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During COVID-19 Pandemic
Shengzheng Wu , Dudu Wu , Ruizhong Ye, Keyan Li, Yuehua Lu, Jufen Xu, Linfei Xiong,

Yuanyuan Zhao, Ailin Cui, Yaqing Li, Chengzhong Peng, and Faqin Lv

Abstract— Early diagnosis is critical for the prevention
and control of the coronavirus disease 2019 (COVID-19).
We attempted to apply a protocol using teleultrasound,
which is supported by the 5G network, to explore the
feasibility of solving the problem of early imaging assess-
ment of COVID-19. Four male patients with confirmed or
suspected COVID-19 were hospitalized in isolation wards
in two different cities. Ultrasound specialists, located in two
other different cities, carried out the robot-assisted teleul-
trasound and remote consultation in order to settle the prob-
lem of early cardiopulmonary evaluation. Lung ultrasound,
brief echocardiography,and blood volume assessmentwere
performed. Whenever difficulties of remote manipulation
and diagnosis occurred, the alternative examination was
repeated by a specialist from another city, and in sequence,
remote consultation was conducted immediately to meet
the consensus. The ultrasound specialists successfully
completed the telerobotic ultrasound. Lung ultrasound indi-
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cated signs of pneumonia with varying degrees in all cases
and mild pleural effusion in one case. No abnormalities
of cardiac structure and function and blood volume were
detected. Remote consultation on the issue of manipulation
practice, and the diagnosis in one case was conducted. The
cardiopulmonary information was delivered to the frontline
clinicians immediately for further treatment. The practice of
teleultrasoundprotocol makes early diagnosis and repeated
assessment available in the isolation ward. Ultrasound
specialists can be protected from infection, and personal
protective equipment can be spared. Quality control can
be ensured by remote consultations among doctors. This
protocol is worth consideration as a feasible strategy for
early imaging assessment in the COVID-19 pandemic.

Index Terms— 5G network, coronavirus disease 2019
(COVID-19), infectious disease, telerobotics, ultrasound.

I. INTRODUCTION

THERE is a new public health crisis threatening the world
with the emergence and spread of 2019 novel coronavirus

or the severe acute respiratory syndrome coronavirus 2 [1]–[3].
Since November 2019, the coronavirus disease 2019
(COVID-19) has been spreading in China, and now it
is prevailing worldwide. According to the World Health
Organization (WHO) situation report of March 30, 2020,
a total of 638 146 confirmed cases globally, 82 356 confirmed
in China, with 30 039 deaths (4.7%) and 555 790 cases
confirmed outside of China in 202 different countries, areas
or territories [4], [5]. In China, the epidemic was effectively
controlled in late March, 2020 after great efforts.

In the severely affected cities, such as Wuhan, Hubei
Province, China, during the early epidemic period, medical
resources are severely insufficient because there are extensive
suspicious cases waiting for test and abundant confirmed cases
needing treatment. To cope with this situation, early diagnosis
is critical. The major diagnostic measures include chest CT
scan and laboratory examinations. In terms of timely diagno-
sis, reverse transcription-polymerase chain reaction (RT-PCR)
test, as a reference standard to make a definite diagnosis,
is initially only 30%–70% sensitive for acute infection [6], [7],
while CT examination is difficult to carry out timely in the
patient-gathering primary hospitals and is hardly completed
in instrument-insufficient cabin hospitals. More feasible meth-
ods for early diagnosis are needed especially in the current
pandemic.
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Ultrasound can be used at the patient’s bedside [8] to
detect the occurrence and development of lung inflamma-
tion and to evaluate the therapeutic effect on time [9]–[12].
On March 4, the Chinese government released the Pneumonia
Treatment Program for COVID-19 (Trial 7th Edition) to
increase COVID-19’s concerns for children and pregnancy,
highlighting early warning of severe and critical illness [13].
CT examination is not routinely performed for children
and pregnant women, while bedside imaging assessment of
critically ill patients relies heavily on ultrasound examina-
tion [14]–[17].

In this outbreak, the critical illness morbidity is high in
Wuhan. In one single-center case series of 138 hospitalized
patients with confirmed COVID-19 in Wuhan, 26% of patients
received ICU care, and mortality was 4.3% [18]. Making the
situation worse, many inspection instruments, such as a stetho-
scope, can hardly be used in the isolation ward because the
healthcare workers are wearing personal protective equipment
(PPE) clothing. Furthermore, without medical imaging, many
key problems are difficult to solve, such as monitoring of pneu-
monia development, assessment of blood volume, detection
of myocardial injury, deep venous thrombosis and pulmonary
embolism, intestinal paralysis, and toxic organ damage. For-
tunately, these problems can be solved by bedside ultrasound.
In the epidemic area, the number of patients increased dramat-
ically, and thus, the problems of lacking medical resources and
ultrasound specialists arose. More specifically, many frontline
doctors were not familiar with lung ultrasound. PPE and
portable ultrasound equipment were also insufficient. They
were hard to meet the clinical requirements. In spite of the
highlighted advantages of bedside ultrasound in daily intensive
care, the ultrasound clinicians working in the affected areas
should be in close contact with patients, increasing the risk
of exposure to the coronavirus and consuming more medical
resources.

The powerful artificial intelligence and telemedicine tech-
nologies have emerged, which could potentially make a major
contribution to the current outbreak. Teleultrasound, both in
synchronous mode and asynchronous mode, can be used
across remote distance. Robot-assisted teleultrasound, which
is controlled by a skilled sonographer in the remote area,
can act as the synchronous mode under a 5G network. Asyn-
chronous mode usually needs on-site operation by a sonog-
rapher. Considering the risk of infection suffered by medical
staffs during bedside ultrasound examination, the synchronous
mode by robot-assisted teleultrasound is more applicable to
the current context than the asynchronous mode. With the
help of the robot-assisted teleultrasound under 5G network,
we have successfully carried out remote consultation and
remote manipulation for ultrasonic diagnosis and treatment
between a continental city and an oceanic island, across a
long distance of 2606 kilometers. We also carried out robot-
assisted teleultrasound examination in a routine manner for
the diagnosis of acute abdominal diseases, including cal-
culous cholecystitis, appendicitis, pancreatitis, and urolithi-
asis. In addition, teleultrasound has been applied in many
other fields, such as focused assessment with sonography
for trauma (FAST) and extended FAST, musculoskeletal

injuries, thyroid gland diseases, and subcutaneous soft tissue
lesions.

Considering the merits of bedside ultrasound and teleul-
trasound, we believed that the problems of timely imaging
assessment of COVID-19 could be settled. Therefore, we pro-
posed a bedside ultrasound protocol using 5G network-based
robotic teleultrasound and remote consultation to examine the
suspected and confirmed COVID-19 patients in the epidemic
areas. To validate the protocol, we conducted a pilot study
using teleultrasound among multiple cities to timely deliver
professional sonographic skills and diagnosis from specialists
into isolation ward. We are aiming to seek a feasible strategy
for early diagnostic imaging during such a current infectious
public health event.

II. SUBJECTS AND METHODS

A. Subjects

Four male patients involved in this study were all suffered
from cough and fever for 3–5 days. Two of them were residents
of the city of Wuhan, aged 45 (case 1) and 61 (case 2).
They were confirmed COVID-19 by positive PCR test of
throat swabs and clinical manifestations and were hospitalized
for treatment in a mobile cabin hospital in Wuhan, which
was temporarily reconstructed from a stadium. Chest CT
examination was not completed because of the inaccessible
instrument, resulting in an urgent demand of cardiopulmonary
evaluation.

The other two patients were residents of the city of Tongx-
iang, Zhejiang Province, China, and were sent to an isolation
ward of a primary hospital in Tongxiang because of suspicious
COVID-19. Neither of them had recent travel history to Wuhan
and the PCR tests were negative. One patient aged 70 (case 3)
had completed chest CT examination, showing a pneumonia
which was difficult to be differentiated from COVID-19.
Another patient aged 75 (Case 4) had not gone through
CT examination yet, but urgently needed a cardiopulmonary
evaluation because of a sudden deterioration. Hence, requests
for teleultrasound were sent out from clinicians.

B. Problem Solving Protocol

As medical imaging for cardiopulmonary evaluation was
urgently demanded in all cases, we arranged a protocol to
settle this problem, involving multiple teleultrasound via 5G
network.

Demonstration of the protocol for cases 1–4 is indicated as
follows and also shown in Fig. 1.

1) Each patient received a single robot-assisted teleultra-
sound examination executed by a specialist either from
Sanya or from Hangzhou.

2) In terms of the doctor’s side, each specialist would carry
out multiple teleultrasound on several different patients
from different cities.

3) Whenever difficulties in the remote manipulation or
differential diagnosis appeared, a repeated examination
on the same patient was carried out by a specialist from
another city.
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Fig. 1. Working schematic of robot assisted teleultrasound proto-
col. Each ultrasound specialist from Sanya (DS1) or from Hangzhou
(DS2) carries out robot-assisted teleultrasound on several patients in
different cities, which is one-to-many mode. Each patient is able to
receive repeated teleultrasound examination executed by different spe-
cialists from DS1 and DS2, which is many-to-one mode. Group remote
consultation is conducted between the doctors in DS1 and DS2 to
meet the consensus whenever difficulties of manipulation and diagnosis
appear. All the procedure is supported by 5G network through a cloud
server.

4) Group teleconsultation was conducted between the two
doctor sides. After consensus was agreed, the detailed
ultrasonic information was instantly delivered to the
clinicians on the patient side for further diagnosis and
management.

C. Teleultrasound System
An MGIUS-R3 robotic ultrasound system (MGI Tech Co.,

Ltd., Shenzhen, China) was adopted in the teleultrasound
examination. It consists of a doctor-side subsystem and a
patient-side subsystem, and a high-definition audio–video
communication system as well. The patient-side subsystem
consists of a pressure sensor, a robotic arm that can achieve
6 degrees of freedom (DOF) movement, and a 64-channel
portable ultrasound system. The ultrasound instrument was
specially designed by Wisonic Co., Ltd., Shenzhen, and was
equipped with multiple replaceable probes, including a linear
probe with the frequency ranging 4–15 MHz, a curved probe
with the frequency ranging 1–5 MHz, and a sector probe with
the frequency ranging 1–4 MHz. In this study, the curved
probe was adopted for lung ultrasound and blood volume
assessment, while the sector probe was adopted for brief
echocardiography. The linear probe was also adopted for lung
ultrasound. The probe was handled firmly and controlled
directly by the robotic arm, and could be taken down and
replaced by a medical assistant. The doctor-side subsystem
mainly includes a duplicate control panel of the ultrasound
instrument, a handheld controller which can control the robotic
arm though sensors, and a screen to display ultrasonic images.
The handheld controller has six DOFs, including three DOFs
for rotation of a gesture sensor, two DOFs for the move-
ment on horizontal plane of a position sensor, and one DOF
for the up and down movement of a pressure sensor. The
duplicate control panel enables sonographer to adjust all
the settings on the panel such as gain, depth, and focus
[Fig. 2(a)], ( Media-Movie 1). The robotic arm in patient

Fig. 2. Performance of robot-assisted teleultrasound based on the 5G
network. (a) Doctors on the doctor side are manipulating a handheld
controller, which can control the robotic arm. The duplicate control panel
is used to adjust all the settings such as gain, depth, focus, and so on,
as is performed on a real-ultrasound instrument. The screen is displaying
ultrasonic images, and is monitoring the activities of the robotic arm and
the probe. (b) Patient is receiving robotic lung ultrasound in the isolation
ward, where there is no ultrasound specialist.

side can perform the remote ultrasound scanning with a con-
tact force ranging 3–40 N [Fig. 2(b)], ( Media-Movie 2).
The safety measures, including the working space limit
of 600 mm × 300 mm × 350 mm and impact force limit
of 120 N also provide a viable solution to carry out the
teleultrasound examination. The original images were acquired
from the ultrasound instrument in the patient side and instantly
transmitted to the doctor side through 5G network. In order to
ensure the transmission efficiency under a certain bandwidth of
the network condition, they were compressed before transmis-
sion. The quality of the images had been previously quantified
by the instrument supplier. According to the supplier, the peak
signal-to-noise ratio and visual multimethod assessment fusion
of the transmitted image and original image were 46.88 and
98.85, respectively, which demonstrated that the image loss
after compression was relatively low and the quality meet the
demand of clinical diagnosis. The system had got European
Conformity (CE) and National Medical Products Administra-
tion of China approved after 90 clinical trials, which also
validated the image quality. The communication system allows
real-time consultation among the patients and assistants at the
patient site and doctors at a single or multiple doctor site.

D. 5G Network
All the teleultrasound procedures and communications were

based on a 5G network, which was supported by China Mobile
Communications Group Co., Ltd., Beijing, China, and China
Telecom Co., Ltd., Beijing. Customer premise equipment (5G
CPE Pro, Huawei Device Co., Ltd., Shenzhen) was applied to
provide the wireless gateway for 5G network that exchanged
data between wireless WANs and wired or wireless local area
networks. It was able to customize the network with desirable
characteristics, such as low latency for smooth controlling of
the robotic system and high bandwidth for live communication
between the doctor side and the patient side. The upload
rate, download rate, network latency, and package loss were
recorded during all the procedures.

E. Robot-Assisted Teleultrasound Procedure
The patient-side subsystem was placed bedside, and

the essential preparations were done with the help of a
medical assistant. These preparations included the booting of
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the subsystem, the application of an ultrasonic coupling agent
after the exposure of the patient’s chest and back, and the
adjustment to a suitable position so that the robotic arm could
reach the body. The patients were placed initially at a supine
position and changed to left or right lateral position and a
prone position when needed.

Acquisition of medical history and clinical demand was
carried out through a high-definition audio–video communica-
tion system before scanning. Once teleultrasound examination
began, the ultrasound specialist in the doctor side manipulated
the handheld controller to control the robotic arm, holding
the probe for scanning, and operated the duplicate control
panel simultaneously, adjusting imaging parameter to obtain
satisfactory ultrasonic images displayed in the screen, similar
to a standard ultrasound examination. Real-time consultation
between the patient and the doctor was carried out whenever
needed.

Considering that the critically ill patients might not coop-
erate well, e.g., adjusting a proper examination position and
that medical workers were occupied by overloaded healthcare
tasks in the isolation ward, fast and brief lung ultrasonography
was performed using a 12-zone method examination [19].
Brief echocardiography was performed to obtain the paraster-
nal long-axis view and apical four-chamber view for fast
assessment of the cardiac structure and function. For blood
volume assessment, inferior vena cava (IVC) measurement in
a longitudinal section under xiphoid process was achieved by
M-mode ultrasound [20].

Because the imaging protocol was crucial for lung ultra-
sound [21], [22], the imaging parameters were strictly
restricted. When using the curved probe, the frequency was
4.5 MHz, and the mechanical index was 0.8–1.1. When
using the linear probe, the frequency was 10.0 MHz and the
mechanical index was 0.5–0.7. During all the lung ultrasound,
a single-focal point was adopted. To visualize the artifacts,
such as A-lines (horizontal artifacts) and B-lines (vertical
artifacts) [23], [24], and to clearly confirm the pleural lesion
or the subpleural lesion, the focal point was set at the level
of pleural line or deeper, not exceeding the first A-line in
depth. The scanning depth varied from 4 to 10 cm, according
to different imaging purposes and different patients. To detect
the pleural lesion, the depth was set two folds of the distance
between chest surface and pleural line. To observe the artifacts,
the depth was set 3–4 folds of the distance where the second
or the third A-line might be observed.

Protective measures were carried out by a medical assis-
tant after the performance of teleultrasound on each patient,
including the disinfection of the robotic arm and the probe.

F. Remote Consultation

When the difficulty of remote manipulation in one city
occurred, another specialist in another city would repeat the
manipulation on the same patient, in order to acquire satisfying
images. Once there was a doubt in diagnosis or differen-
tial diagnosis, a group consultation would be held through
the online communication system, which bridged the two
doctor sites. The doubted issues concerning diagnosis were
discussed until consensus was achieved, and in sequence, the

Fig. 3. Lung ultrasound manifestations of confirmed and suspected
COVID-19 patients. (a) B-lines (vertical artifacts) appear (arrow), while
the A-lines (horizontal artifacts) disappear. (b) White lung (arrow) exists in
a confirmed COVID-19 patient. (c) Ultrasound findings from a confirmed
COVID-19 patient show a local consolidation (arrow) beneath the broken
pleural line. (d) Irregularity of the pleural line is found in all the confirmed
and suspected COVID-19 patients. The pleural line is indented and
thickened (arrow). (e) Small consolidation area (arrow) is found in a
suspected COVID-19 patient.

detailed ultrasound information was instantly delivered to the
clinicians on the patient side for further clinical diagnosis and
management.

III. RESULTS

The ultrasound specialists from the cities of Sanya, China,
and Hangzhou, China, completed the robot-assisted teleultra-
sound with the aids of 5G network, timely providing essential
imaging information for clinical usage.

Ultrasound specialists in Sanya completed the robotic teleul-
trasound on case 1, while specialists in Hangzhou examined
case 2. Each patient accepted a single examination because
no difficulties occurred in the remote operation and diagnosis.
The remote examination was performed on cases 3 and 4 by
specialists in Sanya and Hangzhou, respectively, and repeated
alternatively due to the difficulties in scanning and differential
diagnosis of pneumonia. Each teleultrasound procedure took
about 10–20 min.

In terms of ultrasound manifestations, all the above con-
firmed and suspected COVID-19 cases showed varying lung
abnormalities in bilateral lungs (Table I). Common findings in
all the four cases included irregularity of pleural lines (from
indented to thickened or broken), disappearance of A-lines,
and presence of B-lines. Dense and largely extended
white lung existed in the two confirmed cases (Fig. 3)
( Media-Movie 3). Large lung consolidation below the
pleural line was found in two confirmed cases, and small
lung consolidation was found in one suspected case (case 4).
Lung sliding remained in all cases. No pleural effusion
was found except bilateral mild effusion in case 4 (sus-
pected case). According to the scoring system developed by
Soldati et al. [25], two confirmed cases were scored 3,
while two suspected cases were scored 1 (case 3) and 2
(case 4), respectively. The manifestations were consistent with
pneumonia, confirmed by chest CT examination. Ejection
fractions of left ventricle measured on the M-mode echocar-
diogram at parasternal long axis view were all greater than

http://dx.doi.org/10.1109/TUFFC.2020.3020721/mm1
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TABLE I
BRIEF SUMMARY OF CARDIOPULMONARY MANIFESTATION

60%, indicating a well systolic cardiac function. Neither
abnormalities of atrioventricular size and morphology nor
pericardial effusion was found. The ultrasound findings of
the heart indicated no special feature of novel coronavirus
infection in the four cases. No blood volume abnormalities
by IVC measurements were found (Table I).

The practice of remote manipulation on case 3 and
case 4 was discussed among the specialists in the two doctor
sides. Remote consultation on the issue of the relationship
between pleural effusion and COVID-19 in case 4 was con-
ducted after the repeated examination. After twice of remote
examination and timely consultation, the diagnostic informa-
tion concerning cardiopulmonary function, which was advan-
tageous for further diagnosis and management, was delivered
to the clinicians on the patient side immediately.

During the teleultrasound procedures and communications,
the download rate of the network was 930 Mbps and the
upload rate of 130 Mbps, approximately remaining at a stable
level. No package loss was detected during all the procedures.
The network latency was 23–30 ms and the network jitter was
1–2 ms. This network condition contributed to the smooth
scanning by the robotic arm and the time delay was almost
unaware.

Despite the previous image compression before transmis-
sion, the quality of the images transmitted to the doctor’s
side has no visual reduction compared with those obtained by
traditional on-site examination and did not affect the clinical
diagnosis.

IV. DISCUSSION

With the rapid increase of COVID-19 patients, medical
resources are increasingly lacking, especially in severely
affected areas. As a reliable imaging tool in the diagnosis
and follow-up assessment of the cardiopulmonary function

of critically ill patients, ultrasound was urgently demanded
in the isolation ward [26]. Concerning the high contagious
coronavirus and insufficient medical resources, the on-site
examination would increase the risk of cross infection. We car-
ried out the protocol of teleultrasound and remote consultation
among multiple cities in this pilot practice and had partially
overcome the difficulties. This novel method combines one-
to-many examination mode, many-to-one examination mode,
and cloud discussion, which can not only protect doctors from
being infected but also save protective equipment (isolation
gowns, medical masks, goggles, and so on) which is in
short supply in frontline. This protocol integrated top medical
resources, especially ultrasound, and thus, improved diagnostic
accuracy. In addition, although the epidemic is effectively
controlled in Wuhan and other most affected areas in China,
the follow-up of confirmed patients, especially those in sever
conditions, can also be accomplished by teleultrasound via this
protocol, which is critical to further study.

In the above-mentioned cases, the doctor site, which
was located in the cities of Sanya and Hangzhou, is about
1756 and 55 km away from the patient site in the city of
Tongxiang, respectively, and about 1479 and 560 km away
from the patient site in the city of Wuhan, respectively.
Despite such remote distances among multiple cities,
the practice of teleultrasound was acceptable, in terms of
scanning experience and image quality. Thanks to 5G network,
robot-assisted teleultrasound succeeded in the assessment of
cardiopulmonary function and blood volume. Teleultrasound
provided plenty of diagnostic information for helping further
treatment, with the absence of chest CT examination.
Although ultrasound lacked the diagnostic specificity of
COVID-19 and could not be served as the confirming
standard, lung ultrasound was a useful tool for the
evaluation of many different lung conditions. Pleural or
subpleural abnormalities were easy to be detected. Several
distinct artifacts, such as A-lines, B-lines, and white lung,
were observed during the lung ultrasound examination
of the confirmed and suspected COVID-19 patients.
Interpretation of these ultrasound artifacts made differential
diagnosis between a normally aerated lung and a lung with
interstitial pathology possible. They were useful to recognize
and evaluate several pathological conditions [27], [28].
The lung ultrasound scoring system was useful in the evalu-
ation of the patients, supporting the diagnosis of COVID-19
pneumonia [25]. Cardiac structure, function, and blood volume
assessment could be evaluated for further clinical management
of patients with confirmed or suspected COVID-19. All the
procedures were successfully and timely completed, making
the application available in isolation ward of either cabin
hospital or primary hospital during COVID-19 outbreak.

5G network bridges the gaps between specialists and
patients from remote cities, breaking the temporal and spatial
limitations. Teleultrasound shares professional skills and ame-
liorates the medical resource-scarce situation. This protocol is
a novel and efficient solution for the current severe COVID-19
outbreak. One specialist can provide medical service for
multiple remote patients and obtain reliable imaging data.
As ultrasound is highly operator dependent, unqualified images
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acquired by the unskilled operator may result in misdiagnosis
or neglect of important information. Meanwhile, one patient
can receive different professional services. Once difficulties
of diagnosis or scanning occurred, interhospital consultation
among specialists can be instantly conducted through 5G
network.

This protocol has several advantages [29]: 1) high-quality
ultrasound diagnosis and professional sonographic skills can
be delivered seamlessly into the COVID-19 outbreak area
where most medical instruments are inaccessible. 2) Early
diagnosis and repeated assessment can be achieved in con-
firmed or suspected patients, with the absence of other
important diagnostic methods. 3) Protective medical materials,
which is scarce during the pandemic, can be spared since
fewer medical staffs are involved. 4) Infectious exposure to
the coronavirus can be minimized, and ultrasound specialists
can be protected from being infected without close contact
with infected patients. 5) Quality control can be ensured by
remote consultations. The ultrasound training can also be
conducted through real time manipulation and instruction.
6) Experts can gather large numbers of cases during a very
short period of time and share the experience after professional
analysis and review. This is prior to the work from a single-
medical agency with relatively small number of cases, where
healthcare workers were occupied by overload works in the
frontline combating COVID-19. 7) 5G network enables a
rapid response to the clinical request for remote scanning and
consultation, compared with the commonly used 4G or 3G
network currently.

Despite the advantages of this protocol, there are still some
issues to be concerned about. As the basis of teleultrasound,
a 5G network should be set up on both the doctor side and
patient side, and the stability should be guaranteed through the
whole procedure. The disinfection of the instrument, especially
the robotic arm and the probe, should be concerned in order to
avoid cross infection. Of note, this is a pilot study with a lim-
ited number of patients, and thus, lacks quantitative analysis.
Larger number of patients should be involved in further studies
to further validate the protocol and the teleultrasound system.

V. CONCLUSION

The clinical practice of the four cases of robot-assisted
teleultrasound provides the possibility in solving the problem
of early imaging of patients with confirmed or suspected
COVID-19 in isolation ward. With the aids of 5G network,
the protocol of teleultrasound is applicable and is worth
consideration as a feasible strategy during such a current
infectious public health event.
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