements of tele-cholecystectomy are shown as a percentage
of local-cholecystectomy. There was no difference with regard to
skill assessment, although a large gap was found in the areas of total
path length of the forceps between local- and tele-cholecystectomy.
GEARS Global Evaluative Assessment of Robotic Skills; GOALS
Global Operative Assessment of Laparoscopic Skills; PFS-12: Piper
Fatigue Scale-12; Right forceps: The total path length of the right-
hand forceps; Left forceps: The total path length of the left-hand for-
ceps; Camera: The total path length of the camera; Both forceps and
camera: The total path length of the both-hand forceps and camera

Table 2 The total path length
of the right and left forceps and

Local-cholecystectomy (n=4)

Tele-cholecystectomy (n=4) P

camera Right forceps (mm)

Left forceps (mm)
Camera (mm)

Both forceps and camera (mm)

6051.5 [4413-8189] 8826.0 [6690-13718] 0.089
5924.5 [4151-8602] 8742.0 [6440-13129] 0.041
4405.5 [1744-7050] 7491.5 [5185-12821] 0.126
15,988.0 [11674-23262] 25,783.0 [18565-39079] 0.061

Results are expressed as the median [min.—max]
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Discussion

In this pilot study, we set up the Japanese-made surgical
robot system, Saroa , in an operating room 250 km away
from the operator by connecting a best effort-type line to
investigate the technical impact of robotic tele-cholecys-
tectomy. No technical differences were observed between
tele-cholecystectomy or local cholecystectomy performed
by expert robotic surgeons.

Almost 20 years ago, Marescaux [2, 11] performed the
first clinical tele-cholecystectomy using the ZEUS robotic
system and the Transatlantic Optical Faber Network. This
operation, also known as the Lindbergh operation, is con-
sidered the gold standard for tele-surgery. Twenty-two
subsequent telesurgeries were performed at a hospital
in North Bay, approximately 400 km north of Hamilton,
Canada [3]. Both surgeries were successful, but the trans-
atlantic connection used expensive leased lines, while the
Canadian clinical cases used Internet Protocol-Virtual Pri-
vate Network lines, a special government-developed inter-
hospital network. In the USA, Florida Hospital has suc-
cessfully used the internet for robot-assisted tele-surgery;
surgeons in Texas, 1200 miles away from Florida, operated
on a simulated patient by remote control of a da Vinci
robot via the internet [12]. In Japan, a robot teleoperation
simulation for training was reported by Hashizume et al.
[13]. However, the underdevelopment of information and
communication technology became a decisive factor, and
research on tele-surgery was suspended for a long time
[14]. In recent years, the development of high-speed and
high-capacity communication technologies using fiber
optics and 5G along with the development of new surgi-
cal robots have made teleoperation a reality [15].

Regarding transmission delay, it has been reported that
operability decreases when the delay time perceived by
the surgeon exceeds 200 ms, that errors increase when it
exceeds 300 ms [16, 17], and that work becomes almost
impossible when it exceeds 700 ms [18]. Many reports
suggest that the delay time should be less than 200 ms, and
ideally less than 100 ms, to perform normal robot opera-
tions [19, 20]. Morohashi H et al. reported that the mean
RTT for the guaranteed-type lines was 4 (4—7) ms, and the
mean RTT for the best effort-type line was 10 (9-13) ms
for connecting hospitals 150 km apart [4]. In the present
study, the communication environment was stable, and
the mean RTT for the best effort-type line (1 Gbps) was
8 ms (3-31 ms). Recent advances in telecommunications
technology have helped resolve communication delays.
In this study, we used a commercial best-effort type line,
which advertises the maximum communication bandwidth
among closed circuits with guaranteed security. It is inex-
pensive and widely used, but has the risk of falling below

the minimum bandwidth because the available bandwidth
is affected by communication congestion. The reason sta-
ble communication is provided by a commercial best-effort
type line is that advances in encoder and decoder technol-
ogy have enabled low-bandwidth communication, and the
required communication bandwidth, including the images
in this case, has always been less than 5-Mbps. In the
future, studies assessing surgical procedures that demand
more precise skill and those determining the limits of com-
munication delay for each procedure are required.

In the present study, there were no significant differences
between the local-cholecystectomy and tele-cholecystec-
tomy in completion times (P =0.495), technical evaluation
score (GEARS: P=0.180, GOALS: P=0.258), and surgeon
fatigue score (PFS-12: P=0.528). However, a prolongation
of the total path length of left-hand forceps was observed
in tele-cholecystectomy (P =0.041) even when the RTT
was equal to or less than 30 ms. Orosco et al. reported that
under time delayed conditions, the surgeon perceives the
delayed visual feedback as inadequate instrument displace-
ment, causing them to advance their robotic controller even
further [21]. This results in the instrument overshooting
the intended position. When the time-delayed video feed
reaches the surgeons, they become aware of the overshoot
and attempt to correct it. Under conditions of communica-
tion delays, the total path length of the forceps increases due
to overshoot. In the present study, an extension of the total
path length of the forceps was also observed in the slightly
more complex task of cholecystectomy, even with a small
communication delay, and overshooting should be noted. We
believe that a prolongation of the total path length of forceps
was due to overshoot, and that there may be two reasons for
the greater effect on the left-hand forceps than on the right-
hand forceps. One is that the left-hand forceps was needed
for more frequent and detailed work for grasping tissue at its
most adequate point before dissection, in contrast to the right
hand, which was only used for the simple motion of dissec-
tion. The second reason is that the participants’ dominant
hands were all on the right side, so precise manipulation
with the non-dominant left hand was affected by overshoot,
even with short delay time. Tremor compensation [22, 23],
virtual fixtures [24, 25], and robotic arm motion scaling have
been reported to be useful for improving the accuracy, safety,
and control of telerobotic systems. Moreover, it has been
considered necessary to develop a system that would over-
come overshoot in more complex skills. Advanced motion
scaling functions and virtual fixers need to be developed to
solve overshoot in robotic tele-surgery. In the future, it is
expected that surgeon training, motion scaling, the use of
augmented reality and advanced surgeon visual interfaces, as
well as semi-autonomous robotic capabilities will be incor-
porated to optimize the performance of robotic tele-surgery.
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The robotic tele-surgery using 5G communications
is expected to be feasible on remote islands, develop-
ing regions, and in disaster-affected areas where it is dif-
ficult to install wired internet cables. In addition, for sur-
geries performed in the current coronavirus disease 2019
pandemic environment, precautions to prevent infectious
disease spread through human contact are needed. In this
context, 5G-based robotic tele-surgery is expected to sup-
port regional hospitals across Japan and help train young
surgeons. In recent years, a number of experimental results
have been reported on remote robotic surgery using surgical
robots. Tele-robotic surgery is expected to spread rapidly
and widely throughout the world; however, its safe spread
will require common rules. The Society of American Gas-
trointestinal Endoscopic Surgeons has provided guidelines
for the surgical practice of telemedicine and has advised that
telemedicine surgery be performed under strict institutional
review board supervision with careful design and methodol-
ogy [26]. In Japan, guidelines are being developed for opti-
mal communication systems for the clinical application of
robotic telesurgery, focusing on safety, ethics, and cost.

This study has several limitations. Because of the lim-
ited duration of the experiment, the number of participating
surgeons and tasks was small, and the time to operation for
robot surgery was short. The current experiment was a study
conducted by expert surgeons only, and judgments about
introduction in clinical practice should be made with cau-
tion. A well-designed randomized controlled trial is required
to validate our findings. In the future, a large-scale compara-
tive study is anticipated based on the data from this pilot
study.

Conclusion

No technical differences were observed in expert robotic sur-
geons, either tele-cholecystectomy or local cholecystectomy
in this system, but it was found that the total path of the left-
hand forceps was prolonged in robotic tele-cholecystectomy
due to the overshoot. In the future, a solution to overshooting
will be necessary.
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