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Abstract

Objective: The challenges of an aging population worldwide are the increased number of people needing medical and nursing
care and inadequate medical resources. Information and communication technologies have progressed remarkably, leading to
innovations in various areas. 5G communication systems are capable of high-capacity, high-speed communication with low
latency and are expected to transform medicine. We aimed to report a demonstration experiment of telerehabilitation and tele-
medicine using a mobile ultrasound system in a depopulated area in a mountainous terrain, where 32% of the population are
65 years or older.

Methods: At the core hospital, a physician or physical therapist remotely performed ultrasonography or rehabilitation on a
subject in a clinic. Five general residents participated in the telerehabilitation as subjects. The delay time and video quality
transmitted with 5G and long-term evolution (LTE) communication systems were compared. The physician or physical ther-
apist subjectively evaluated the quality and delay of the transmitted images and subject acceptability.

Results: Of seven physical therapists, six and three responded that the video quality was “good” for telerehabilitation with
5G/4K resolution and LTE, respectively. Five physical therapists and one physical therapist reported that the delay time was
“acceptable” with 5G/4K resolution and LTE, respectively. For telemedicine using a mobile ultrasound system, the responses
for 5G were “the delay was acceptable” and “rather acceptable.” In contrast, both respondents’ responses for LTE were “not
acceptable.”

Conclusions: Multiple high-definition images can be transmitted with lower latency in telerehabilitation and telemedicine
using mobile ultrasound imaging systems with a 5G communication system. These differences affected the subjective evalu-
ation of the doctors and physical therapists.
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Introduction
The aged population is currently at its highest level in human
history. The challenges of an aging population worldwide are
the increased number of people needing medical and nursing
care and inadequate medical resources.1,2 Furthermore, while
technological breakthroughs in the medical and nursing
fields have brought many benefits to the healthcare sectors,
the economic burden continues to increase.3–5 There is a
need to reduce the demand for resources through health man-
agement and prevention by early intervention in health issues
and to use medical resources effectively by improving work
efficiency in the medical and allied fields.6,7

In recent years, there has been remarkable progress in
information and communication technologies, leading to
innovations in various areas.8–10 The promotion of
advanced medical care and streamlining of surgeries
through electronic medical records are already wide-
spread.11 In addition to the breakthrough in advanced medi-
cine, the telemedicine system can provide medical care with
fewer resources and restrictions on location. This is
expected to reduce regional disparities in healthcare.12 In
addition, in combination with the internet of things (IoT),
it is expected to understand health conditions from the pre-
disease stage, which will contribute to preventive medicine
and reduce the burden on medical resources.13,14

5G communication systems are capable of high-
capacity, high-speed communication with low latency,
and their use is expected to transform medicine.15 In moun-
tainous and depopulated areas, access to medical specialists
and rehabilitation specialists is difficult, and the burden of
transportation for medical personnel is high for home visit
medical care and rehabilitation.16,17

There are few reports on telemedicine and health manage-
ment in mountainous, aging, and depopulated areas using 5G
communication technology.18 Telemedicine enables patients
to receive high-quality medical services without having to
leave home or travel and to efficiently utilize medical
resources. Telemedicine and healthcare systems will also
be integrated into the social system transformation of the
current centralized system to a decentralized system, acceler-
ated by the coronavirus disease pandemic.19

Here, we report a demonstration experiment in which
industry, academia, government, and the private sector col-
laborated to conduct telerehabilitation and implement tele-
medicine using a mobile ultrasound imaging system with
5G communications in a depopulated area in a mountainous
terrain, where 32% of the population are 65 years or older.

Methods

Recruitment

The study was conducted from January to March 2020. The
study was approved by the ethical review committee at

Shinshiro Municipal Hospital (approval number:
18000081 R2-1), and informed consent was obtained
from the participants.

Field and participants

This demonstration experiment was conducted in Shinshiro
City, Aichi Prefecture, Japan. Shinshiro City is a municipal-
ity designated by the Ministry of Internal Affairs and
Communications as a depopulated area. The population is
approximately 47,000, and those 65 years or older
account for 32%. The Tsukude area is a mountainous
region in Shinshiro City with few medical resources. This
demonstration was carried out in Shinshiro Municipal
Hospital, the only core hospital in Shinshiro City, and
Tsukude Clinic, designated as a base for telemedicine in
mountainous areas. The subjects for telerehabilitation
were selected from the general residents of southern
Tsukude with a history of visits to or hospitalization at
Shinshiro Municipal Hospital and are currently participat-
ing in Tsukude Clinic’s functional training program. The
subjects for telemedicine using a mobile ultrasound
imaging system were selected from Shinshiro City employ-
ees as a part of the countermeasure against the spread of
coronavirus infection.

Network configuration

The 5G communication base stations used in this demon-
stration included one permanent station installed in
Tsukude Clinic. The specifications of the base station at
Tsukude Clinic were 4.5 GHz for 5G and 800 MHz for
long-term evolution (LTE). Each terminal device was con-
nected to a 5G-enabled mobile router (SH-52A; NTT
Docomo, Tokyo, Japan) by Wi-Fi, Bluetooth, or local
area network (LAN) cable, and the data were transmitted
to the 5G communication base station. The Docomo
Open Innovation Cloud® (provided by NTT Docomo)
was used for the cloud infrastructure. The connection to
the cloud system at Shinshiro Municipal Hospital was
made using an optical line network.

The mobile echo probe terminal was a Viewphii™
Linear-7.5 M type (Socionext, Kanagawa, Japan). The
probe was connected to a tablet device with special software
installed through the LAN cable. The tablet device was con-
nected to a 5G-enabled mobile router using Wi-Fi. NIPRO
HeartLine™ (NIPRO Corporation, Osaka, Japan) was used
as the remote interview system. NIPRO HeartLine™ is an
online medical system, which can be installed on a tablet
device with a camera for remote interaction, and the follow-
ing devices can be connected wirelessly (Bluetooth®) to
check the biological data on the system; it consists of
NIPRO electrical thermometer NSM-1BLE, NIPRO elec-
trical sphygmomanometer NBP-1BLE, Masimo SET
Finger Pulse Oximeter MightySat™, and ECG transmitter
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Cocoron®. The tablet with the installed NIPROHeartLine™
software was connected to a 5G-enabled mobile router via
Wi-Fi. Simi Motion 2D/3D® (SIMI® Reality Motion
Systems GmbH, Unterschleißheim, Germany) was used for
markerless motion capture in telerehabilitation. Eight indus-
trial high-resolution cameras were connected via a LAN
cable to a laptop with Simi Motion software installed, and a
5G-enabled mobile router was connected to the laptop by a
LAN cable. We prepared one camera for close-up photog-
raphy to capture the remote demonstration, one head-
mounted camera to beworn on the head of the remote health-
care worker to capture images close to the field of view, and
one communication camera for conversations between
remote sites. The close-up camera and communication
camera were connected to the encoder by LAN cable, and
the head-mounted camera was connected to the encoder by
wireless connection (Bluetooth®).

Demonstration activities

Five subjects were selected for this study. Inclusion criteria
included a history of consultation or hospitalization at the
Shinshiro Municipal Hospital, participation in the func-
tional training project conducted at Tsukude Clinic, cogni-
tive function maintenance, and communication through

remote monitoring. We judged the maintenance of cogni-
tive function by whether the patient was able to communi-
cate via a monitor in a nurse-assisted setting.

A physiotherapist at Shinshiro Municipal Hospital
remotely checked the subject’s vital signs at Tsukude
Clinic before the commencement of rehabilitation. Before
starting physical therapy, medical interviews were per-
formed using the online medical care system (NIPRO
HeartLine™). Data on body temperature, blood pressure,
pulse rate, and peripheral capillary oxygen saturation
were sent to the physical therapist at Shinshiro Municipal
Hospital in real time. Gait training was performed during
physical therapy. The subject, accompanied by a nurse, per-
formed muscle strength training of the lower limbs and
walked in parallel bars. The subject’s gait training was
filmed using a fixed 4K camera. In addition, a head-
mounted camera was worn by the nurse accompanying
the gait-training procedure to capture local images close
to the field of view. These images were transmitted and
monitored in real time by a physical therapist at Shinshiro
Municipal Hospital, who provided guidance. Gait,
walking speed, and joint positions were measured using
markerless motion capture. Simultaneously, dynamic
loads at the sole of the foot (Figure 1) were measured
using an insole-type IoT device.

Figure 1. Overview of telemedicine using ultrasonography and telerehabilitation system. Telemedicine using ultrasonography and
telerehabilitation is a system in which data are transmitted between a remote clinic and a core hospital via a fifth generation (5G) communication
system, and the subject at the remote site receives medical treatment and rehabilitation under the direction and guidance of medical personnel at
the core hospital. Long-term evolution communication system was used for comparison of transmission capacity with the 5G communication
system. Vital data included SpO2, body temperature, heart rate, pulse rate, blood pressure, and electrocardiogram. 5G: fifth generation
communication system; IoT: internet of things; LTE: long-term evolution.
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Evaluation items and telerehabilitation methods

1. Sufficiency of video quality required for physical thera-
pist’s rehabilitation guidance: A physical therapist eval-
uated whether the resolution of 4K video at 15 Mbps
and the latency of video transmission using 5G commu-
nication were within the acceptable range. In addition,
the resolution of the transmitted video was changed to
high definition (HD), 2K, and 4K at a bit rate of 5
Mbps using LTE communication, and the quality of
each video was verified. The evaluation judgment was
based on three levels: “good,” “rather good,” and
“bad” for video quality, and “acceptable,” “rather
acceptable,” and “not acceptable” for delay time.

2. Subject acceptability: We asked the subjects the follow-
ing questions:
• Did you feel comfortable with remote rehabilitation?
• Compared with in-person, were you able to commu-

nicate with the remote physical therapist more
smoothly?

Selection of subjects and implementation details
of telemedicine using a mobile ultrasound imaging
system

The subjects were three employees of Shinshiro. After a
remote interview, the subjects underwent an ultrasound
examination of the abdomen using a mobile ultrasound
imaging system. A doctor at the Shinshiro Municipal
Hospital gave instructions, and a medical worker at
Tsukude Clinic operated the probe. The ultrasound
images were transmitted and displayed on a monitor at
Shinshiro Municipal Hospital. The medical staff operating
the probe wore a head-mounted camera, and the images
close to their field of view were transmitted to the
Shinshiro Municipal Hospital in real time. In this demon-
stration, the medical personnel who operated the probes
were radiologists. This was done to evaluate the perform-
ance of remote ultrasound examinations by remotely
instructing medical personnel who do not perform ultra-
sound examinations in their daily work to operate the
probe (also shown in Figure 1).

Evaluation items and methods of telemedicine using
a mobile ultrasound imaging system

1. Sufficiency of video quality required for telemedicine in
mobile ultrasonography: Two doctors evaluated
whether the image resolution and delay time in trans-
mission were within the acceptable ranges. The evalu-
ation items were “good,” “rather good,” and “poor”
for video quality, and “acceptable,” “rather acceptable,”

and “not acceptable” for delay time. For 5G communi-
cation, the bit rate was set at 15 Mbps for 4K quality,
and for LTE communication, the bit rate was set at 5
Mbps for HD quality.

2. Subject acceptability: The following questions were
asked:
• Did you have any concerns about remote

ultrasonography?
• Would you be willing to undergo remote echography

in the future?
• The answers to each question were in the following

four levels: “very reassuring,” “generally reassur-
ing,” “somewhat reassuring,” and “very anxious”
in response to question 1, and “want to take it in
remotely,” “would rather take it in remotely,”
“would rather take it in person,” and “want to take
it in person” in response to question 2.

Evaluation of data transmission

Data transmission in telerehabilitation. For the video frame
rate, the resolution and frame rate of the camera images
for motion capture transmitted to the Shinshiro Municipal
Hospital were logged and confirmed using the functions
in the system. The software for frame rate measurement
(Open Capture and Analysis Tool version 1.6.0; AMD,
Santa Clara, CA, USA) was used to measure the frame
rate of the entire system. A camera captured a clock that
can be synchronized at a distance to investigate the image
delay between the base hospitals and the delay of remote
operation from the core hospital.

Data transmission in telemedicine using a mobile ultrasound
imaging system. The frame rate measurement software on
the recipient computer was installed to measure the frame
rate of the entire system. The time delay of the video was
measured by visually comparing the time difference
between the clock displayed on the destination computer
and the clock displayed on the capture screen on the
source tablet. The transmission capability was verified by
comparing the transmission of low- and high-quality
videos. The low-quality video had a bit rate of 2 Mbit
and a resolution of 960 × 600 pixels, whereas the high-
quality video had a bit rate of 8 Mbit and a resolution of
1440 × 600 pixels.

Results

Telerehabilitation

Video quality and transmission delay time. For the 5G com-
munication system, six out of seven respondents answered
that the quality was “good” for 4K resolution and 15 Mbps,
and it was the largest number among the four groups. For
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LTE communication, the three groups were similar, except
for the single “bad” response in the LTE/2K/5-Mbps group
(Table 1).

Of the seven respondents, five answered that the latency
was “acceptable” for 5G communication, and it is the
largest number among the four groups. In LTE, the higher
the quality of the image to be transmitted, the lower the
acceptance rating, and only one person in the LTE/4K/
5-Mbps group responded with “acceptable” (Table 2).

Subject acceptability. For the answer to question 1, three
respondents responded “very reassuring” and two
responded “generally reassuring” for the sense of security
in the first demonstration. In the second demonstration,
four respondents answered “very reassuring” and one
respondent answered “generally reassuring.” One respond-
ent who answered “generally reassuring” commented, “I
felt uneasy when my legs did not move well.” As the
answer to question 2, in terms of communication with the

physical therapist compared with face-to-face conversation,
three respondents chose the response, “I was able to com-
municate as usual” in the first session, and two responded,
“I was able to communicate generally.” In the second
round, all five chose “I was able to communicate with
them generally” (Figures 2 and 3).

Telemedicine using a mobile ultrasound
imaging system

Video quality and transmission delay time. The respondents
reported poor video quality for both 5G and LTE commu-
nication systems. This was because the quality was rela-
tively poor compared with the images from the echo
equipment owned by the Shinshiro Municipal Hospital. It
was confirmed that various organs could be evaluated
without any problems and that there was no problem in
diagnosing the cases. Regarding the delay time, the
responses for 5G communication were the delay was
“acceptable” and it was “rather acceptable”. In contrast,
for LTE communication, both respondents answered that
the delay was “not acceptable.”

Subject acceptability. Two respondents chose “very
anxious” in the first session, and one respondent chose
“very reassuring.” The second time, two respondents
answered “generally reassuring,” and one respondent
answered “very reassuring.” One respondent answered, “I
would rather take it in remote” for the first and second
time, and two respondents chose, “I would rather take it
in person” for the first time and one respondent for the
second time. One respondent answered “I want to take it
remotely” for the second time (Tables 3 and 4).

Evaluation of data transmission

Data transmission in telerehabilitation. The frame rate of the
video at the core hospital was an average of 28 frames per
second (fps) at 4K resolution. The video delay was less than
1 s at the maximum delay in visual inspection based on the
clock displayed on the capture screen.

Data transmission in telemedicine using a mobile ultrasound
imaging system. The maximum frame rate on the tablet
device was 25 fps for the linear mode and 18 fps for the
convex mode. The frame rates on the recipient computer
in the Shinshiro Municipal Hospital were 25 fps for low-
quality images and 29 fps for high-quality images. The
frame rate of the recipient computer was higher than the
maximum frame rate of the sending tablet device for both
low- and high-quality images. Therefore, the recipient com-
puter can draw images at the maximum frame rate as a
stand-alone device with a tablet terminal. The video delay
was less than 2 s at the maximum delay in the visualization
of the clock displayed on the capture screen.

Table 1. Evaluation of video quality in telerehabilitation.

Communication system, resolution,
and transmission rate

5G/4K/15
Mbps

LTE/HD/5
Mbps

LTE/2K/5
Mbps

LTE/4K/5
Mbps

Good 6 3 3 3

Rather
good

1 4 3 4

Bad 0 0 1 0

5G: 5G communication system; LTE, long-term evolution system; 4K, 4K
resolution; HD: high-definition resolution.

Table 2. Evaluation of delay time in telerehabilitation.

Communication system, resolution,
and transmission rate

5G/4K/15
Mbps

LTE/HD/5
Mbps

LTE/2K/5
Mbps

LTE/4K/5
Mbps

Acceptable 5 4 3 1

Rather
acceptable

2 3 3 6

Not
acceptable

0 0 1 0

5G: 5G communication system; LTE: long-term evolution system; 4K: 4K
resolution; HD: high-definition resolution.
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Discussion

Principal results

In this study, telemedicine and telerehabilitation for abdom-
inal ultrasound examinations were conducted in an aging
medical depopulated area using 5G and LTE communica-
tion technologies. To the best of our knowledge, this is
the first report demonstrating remote acoustic field testing
and telerehabilitation using 5G communication technology
in an aging mountainous region.

Comparison with prior work

The tele-ultrasound system was devised by the National
Taiwan University Hospital for the Emergency Medical
Services system.20 A previous practical experiment of ultra-
sonography in telemedicine reported real-time transmission
over 802.11 g ad-hoc and 3G cellular broadband networks
with Video Graphics Array resolution and Quarter Video
Graphics Array at a frame rate of 10–30 fps. In this

experiment, the image quality in both 802.11 g and 3G
wireless transmission was adequately preserved, while
missed frames could momentarily decrease the diagnostic
value.21 In recent years, as communication technology
has advanced, the usefulness of remote ultrasound testing
has also improved. A practical experiment of ultrasonog-
raphy in telemedicine using 4G internet transmission
reported that the lowest median frame rate was found
using a 4G internet connection. In this experiment, when
the frame rate was poor, it was extremely difficult to
assess whether it was a good image and to appraise patholo-
gies.22 Our demonstration outcome was similar to previous
reports that LTE caused the images to be depicted frame by
frame, and 5G communication technology has realized a
lower latency and smoother video transmission to the
extent that it has made a difference in the subjective assess-
ment of the recipient’s physician when compared with LTE.

In remote rehabilitation, the fixed-point images taken by
the fixed camera were flat, and we thought that it would be
possible to supplement the three-dimensional understanding
by adding real-time measurements by markerless motion

Figure 2. A view of Shinshiro municipal hospital (core hospital). A physical therapist is conducting a medical interview. The motion capture
system and dynamic load detected by the insole-type internet of things are shown on a large monitor.
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capture. The previous studies showed that the use of
motion capture is useful even in telerehabilitation.23,24

They were in the experimental phase, and their usefulness
in clinical practice is not yet clear. Dynamic loading in the
sole is used to learn more about the patient’s subtle center
of gravity and gait characteristics, but its usefulness is still
under study.

In the interview conducted on the subjects of abdominal
ultrasound, the responses were that they wanted an
in-person examination. The reasons given were: “I don’t

communicate well with remote doctors” and “I was a
little anxious the first time.” This is a valid concern for tele-
interaction because such 5G applications are rare. The sub-
jects of this study have had little previous exposure to
5G-based tele-interactions. It was inferred that actual
patients would be more anxious, and it was necessary to
deal with the reliability of the subjects in the remote ultra-
sound examination. Because of the small number of
responses in this study, further investigation of patient sat-
isfaction with abdominal ultrasonography is needed.

Figure 3. A view of the Tsukude Clinic (a base for telemedicine in mountainous areas). A subject and an assistant nurse are on site. The
monitor shows a physical therapist at the core hospital, communicating with the examinee.

Table 3. Evaluation of reassurance in telemedicine using mobile
ultrasonography.

First Second

Very reassuring 1 1

Generally reassuring 0 2

Somewhat anxious 0 0

Very anxious 2 0

Table 4. Intentions for telemedicine in the future using mobile
ultrasonography.

First Second

I want to take remotely 0 1

I would rather take in remote 1 1

I would rather take in person 2 1

I want to take in person 0 0

Saeki et al. 7



Meanwhile, studies of patient satisfaction with telemedi-
cine reported that 94%–99% reported being “very satisfied”
in all telehealth attributes.25,26 There is also a prospect for
5G tele-interaction to become commonplace in many
aspects of daily life,27,28 and it will affect how future
patients will perceive tele-treatment.

The strength of this study is that it was conducted in
aging and depopulated mountainous area in Japan, a
country with an advanced aging population. In addition to
evaluating the performance of the technology using 5G
communications, feedback was obtained from the actual
providers and recipients of healthcare in that area with the
cooperation of the local government and the municipal
hospital.

This demonstration experiment was not just a practical
application of telemedicine technology but also an experi-
ment designed to provide medical resources to an aging
population in mountainous areas. It is expected to reduce
the cost of transportation for physical therapists and
doctors. The practice of telemedicine requires solving
several challenges, such as regulation and legal issues, in
addition to reducing its costs.29,30

Limitations
Several limitations of this demonstration experiment should
be acknowledged. The subjects of the abdominal ultrasound
examination were not actual patients but employees of
Shinshiro City; the subjective evaluation of the subjects
may differ from that of the actual patients. However, it
was possible to obtain critical opinions about the remote
examination based on statements such as “I would rather
have the examination face-to-face.”

Conclusions
Using 5G communication technology, we confirmed that
multiple HD images could be transmitted with lower
latency in telerehabilitation than in LTE communication
systems. We also confirmed that images from mobile ultra-
sound imaging systems could be transmitted more conveni-
ently. These improvements in data transmission also
affected the subjective evaluation of the doctors and phys-
ical therapists who performed the treatment.

Telerehabilitation and telemedicine using mobile ultra-
sound systems with a 5G communication system will
provide a useful resource for healthcare in aging and
depopulated mountainous areas.
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