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Abstract

Background

Remote surgery social implementation necessitates achieving low latency and highly reli-
able video/operation signal transmission over economical commercial networks. However,
with commercial lines, communication bandwidth often fluctuates with network congestion
and interference from narrowband lines acting as bottlenecks. Therefore, verifying the
effects on surgical performance and surgeon fatigue when communication lines dip below
required bandwidths are important.

Objectives

To clarify the communication bandwidth environment effects on image transmission and
operability when bandwidth is lower than surgical robot requirements, and to determine sur-
geon fatigue levels in suboptimal environments.

Methods

Employing a newly developed surgical robot, a commercial IP-VPN line connected two hos-
pitals 150 km apart. Thirteen surgical residents remotely performed a defined suturing pro-
cedure at 1-Gbps to 3-Mbps bandwidths. Communication delay, packet loss, time-to-task
completion, forceps-movement distance, video degradation, and robot operability were
evaluated before and after bandwidth changes. The Piper Fatigue Score-12 (PFS-12) was
used to measure fatigue associated with surgeon performance.
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Results

Roundtrip communication time for both 1-Gbps and 3-Mbps lines averaged 4 ms. Video
transmission delay from camera to monitor was comparable, at 92 ms. Surgical robot signal
transmission rate averaged 5.2 Mbps, so changing to 1-Gbps-3-Mbps lines resulted in sig-
nificant packet loss. Surgeons perceived significant roughness, image distortion, diplopia,
and degradation of 3D images (p = 0.009), but not changes in delay time or maneuverability.
All surgeons could complete tasks, but objective measurement of task-completion time and
forceps-travel distance were significantly prolonged (p = 0.013, p = 0,041). Additionally,
PFS-12 showed post-procedure fatigue increase at both 1-Gbps and 3-Mbps. Fatigue
increase was significant at 3-Mbps (p = 0.041).

Conclusions

In remote surgery environments with less than the optimal bandwidth, even when delay time
and operability are equivalent, reduced surgical performance occurs from video degradation
from packet loss. This may cause increased surgeon fatigue.

Introduction

Telesurgery holds great promise as a mean way to improve accessibility to high quality healthcare
in areas with limited healthcare resources and as a new method in surgical education [1]. In 2001,
the world’s first inter- Atlantic telesurgery was successfully performed [2] and a telesurgery system
was established in Canada [3]. However, the social implementation of telesurgery was deferred
for a long time due to the following: the communication delay time was too long for clinical appli-
cation with communication lines at the time [4,5], secure dedicated lines were too expensive for
most clinical use [6], communication security could not be ensured over internet lines [7], so for
various reasons, there was minimal development of new robots for telesurgery [8].

These days, issues of communication delay and security, which were key barriers to remote
surgery, are being resolved by the development of high-speed, large-capacity communication
networks and advances in information processing technology. In addition, the patent for the
surgical robot system of the preceding generation has expired, which has led to the develop-
ment of new types of surgical robots and the resumption of social demonstration studies of
remote surgery [8-11]. Our group conducted a telesurgery experiment in which two hospitals
located 150 km apart were connected by a commercial line. A surgical robot under develop-
ment was used, and a telesurgical operation was possible without significant delay [1].

Remote surgery is performed by transmitting both video signals and control signals for
robot operation. Of these, the number of signals which are required to operate the robot arm
and control energy devices is small and all can be transmitted over narrow-band communica-
tion lines. Video signals, on the other hand, contain a large amount of information and require
a bandwidth of more than 1.5 Gbps for full high vision images and more than 6 Gbps for 4K
images. This presents the difficulty of achieving uncompressed transmission with the commu-
nication bandwidth of ordinary commercial lines. For this reason, compressed transmission of
video signals is essential. However, since the relationship of the compression ratio and the
delay time is the trade-off, the degree of compression needs to be limited. Also, excessive com-
pression causes video degradation. Therefore, preparing a line with a sufficient communica-
tion bandwidth that can transmit the video signal satisfactorily, after compression, is
necessary.
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Among the currently available commercial lines, a line that guarantees a wide bandwidth is
expensive and is not suitable for general clinical use from the viewpoint of economic efficiency
[6]. The best effort type line, however, for which the maximum communication capacity is
openly stated, is highly economical. Some unfortunate realities of using the best effort type
line, are that bandwidth may temporarily become smaller than the required communication
line bandwidth when the line is congested, or that bandwidth narrower than the required
bandwidth, may bottleneck when multiple lines are connected. In such network environments,
with less-than-optimal communication conditions, packet loss and communication delay of
transmission signals can occur. In the case of packet loss, video transmission containing a
large amount of communication information is greatly affected. The degree of packet loss var-
ies greatly from the degree at which a surgeon cannot detect any change in the image to the
degree that the image is clearly changed [12].

Surgical robot systems have a minimum required bandwidth for transmission of video sig-
nals and operation signals. However, the actual degree of change to the video is unclear, as is
the effect on surgical performance when communication bandwidth dips below the system’s
minimum bandwidth. In addition, physiological effects such as surgeon fatigue have not been
investigated thus far. In this study, we examined the effects on surgical performance and sur-
geon fatigue of a communication environment with a bandwidth narrower than the required
bandwidth during an actual remote surgery experiment using a commercial line.

Methods
Communication environment

Hirosaki University Hospital and Mutsu General Hospital, located about 150 km apart, were
connected through a commercial bandwidth-guaranteed line provided by NTT East (NIPPON
TELEGRAPH AND TELEPHONE EAST CORPORATION, TOKYO, JAPAN) (Fig 1). The
communication bandwidth was initially set at 1-Gbps, and then changed to 3-Mbps. We evalu-
ated the latency of each communication line, the latency associated with signal compression/
decompression processing, and the overall latency of video transmission between the laparo-
scopic camera and the monitor.

For CODEC, we used Encoder Zao-SH and decoder Zao-View of Soliton Systems (Tokyo,
Japan). This CODEC has a function that reserve 1Mbps of communication bandwidth for
robot operation signals preferentially and allocates the remaining bandwidth to video
transmission.

Surgical robots and tasks

Using a surgical robot being developed by RIVERFIELD, Inc. [13], thirteen surgical residents,
ranging from 2nd to 4th year, who had no experience in robotic surgery, but had robotic pro-
cedure experience in actual robotic surgery as assistants, performed suture ligation of an intes-
tinal model by remotely manipulating robotic arms with a controller while viewing the
surgical field image on an open 3D monitor. To avoid the influence of habituation, the subjects
were divided into two groups: seven subjects performed the procedure in the sequence of
1-Gbps, then 3-Mbps, and the remaining six subjects performed the procedure in the order of
3-Mbps, then 1-Gbps. For both groups, a 10-minute practice period was provided immediately
before task performance measurement (Fig 2).

The intestinal model was marked to indicate suture sites at 5 mm intervals, and the opera-
tion was performed with five sutures and three ligatures in each suture. Operation perfor-
mance was evaluated by measuring the task completion time from the start of intestinal
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Fig 1. Network system. Hirosaki University Hospital and Mutsu General Hospital, located about 150 km apart, were
connected through a commercial bandwidth-guaranteed line. OUN: Optic network unit, CPE RT: Customer premises
equipment remote terminal, I/F: Interface.

https://doi.org/10.1371/journal.pone.0270039.9001

anastomosis to the end of three ligatures of the final suture, and the distance traveled by the
robotic arm forceps during the operation.

Furthermore, using the Global Evaluative Assessment of Robotic Skills (GEARS) score
devised by Goh et al. [14] (S1 Table), two robotic expert surgeons evaluated the subject perfor-
mance (depth of perception, bimanual dexterity, efficiency, force sensitivity, autonomy,
robotic control). The mean values of the two evaluators were compared for each line band.

Subjective evaluation of the examinee

Modified System Usability Scale. The m-SUS was created by modifying the System
Usability Scale (SUS) [15], which was developed to subjectively evaluate the usability of newly
constructed systems, and the usability of the telesurgery system was evaluated (Fig 3). Nine
items were rated on a 5-point scale in descending order of usefulness, and the total score was
shown as the score.

Robot Usability Score. In order to evaluate the usability of the operation of the robot sys-
tem, we created the Robot Usability Score, which evaluates eight items: physical comfort, manual
operability, foot pedal operability, stereoscopic performance, forceps operability, smoothness, sat-
isfaction, and effectiveness (Fig 4). The usability was evaluated on a 5-point scale in descending
order of usefulness, and the average values for each item were compared by line.

Image quality evaluation scale. In order to evaluate whether image quality degradation
due to changes in line conditions interferes with the performance of the procedure, an image
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Fig 2. Flowchart of the order of the line speed and subjective evaluation of the task. The subjects were divided into
two groups: Seven subjects performed the procedure in the sequence of 1-Gbps, then 3-Mbps, and the remaining six
subjects performed the procedure in the order of 3-Mbps, then 1-Gbps. They answered questionaries pre- and post-
procedure for each bandwidth.

https://doi.org/10.1371/journal.pone.0270039.g002

quality evaluation scale was developed (Fig 5). A five-point scale was used, with a high score
indicating no deterioration in image quality and no effect on the performance of the proce-
dure. The median score was compared by line type.

Piper Fatigue Scale-12 (PFS-12). The subjective fatigue of the surgeons was assessed
using the Piper Fatigue Scale-12 (PFS-12) survey [16] (S2 Table). the PFS-12 consists of 12
questions on fatigue and is divided into four subscales: behavioral, emotional, sensory, and
cognitive. The scores are rated on a 10-point scale in descending order of fatigue, and the
method of score calculation is reported by Reeve et al. The questionnaire was filled out imme-
diately before and after the procedure, and the changes before and after the procedure were
measured. Pre- and post-procedure changes were measured.

Statistical analysis. Data are presented as frequency for categorical data and as
mean + standard deviation or median (range) for continuous data. EZR software was used for
analysis [17]. Normality was tested with the Shapiro-Wilk test, and if normality was not
rejected, the paired Student’s t-test was used. When normality was rejected, the Wilcoxon test
was used. Statistical significance was determined at p < 0.05.

Ethics statements

There is no need to address this or provide an ethics application as this research does not fall
under the category of "life science/medical research on human subjects.” The surgeons were
using robotic technology to suture inanimate objects in a simulated telesurgery situation. With
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Modified System Usability Scale
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my tasks.

Fig 3. Modified System Usability Scale.
https://doi.org/10.1371/journal.pone.0270039.9003

regard to the above, we obtained a formal waiver from Hirosaki University Ethics Committee
for this study. All subjects (participating surgeons) were informed about the study in writing,

and we obtained their written consent.

Results

Transmission delay time

Communication delay was comparable with a median of 4 ms (range 3-7) for the 1-Gbps line
and 4 ms (3-8) for the 3-Mbps line. Adding 61 ms (48-74) for encoder and decoder delay to
the communication delay, the delay caused by the remote surgical operation was 65 ms (51-
81) for the 1-Gbps line and 65 ms (51-88) for the 3-Mbps line. The glass-to-glass time, which
also includes the time required for the laparoscopic camera to process images of the surgical
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Robot Usability Score
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using this robot.

Fig 4. Robot Usability Score.
https://doi.org/10.1371/journal.pone.0270039.g004

field and the reaction time of the surgical monitor, was 92 ms (73-117) for the 1-Gbps line and
92 ms (73-118) for the 3-Mbps line.

Video signal packet loss and changes in surgical field images

We simultaneously and continuously measured the communication bandwidth of the trans-
mission signal, frame rate of the video, packet loss, and communication delay time during the
surgical task. A typical measurement example is shown in Fig 6. When a line with a communi-
cation bandwidth of 1-Gbps was used, the video signal transmission rate was stable at 5.2
Mbps (range 4.8-5.3), and the average packet loss rate was as low as 0.042%. However, when
the communication bandwidth was changed to 3-Mbps, the average packet loss rate increased
to 4.82%. When a subject started a robotic operation, the video communication bandwidth
decreased to 2 Mbps because CODEC allocated 1 Mbps bandwidth to the robot operation sig-
nal on a priority basis (arrowhead in the Fig 6). On the contrary, when the surgical operation
ended, the degree of packet loss was reduced (arrow in the Fig 6). The communication delay
(round-trip transmission time: RTT) was stable at less than 3 ms regardless of the bandwidth.
The same results were obtained in all 13 subjects.
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Image quality evaluation scale

Please rate the quality of the robotic surgery images on a scale of 1-5

according to the following criteria.

1 2 3 4 5
& = & L) L

[Evaluation criteria]

5: No degradation in image quality

4: Image quality degradation is there, but it doesn't bother me.

3: Image quality is degraded but does not interfere with the procedure

2: Image quality degradation slightly hinders the procedure.

1: Image quality degradation makes it impossible to perform the procedure

Fig 5. Image quality evaluation scale.

https://doi.org/10.1371/journal.pone.0270039.g005

Evaluation of surgical performance

Task completion time was significantly prolonged with the slower 3-Mbps line (350.2 + 91.7s vs.
386.2 + 92.6s, p = 0.013). Forceps travel distance was significantly longer for right-handed forceps
manipulation (3,786.7 = 750.8 mm vs. 4,064.2 + 952.2, p = 0.041), but left-handed forceps manip-
ulation also showed a trend toward longer distance (3,743.0 mm + 480.6 vs. 4,028.2 + 742.8,

p = 0.10). Evaluation of surgical performance by GEARS score, however, showed no significant
difference between the bands (25.4 + 3.4 vs. 23.6 + 2.6, p = 0.12). Among the evaluation items, the
accuracy of forceps movements and sutures were evaluated under the category of "Depth percep-
tion," and it was shown as being equal by bandwidth (3.7 vs. 3.5, p = 0.35).

Usability of the surgical robot

The evaluation of the usefulness of the tele-robotic surgery system by m-SUS showed a lower
trend at 3-Mbps than at 1-Gbps (21.31 + 4.50 vs. 19.08 + 4.55, p = 0.062).

In the Robot Usability Score, the evaluation of the stereoscopic view was significantly lower
for the 3-Mbps line than in the 1-Gbps line (p = 0.009), and hand control operation tended to
be lower (p = 0.06). There was no difference by line bandwidth in overall comfort of the surgi-
cal robot, smoothness of robot operation, follow-up, effectiveness (Table 1).
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Fig 6. An example of the bandwidth, frame rate of the video, packet lost, and delay time. The video signal
transmission rate was steady at 5.2 Mbps, and the average packet lost rate was as low as 0.042% with 1 Gbps. The
average packet loss rate increased to 4.82% with 3 Mbps. When a subject began a robotic operation, the visual
communication bandwidth was reduced to 2 Mbps because CODEC assigned a priority of 1 Mbps to the robot
operation signal (arrowhead). The surgical procedure was completed, the amount of packet loss decreased (arrow).
Regardless of bandwidth, the communication delay was less than 3 ms, Framerate (fps): Framerates per second, Video
(kbps): Video transmission value loss (kilobits per second), Pkt lost rate: Packet lost rate.

https://doi.org/10.1371/journal.pone.0270039.g006

Subjective image quality evaluation

Video abnormalities such as screen coarseness (4/13), diplopia (3/13), horizontal line delinea-
tion (1/13), and stereoscopic difficulty (2/13) were observed on the 3-Mbps line. In terms of
the effect of image quality degradation on the performance of the procedure, evaluation by the
image quality rating scale showed that the 3-Mbps line was significantly lower than the 1-Gbps
line (4 (4-5) vs. 3 (2-4), p = 0.034).

Self-reported fatigue score

On the PFS-12 score, the overall score increased significantly after the procedure for both
1-Gbps and 3-Mbps lines (Table 2A). The 3-Mbps line, in particular, showed an increase on all
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Table 1. Comparison of Robot Usability Score across line bandwidths.

Speed of the line 1-Gbps 3-Mbps P-value®
Physical Comfort 3.07 £ 0.95 2.77 £ 1.01 0.28
Hand Control 3.15£0.90 2.46 +0.97 0.06
Foot Control 4.08 + 0.64 4.07 £ 0.75 1.00

3D Vision 3.31+0.85 2.38 +1.04 0.009"
Annoyed or stressed 2.76 £ 0.83 2.62+0.87 0.62
Smoothness 2.85+0.90 2.85 £ 0.90 0.93
Satisfaction 2.84 +0.99 2.69 +0.85 0.88
Reality 3.00 + 1.00 2.61 +1.04 0.28

The evaluation of the stereoscopic view was significantly lower for the 3-Mbps line than in the 1-Gbps line. There was
no statistical difference of the score in the other parameters.

? p values were calculated using the paired ¢-test.

b p < 0.05.

https://doi.org/10.1371/journal.pone.0270039.t001

four subscales. On the contrary, the difference in the overall score of fatigue before and after
the procedure on the 3-Mbps line (A3 Mbps) was significantly larger than that of the 1-Gbps
line (A1 Gbps) (Table 2B).

Discussion

In this study, slight disturbances to the video image degraded the surgical performance and
increased surgeon fatigue, even though the transmission delay was minor and operability did
not change in a communication environment with a bandwidth lower than that required for
video transmission from a surgical robot. Since the required bandwidth of surgical robots var-
ies from model to model depending on the number of video pixels and data compression

Table 2. Comparison of the Piper Fatigue Scale-12 (PFS-12) between line bandwidths.

(a) PFS-12 score values before and after the task for each line.

Speed of the line 1 Gbps 3 Mbps
before after P-value * before after P-value *
All scores 2.93 3.60 0.049° 2.16 3.54 0.002°
Behavioral 251 3.53 0.024" 1.17 3.3 0.004°
Affective 3.23 3.87 0.070 2.66 4.12 0.016°
Sensorial 3.26 3.92 0.180 2.79 3.72 0.015°
Cognitive 2.69 3.10 0.388 1.46 2.99 0.016°
(b) Comparison of the change in PFS-12 values before and after the procedure for each line.
Speed of the line 41 Gbps 43 Mbps P-value *
All scores 0.68 + 1.12 1.37+1.23 0.041°
Behavioral 1.03 + 1.43 1.59 + 1.64 0.062
Affective 0.64 + 1.17 1.46 + 1.89 0.126
Sensorial 0.64 = 1.64 092 +1.18 0.471
Cognitive 0.41 + 1.65 1.53 £ 1.37 0.084

The all score increased significantly after the procedure for both 1-Gbps and 3-Mbps lines. The 3-Mbps line, in particular, showed an increase on all four subscales.
The difference in the all score of fatigue pre- and post-procedure on the 3-Mbps line (A3 Mbps) was significantly larger than that of the 1-Gbps line (A1 Gbps).

* p values were calculated using the paired t-test.

p <0.05.

https://doi.org/10.1371/journal.pone.0270039.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0270039  June 16, 2022 10/15


https://doi.org/10.1371/journal.pone.0270039.t001
https://doi.org/10.1371/journal.pone.0270039.t002
https://doi.org/10.1371/journal.pone.0270039

PLOS ONE

Impact of narrowband communication networks on telesurgery

ratio, the results of this study indicate the necessity of measuring the required bandwidth of
the surgical robot to be used in advance and preparing a communication line with at least the
minimum communication bandwidth.

In general, a dedicated line that guarantees the use of a wide bandwidth maintains the maxi-
mum communication bandwidth and has excellent stability and speed for high-capacity commu-
nication. However, the cost is remarkably high, making unsuitable for the widespread social
implementation of remote surgery [6]. Conversely, the best effort type line, which advertises the
maximum communication bandwidth among closed circuits with guaranteed security, 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. For this reason, new, more eco-
nomical line services have been launched, such as lines with secured minimum bandwidth (burst
lines) and best effort lines with bandwidth so wide that it surpasses instability.

Nevertheless, the available communication infrastructure varies from country to country
and region to region. When promoting the social implementation of telesurgery, several differ-
ent lines may be connected, and the possibility cannot be excluded that the amount of commu-
nication bandwidth may change due to the existence of bottlenecking, which creates narrow
bandwidth in some parts of the network, and that the bandwidth may fall below the required
level. Therefore, it is necessary to consider in advance the impact on surgical performance that
changes in the communication environment will have when conditions fall below the required
bandwidth. In addition, since surgeons adapt under stress even when they encounter a less
than optimal environment [18,19], including the degree of fatigue surgeons face is a necessary
part of constructing an evaluation.

In this study, the surgical robot required a video communication bandwidth of 5.2 Mbps,
with a 1-Gbps bandwidth-guaranteed line, the communication delay was 4 ms and the video
transmission delay from the endoscope camera to the monitor projection was 92 ms, with no
problems in 3D video transmission and good operability. On the other hand, with the 3-Mbps
line, the communication delay and video transmission delay were the same without extension,
but the average packet loss was 4.82%. As a result, the video was degraded and the Robot
Usability Score evaluated the 3D image quality as significantly low. Although they were able to
complete all surgeries, the surgeon had to perform accurate suture ligation maneuvers in a
suboptimal video environment, resulting in longer forceps travel distances and longer task
completion times. The significantly longer forceps travel distance in the right hand than in the
left hand was presumably due to the fact that the needle driver was attached to the robotic arm
of the right hand when performing the suturing task.

In remote surgery, it is known that delays occur in each step of communication network
transmission, information compression and decompression processing, video signal conver-
sion at the camera, and monitor projection, resulting in prolonged task completion time and
increased task error rate [19,20]. Furthermore, communication fluctuations (jitter) and packet
loss are known to cause video degradation [12] and make equipment operation difficult [21].
The CODEC used in this study has a mechanism that preferentially allocates 1 Mbps for opera-
tion signal transmission, yet no obstacle to the operability of the robot on either the m-SUS or
Robot Usability Score evaluations. In addition, the video transmission delay is extremely short,
92 ms, which is less than 200 ms, which is considered to be an acceptable delay time for teleo-
perations [18,22]. In addition, since the delay was less than 100 ms, which is considered to be
an acceptable delay time for telesurgery [22,23], the main cause of the prolongation of the task
completion time in this study was assumed to be caused by the packet loss of the video trans-
mission, not the delay. In a previous study, a telesurgery experiment was conducted using a 5
Mbps line with the same robot and the same facility conditions, and packet loss of less than 1%
with no video degradation was observed [24]. Based on this information, we chose to conduct
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this experiment using a 3-Mbps line. Video degradation, which can be caused by packet loss,
varies, so there is a need to verify the acceptable level of packet loss for each surgical robot.

The Peak signal-to-noise ratio (Peak) method [25,26] and the structural similarity index
measure (SSIM) [27] are known as objective evaluation methods for video degradation. How-
ever, it is also pointed out that they do not necessarily reflect subjective evaluation [28]. More-
over, the most important aspect of the video quality required for remote surgical images is
whether it is good enough for the surgeon to be able to perform the operation. Therefore, we
evaluated the image quality in terms of the outcome as to whether it interfered with the proce-
dure or not. As a result, the 3-Mbps line was evaluated as not interfering with the procedure,
although video degradation was perceived in comparison with the 1-Gbps line, yet the video
degradation was within the range to which the surgeon could adapt. In an objective assess-
ment, completion time was prolonged, which indicated that video degradation certainly had
an impact on surgical performance, but it was not recognized to be a serious obstacle to the
tasks. In other words, the surgeon adapts to the degradation of the image and subconsciously
operates at a slightly slower pace to maintain accuracy and complete the task, so when asked,
in the surgeon’s conscious personal experience, the operation is unaffected. Objectively, how-
ever, the task completion time is longer. These facts also suggest that there could be a discrep-
ancy between objective and subjective assessments.

On the other hand, it stands to reason that a certain level of burden might be imposed upon
the surgeon when performing operations in such a suboptimal environment. Therefore, we
also evaluated the degree of surgeon fatigue due to changes in the communication environ-
ment. In the past, it was reported that surgeons were able to adapt to an extended transmission
delay by training for this sort of delay time [18]. In other words, surgeons were able to adapt to
less-than-optimal conditions by expending a certain amount of energy. It is noteworthy that
surgeon fatigue would increase in the early stages of such changing conditions. According to
the PFS-12 survey, surgeon’ fatigue increased before and after the operation on both lines, but
the increase was particularly significant with the 3-Mbps line. This was thought to be a result
of the energy spent dealing with the video degradation caused by the change of bandwidth.

Armijo et al. previously reported the difference in fatigue between laparoscopic and robotic
surgery by measuring upper body muscle activity and self-reported fatigue using PFS-12. [29]
Also, it was reported that more than half of the surgeons performing robotic surgery for a long
period of time experienced physical issues [30]. In this study, we showed that not only the
robotic surgery itself but also the video degradation that occurs specifically in teleoperations
affected surgical performance and surgeon fatigue. In the future, communication environ-
ments will rapidly advance; the telesurgery environment will change to be more stabilize with
fewer communication interruptions. However, there is no doubt that constructing a minimum
environment necessary for safe and economic telesurgery is needed. Furthermore, the tele-
communications environment is not always sufficient in some of the very regions of the world
where telesurgery is badly needed. In order to succeed in such environments, both objective
and subjective evaluations are likely necessary to set appropriate standards for acceptable
packet loss and video quality, because there will be some discrepancy between subjective and
objective evaluations.

This study is meaningful because it was conducted in an actual telesurgery environment
using a real commercial line. On the other hand, it also has the following limitations: (1) Com-
munication bandwidth was tested with only two types, a 1-Gbps line and a 3-Mbps line, and
the bandwidth changed discontinuously. Therefore, we were unable to evaluate the effect of
the bandwidth on the video degradation continuously and quantitatively. However, in a previ-
ous study conducted under similar conditions, in which a 5-Mbps line was used, the video
image and the task completion time did not change, despite the packet loss that existed.
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Hence, the 3-Mbps line is assumed to be the approximate critical bandwidth. (2) Since the
required bandwidth varies depending on the types of surgical robots and encoders, the limit of
the bandwidth in this study applies only to this environment. (3) The surgical tasks were only
basic movements. Since negative effects were observed even for simple procedures in a subop-
timal environment, considerable negative effects might be seen in actual surgery. (4) The test
subjects were limited to residents who had no experience in robotic surgery. Acceptable limits
for video degradation and delay would expand for those with extensive robotic experience. (5)
The evaluating methods for surgical performance were subjective. However, using three differ-
ent metrics: m-SUS, Robot Usability Score, and GEARS, and evaluating the performance
quantitatively is surely valuable. In addition, we examined the effects of video degradation on
the technique and the fatigue level of the surgeons. They completed the operations despite the
energy it consumed, even in a suboptimal operating environment thanks to adaptation. There-
fore, evaluating the physiological effects on the surgeon has proven to be important.

Conclusions

In a communication environment with less than the required bandwidth, video image
degrades due to packet loss, the task completion time is prolonged, and this can be a cause of
increased surgeon fatigue, even when no prolongation of transmission delay or degradation of
operability is seen. Establishing an acceptable standard environment is necessary for perform-
ing telesurgery when temporary suboptimal communication conditions are encountered. In
addition, the selection of an appropriate communication line is essential for the social imple-
mentation of this modality.

Supporting information

S1 Table. Global Evaluative Assessment of Robotic Skills (GEARS).
(DOCX)

S2 Table. Piper Fatigue Scale-12 (PFS-12).
(DOCX)

Acknowledgments

We would also like to express our deepest gratitude to RIVERFIELD Inc, NTT East, Soliton
Systems K.K., Hirosaki University, and Mutsu General Hospital for their cooperation in the
experiment. We sincerely thank Shari Joy Berman for professionally editing the English draft
of this manuscript.

Author Contributions

Conceptualization: Kenichi Hakamada, Yuma Ebihara, Eiji Oki, Satoshi Hirano, Masaki
Mori.

Data curation: Harue Akasaka.
Formal analysis: Harue Akasaka.

Funding acquisition: Kenichi Hakamada, Hajime Morohashi, Yuma Ebihara, Eiji Oki, Satoshi
Hirano, Masaki Mori.

Investigation: Harue Akasaka, Hajime Morohashi, Takahiro Kanno, Yuma Ebihara.

Methodology: Harue Akasaka, Kenichi Hakamada, Hajime Morohashi.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270039  June 16, 2022 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270039.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270039.s002
https://doi.org/10.1371/journal.pone.0270039

PLOS ONE

Impact of narrowband communication networks on telesurgery

Project administration: Kenichi Hakamada, Hajime Morohashi, Masaki Mori.

Resources: Takahiro Kanno, Kenji Kawashima.

Software: Takahiro Kanno, Kenji Kawashima.

Supervision: Kenichi Hakamada, Yuma Ebihara, Eiji Oki, Satoshi Hirano, Masaki Mori.

Visualization: Harue Akasaka, Kenichi Hakamada.

Writing - original draft: Harue Akasaka, Kenichi Hakamada.

Writing - review & editing: Kenichi Hakamada, Hajime Morohashi, Takahiro Kanno, Kenji

Kawashima, Yuma Ebihara, Eiji Oki, Satoshi Hirano, Masaki Mori.

References

1.

10.

11.

12

13.

14.

15.

16.

Hakamada K, Mori M. The changing surgical scene: From the days of Billroth to the upcoming future of
artificial intelligence and telerobotic surgery. Ann Gastroenterol Surg. 2021; 5: 268—269. https://doi.org/
10.1002/ags3.12466 PMID: 34095715

Marescaux J, Leroy J, Gagner M, Rubino F, Mutter D, Vix M, et al. Transatlantic robot-assisted telesur-
gery. Nature. 2001; 413: 379-380. https://doi.org/10.1038/35096636 PMID: 11574874

Anvari M, McKinley C, Stein H. Establishment of the World’s First Telerobotic Remote Surgical Service.
Ann Surg. 2005; 241: 460—464. https://doi.org/10.1097/01.sla.0000154456.69815.ee PMID: 15729068

Sterbis JR, Hanly EJ, Herman BC, Marohn MR, Broderick TJ, Shih SP, et al. Transcontinental Telesur-
gical Nephrectomy Using the da Vinci Robot in a Porcine Model. Urology. 2008; 71: 971-973. https://
doi.org/10.1016/j.urology.2007.11.027 PMID: 18295861

Arata J, Takahashi H, Pitakwatchara P, Warisawa S, Konishi K, Tanoue K, et al. A remote surgery
experiment between Japan-Korea using the minimally invasive surgical system. World Congress on
Medical Physics and Biomedical Engineering 2006. Berlin: Springer; 2007. pp. 3065—-3068. https://doi.
org/10.1007/978-3-540-36841-0_776

Mohan A, Wara UU, Arshad Shaikh MT, Rahman RM, Zaidi ZA. Telesurgery and Robotics: An
Improved and Efficient Era. Cureus. 2021; 13. https://doi.org/10.7759/cureus.14124 PMID: 33927932

Bonaci T, Herron J, Yusuf T, Yan J, Kohno T, Chizeck HJ. To Make a Robot Secure: An Experimental
Analysis of Cyber Security Threats Against Teleoperated Surgical Robots. arXiv: 1504.04339v2[Pre-
print]. 2015 [cited 22 Sep 2021]. Available from: http://arxiv.org/abs/1504.04339.

Ginoya T, Maddahi Y, Zareinia K. A Historical Review of Medical Robotic Platforms. J Robot. 2021; 1—
13. https://doi.org/10.1155/2021/6640031

Stark M, Pomati S, D’Ambrosio A, Giraudi F, Gidaro S. A new telesurgical platform—preliminary clinical
results. Minim Invasive Ther Allied Technol. 2015; 24: 31-36. https://doi.org/10.3109/13645706.2014.
1003945 PMID: 25627435

Zheng J, Wang Y, Zhang J, Guo W, Yang X, Luo L, et al. 5G ultra-remote robot-assisted laparoscopic
surgery in China. Surg Endosc. 2020; 34: 5172-5180. https://doi.org/10.1007/s00464-020-07823-x
PMID: 32700149

Tian W, Fan M, Zeng C, Liu Y, He D, Zhang Q. Telerobotic Spinal Surgery Based on 5G Network: The
First 12 Cases. Neurospine. 2020; 17: 114-120. https://doi.org/10.14245/ns.1938454.227 PMID:
32252160

Leveque L, Zhang W, Cavaro-Menard C, Le Callet P, Liu H. Study of Video Quality Assessment for Tel-
esurgery. IEEE Access. 2017; 5: 9990-9999. hitps://doi.org/10.1109/ACCESS.2017.2704285

Tadano K, Kawashima K, Kojima K, Tanaka N. Development of a Pneumatic Surgical Manipulator IBIS
1IV. J Robot Mechatronics. 2010; 22: 179-188. https://doi.org/10.20965/jrm.2010.p0179

Goh AC, Goldfarb DW, Sander JC, Miles BJ, Dunkin BJ. Global Evaluative Assessment of Robotic
Skills: Validation of a Clinical Assessment Tool to Measure Robotic Surgical Skills. J Urol. 2012; 187:
247-252. https://doi.org/10.1016/j.juro.2011.09.032 PMID: 22099993

Brooke J. “SUS-A quick and dirty usability scale.” Usability evaluation in industry. 1sted. Florida: C.
Press; 1996.

Reeve BB, Stover AM, Alfano CM, Smith AW, Ballard-Barbash R, Bernstein L, et al. The Piper Fatigue
Scale-12 (PFS-12): Psychometric findings and item reduction in a cohort of breast cancer survivors.
Breast Cancer Res Treat. 2012. pp. 9-20. https://doi.org/10.1007/s10549-012-2212-4 PMID:
22933027

PLOS ONE | https://doi.org/10.1371/journal.pone.0270039  June 16, 2022 14/15


https://doi.org/10.1002/ags3.12466
https://doi.org/10.1002/ags3.12466
http://www.ncbi.nlm.nih.gov/pubmed/34095715
https://doi.org/10.1038/35096636
http://www.ncbi.nlm.nih.gov/pubmed/11574874
https://doi.org/10.1097/01.sla.0000154456.69815.ee
http://www.ncbi.nlm.nih.gov/pubmed/15729068
https://doi.org/10.1016/j.urology.2007.11.027
https://doi.org/10.1016/j.urology.2007.11.027
http://www.ncbi.nlm.nih.gov/pubmed/18295861
https://doi.org/10.1007/978-3-540-36841-0%5F776
https://doi.org/10.1007/978-3-540-36841-0%5F776
https://doi.org/10.7759/cureus.14124
http://www.ncbi.nlm.nih.gov/pubmed/33927932
http://arxiv.org/abs/1504.04339
https://doi.org/10.1155/2021/6640031
https://doi.org/10.3109/13645706.2014.1003945
https://doi.org/10.3109/13645706.2014.1003945
http://www.ncbi.nlm.nih.gov/pubmed/25627435
https://doi.org/10.1007/s00464-020-07823-x
http://www.ncbi.nlm.nih.gov/pubmed/32700149
https://doi.org/10.14245/ns.1938454.227
http://www.ncbi.nlm.nih.gov/pubmed/32252160
https://doi.org/10.1109/ACCESS.2017.2704285
https://doi.org/10.20965/jrm.2010.p0179
https://doi.org/10.1016/j.juro.2011.09.032
http://www.ncbi.nlm.nih.gov/pubmed/22099993
https://doi.org/10.1007/s10549-012-2212-4
http://www.ncbi.nlm.nih.gov/pubmed/22933027
https://doi.org/10.1371/journal.pone.0270039

PLOS ONE

Impact of narrowband communication networks on telesurgery

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Kanda Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone
Marrow Transplant. 2013; 48: 452—458. https://doi.org/10.1038/bmt.2012.244 PMID: 23208313

Xu S, Perez M, Yang K, Perrenot C, Felblinger J, Hubert J. Effect of latency training on surgical perfor-
mance in simulated robotic telesurgery procedures. Int J Med Robot Comput Assist Surg. 2015; 11:
290-295. https://doi.org/10.1002/rcs.1623 PMID: 25328078

Kim T, Zimmerman PM, Wade MJ, Weiss CA. The effect of delayed visual feedback on telerobotic sur-
gery. Surg Endosc Other Interv Tech. 2005; 19: 683-686. https://doi.org/10.1007/s00464-004-8926-6
PMID: 15776211

Orosco RK, Lurie B, Matsuzaki T, Funk EK, Divi V, Holsinger FC, et al. Compensatory motion scaling
for time-delayed robotic surgery. Surg Endosc. 2021; 35: 2613-2618. https://doi.org/10.1007/s00464-
020-07681-7 PMID: 32514831

Zhang Q, Liu J, Zhao G. Towards 5G Enabled Tactile Robotic Telesurgery. arXiv: 1803.03586v1 [Pre-
print]. 2018 [cited 26 Sep 2021]. Available from: http:/arxiv.org/abs/1803.03586.

Choi PJ, Oskouian RJ, Tubbs RS. Telesurgery: Past, Present, and Future. Cureus. 10: e2716. 2018.
https://doi.org/10.7759/cureus.2716 PMID: 30079282

Wirz R, Torres LG, Swaney PJ, Gilbert H, Alterovitz R, Webster RJ, et al. An Experimental Feasibility
Study on Robotic Endonasal Telesurgery. Neurosurgery. 2015; 76: 479—484. https://doi.org/10.1227/
NEU.0000000000000623 PMID: 25599203

Morohashi H, Hakamada K, Kanno T, Kawashima K, Akasaka H, Ebihara Y, et al. Social implementa-
tion of a remote surgery system in Japan: a field experiment using a newly developed surgical robot via
a commercial network. Surg Today. 2021; 1: 1-10. https://doi.org/10.1007/s00595-021-02384-5 PMID:
34668052

Kaushik P, Sharma Y. Comparison of different image enhancement techniques based upon Psnr &
Mse. IntJ Appl Eng Res. 2012; 7: 2010-2014.

Tanabe Y, Ishida T. Quantification of the accuracy limits of image registration using peak signal-to-
noise ratio. Radiol Phys Technol. 2017; 10: 91-94. https://doi.org/10.1007/s12194-016-0372-3 PMID:
27539271

Wang Z, Bovik AC, Sheikh HR, Simoncelli EP. Image Quality Assessment: From Error Visibility to
Structural Similarity. IEEE Trans Image Process. 2004; 13: 600-612. https://doi.org/10.1109/tip.2003.
819861 PMID: 15376593

Huynh-Thu Q, Ghanbari M. Scope of validity of PSNR in image/video quality assessment. Electron Lett.
2008; 44: 800. https://doi.org/10.1049/el:20080522.

Armijo PR, Huang C-K, High R, Leon M, Siu K-C, Oleynikov D. Ergonomics of minimally invasive sur-
gery: an analysis of muscle effort and fatigue in the operating room between laparoscopic and robotic
surgery. Surg Endosc. 2019; 33: 2323-2331. https://doi.org/10.1007/s00464-018-6515-3 PMID:
30341653

Lee GlI, Lee MR, Green |, Allaf M, Marohn MR. Surgeons’ physical discomfort and symptoms during
robotic surgery: a comprehensive ergonomic survey study. Surg Endosc. 2017; 31: 1697—-1706. https://
doi.org/10.1007/s00464-016-5160-y PMID: 27515836

PLOS ONE | https://doi.org/10.1371/journal.pone.0270039  June 16, 2022 15/15


https://doi.org/10.1038/bmt.2012.244
http://www.ncbi.nlm.nih.gov/pubmed/23208313
https://doi.org/10.1002/rcs.1623
http://www.ncbi.nlm.nih.gov/pubmed/25328078
https://doi.org/10.1007/s00464-004-8926-6
http://www.ncbi.nlm.nih.gov/pubmed/15776211
https://doi.org/10.1007/s00464-020-07681-7
https://doi.org/10.1007/s00464-020-07681-7
http://www.ncbi.nlm.nih.gov/pubmed/32514831
http://arxiv.org/abs/1803.03586
https://doi.org/10.7759/cureus.2716
http://www.ncbi.nlm.nih.gov/pubmed/30079282
https://doi.org/10.1227/NEU.0000000000000623
https://doi.org/10.1227/NEU.0000000000000623
http://www.ncbi.nlm.nih.gov/pubmed/25599203
https://doi.org/10.1007/s00595-021-02384-5
http://www.ncbi.nlm.nih.gov/pubmed/34668052
https://doi.org/10.1007/s12194-016-0372-3
http://www.ncbi.nlm.nih.gov/pubmed/27539271
https://doi.org/10.1109/tip.2003.819861
https://doi.org/10.1109/tip.2003.819861
http://www.ncbi.nlm.nih.gov/pubmed/15376593
https://doi.org/10.1049/el:20080522
https://doi.org/10.1007/s00464-018-6515-3
http://www.ncbi.nlm.nih.gov/pubmed/30341653
https://doi.org/10.1007/s00464-016-5160-y
https://doi.org/10.1007/s00464-016-5160-y
http://www.ncbi.nlm.nih.gov/pubmed/27515836
https://doi.org/10.1371/journal.pone.0270039

