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Abstract: The delivery of healthcare from a distance, also known as telemedicine, has evolved over
the past 50 years, changing the way healthcare is delivered globally. Its integration into numerous
domains has permitted high-quality care that transcends the obstacles of geographic distance, lack
of access to health care providers, and cost. Ultrasound is an effective diagnostic tool and its
application within telemedicine has advanced substantially in recent years, particularly in high-
income settings and low-resource areas. The literature in Pubmed from 1960-2020 was assessed with

s

the keywords “ultrasound”, “telemedicine”, “ultrasound remote”, and “tele-ultrasound” to conduct
a SWOT analysis (strengths, weaknesses, opportunities, and threats). In addressing strengths and
opportunities, we emphasized practical aspects, such as the usefulness of tele-ultrasound and the
cost efficiency of it. Furthermore, aspects of medical education in tele-ultrasound were considered.
When it came to weaknesses and threats, we focused on issues that may not be solved immediately,
and that require careful consideration or further development, such as new software that is not yet

available commercially.
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1. Introduction

The term telemedicine was coined in the 1970s to describe the practice of deliver-
ing health care services through the use of information and communications technology,
whereby geographic distance is not as constraining, as in the case of traditional medical
practice. Telemedicine is not only used to exchange valid information for the diagno-
sis, treatment, and prevention of disease and injuries and research and evaluation, but
also for the continuing the education of healthcare providers to advance individual and
community health [1,2].

Telemedicine has been shown to improve access to healthcare and reduce costs, es-
pecially in areas with a limited healthcare infrastructure due to geographical barriers [3].
Recently, increased digitalization and the development of telehealth applications have
finally reached the field of medical imaging. As telemedicine has evolved over the last
few decades, ultrasound technology matured in parallel [4]. Ultrasound became a bedside
tool in the 1990s that physicians, such as those who work in the emergency department,
could use regularly because it is a fast, robust, and reliable way of determining a patient’s
status at the outset of treatment. Tele-ultrasound is defined as the use of ultrasound with
telecommunications and/or an additional instructor who is telemedically connected to the
process. The utilization of tele-ultrasound has been rapidly increasing worldwide since
the 1990s and is commonly used for emergency, abdominal, and obstetrical ultrasound by
general practitioners in remote areas worldwide. One of the beneficiaries of this is other
doctors, but in a broader sense, it benefits patients as well. Moreover, it can be a cost-saving
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measure as it eliminates both long transportation times and extra doctor visits. A lack of
access to ultrasound doctors, despite technological advancements and mobile devices with
high bandwidth that allow for seamless live-image transmission, is a concern in both low-
income and high-income countries. Moreover, the main challenge in telemedicine remains
an organizational one, knowing how and when to take advantage of the technology.

Tele-Ultrasound in a Historical Context

According to the World Health Organization (WHO), in clinical situations, medical
imaging is needed to make a diagnosis in 20-30% of cases, and ultrasound and/or con-
ventional radiography are sufficient for 80-90% of those cases. However, two thirds of the
world population does not have any access to medical imaging [5].

The beginnings of tele-ultrasound date back to the era of space exploration in the
1960s, when the first remote ultrasound scans were carried out on astronauts with remote
guidance from experts in the Mission Control Center [6] (Figure 1). Those ultrasound
systems were capable of high-definition sonographic imaging for the cardiac, vascular,
general, abdominal, thoracic, and musculoskeletal systems, among others (Ashot 2006).

1960: first use in aerospace

~1980s: Use of tele-ultrasound in resource-
limited settings use in aerospace

=2010s: Development of hand-held ultrasound
devices

=2018: Development of tele-guidance technique
(e.g. ButterflyNetwork, Reacts-Software)

Figure 1. Timeline of use of tele-ultrasound.

The technology remains relevant in aeronautics and recently several studies have
assessed the use of ultrasound by non-physician crew members at the International Space
Station, which entailed prior training in ultrasound [6-10].

From space, the focus has shifted to earth. Here, especially in remote areas in New
Zealand and Sub-Saharan Africa, tele-ultrasound has proven successful. Focusing mainly
on emergency ultrasound [11] and Point-Of-Care Ultrasound (POCUS), it has been shown
that remotely-guided Focused Assessment with Sonography for Trauma (FAST) ultrasound
examinations with minimally trained health care workers are possible and effective [12,13].
In obstetrics and gynecology, several successful prenatal tele-ultrasound projects have been
described in literature [14,15]. Many countries harbor only a small number of qualified
fetal-medicine specialists who are capable of pre-natal ultrasound imaging, which does not
adequately cover demand, but which is highly significant in diagnosing and preventing
potential birth defects. Studies, mainly from remote areas such as rural Australia, have
tried to identify the need for fetal therapy [16].

Tele-ultrasound performed in resource-limited settings can produce satisfactory im-
ages of diagnostic relevance which have an impact on medical treatment and outcomes [17].

2. Materials and Methods

A systematic review of the literature was conducted. The databases searched were
Medline (1950 to October 2020) and Embase (1980 to October 2020), the Cochrane Library,
all sections, and the Web of Science with Conference Proceedings (1970 to 2020). The
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searches were not limited by language. Auto-alerts in Medline were also run during the
course of the review. Reference lists of relevant articles were also checked.

All relevant randomized controlled trials (RCTs) or quasi-RCTs were included. Due to
the small number of RCTs, we also included nonrandomized studies (NRSs). Prospective
observational studies with controls, retrospective matched-pair studies, and comparative
studies from well-defined registries /databases were also included.

The terms to be examined were “ultrasound”, “telemedicine”, “ultrasound remote”,
and “tele-ultrasound”, which helped to complete a SWOT (strengths, weaknesses, opportu-

nities, threats) analysis (Figure 2).

positive negative

Strengths Weaknesses

* Use in remote areas * Cannot replace personal

» Costs are manageable hands-on teaching
Can be used from * Easier to explain handling
everywhere, practicing when standing next to
from home is possible each other

internal

Opportunities

* Could improve healthcare
systems in poorly
developed countries

* Could enhance ultrasound
skills of students (med. Ed.)

* Could be innovative tool in

external crisis situations

* US education can be
expanded all over the world

Figure 2. SWOT analysis of the use of tele-ultrasound.

Strengths and opportunities were considered based on practical aspects such as the
practicality of using tele-ultrasound and cost efficiency. Additionally, aspects of medical
education related to tele-ultrasounds were discussed.

When we analyzed weaknesses and threats, we focused on issues that are unlikely
to be resolved immediately and which may require thorough consideration or further
development, such as new software that has not yet been commercially released. All
articles were screened for positive statements on approval by a local ethics committee,
adherence to guidelines for animal care, and/or obtaining informed consent.

The present study is a review of previously published studies, and institutional review
board approval and patient consent were not necessary. Only human studies with a full
text in English were assessed for inclusion. Studies without detailed methods and results
sections were excluded.

3. Results
3.1. Practicality of Use

Tele-ultrasound can be used in urban as well as in rural areas. It can improve the
healthcare system and patient outcomes, especially in under-resourced areas [17]. From
the point of view of medical education, it can enhance ultrasound skills and establish a
basic knowledge of ultrasound. By expanding this method with tele-applications, practical
ultrasound could be taught anywhere in the world.
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In times of pandemics, such as COVID-19, with social distancing regulations and
isolation measures, it can help to ease the pressure on healthcare systems by providing
diagnostic alternatives. Rapid technical development and competition in the field of
medical software engineering have made the cost of tele-ultrasound manageable. Even
low-cost, readily available tools such as web interfaces or commercial messenger tools can
be used for tele-supported ultrasound, with the advantage of being independent of any
special setting and providing the flexibility to perform ultrasound when and wherever
it may be necessary [18]. Recently, new software applications have been introduced that
support the teaching of knobology and handling of the probe. Thus, one can even practice
at home, independently of any course sessions (Figure 3).

Figure 3. Ultrasound image from a tele-didactic ultrasound teaching study on abdominal ultrasound
from the medical faculty of the University of Bonn, Germany. (A) Peer tutor, (B) student exercising
ultrasound on another student, (C) ultrasound image of the right kidney, which will be improved via
tele-guidance by the peer tutor. An experienced ultrasonographer is also online in order to assist if
any questions arise.

3.2. Cost Efficiency

In the scenario of real-time tele-ultrasound consultations and tele-education, savings
in the conventional costs of patient transfer (e.g., transfer from GP to clinic) and human
resources (e.g., clinical specialist in remote areas) need to be balanced against accruing
telecommunication costs. An Australian study demonstrated that tele-ultrasound can
result in a net saving of AUD 6340 and, at the same time, enabled almost four times the
number of consultations than if the service had not been available [19]. In this study, a
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real-time fetal tele-ultrasound consultation service had been implemented and integrated
into the daily clinical practice. Patients in Townsville could be assessed by subspecialists
in Brisbane, 1500 km away, using the service. Ninety percent of the babies born during
the 90 tele-ultrasound consultations for the first 71 patients showed good outcome data.
The existence of all key anomalies and diagnoses was established in this study. Without
telemedicine, 24 of the 71 patients would have been physically referred to Brisbane. Thus,
this study underlined the cost effectiveness of the practice in a rural region.

As technology improves, wireless networks and cell phone access become more
reliable, and companies such as Apple, Skype and many start-ups provide commercially
available real-time audiovisual software in compliance with patient protection laws such
as the American HIPAA (“Health Insurance Portability and Accountability Act”), making
tele-ultrasound a feasible proposition.

Cost is a commonly expressed concern regarding tele-ultrasound with a special em-
phasis on the need for affordable tele-ultrasound platforms to make its use feasible. In the
literature, numerous studies have used telemedicine platforms with open-source, low-cost,
commercially available software such as over-the-counter hardware and low-cost portable
ultrasound machines to minimize costs. Two studies explored the issue from the patients’
perspective and found that the introduction of tele-ultrasound was associated with lower
out-of-pocket costs for the patient due to a reduced need for travel to larger medical centers
with formal imaging capacity [15,20]. In another study, e-learning was found to be more
effective than conventional education and superior to self-learning for enhancing novice
learners’ ultrasound technical skills without increasing their workload [21].

3.3. Medical Education

In terms of medical education, e-learning can serve as both a self-study tool, as well
as a teaching device, when used in conjunction with colleagues or supervisors. With
the emergence of faster network technology (5G/6G) and mobile app platforms for live
interaction and handheld ultrasound devices, tele-ultrasound and new fields of applications
in pre-clinical settings and outpatient areas such as midwifery, geriatric facilities, and
therapeutic use will be enabled with these developments [22].

The existing literature indicates that e-learning can provide an effective way of improv-
ing educational outcomes for healthcare professionals. Several studies have shown that
tele-learning methods lead to similar results to traditional, face-to-face, teacher-centered in-
struction [23]. Especially when it comes to the field of tele-ultrasound, didactic concepts are
particularly important. Theoretical ultrasound knowledge can be learned using a “flipped
classroom”, a didactic format of blended learning, whereby students acquire knowledge
at home and put it into practice during classes. In the past, attempts to offer targeted,
individualized learning environments were abandoned due to the excessive expenditure of
money. Nowadays, software-based, highly individualized learning is the norm rather than
the exception and has shifted the paradigm. In this ongoing educational evolution, tele-
ultrasound devices have several crucial advantages over traditional stationary ultrasound
systems. Tele-ultrasound devices are connected to the internet, and interaction between
every active participant is made easier, which simplifies communication and ideally speeds
up the learning process. The internet, of course, provides access to a plethora of teaching
and learning software. The combination of being continuously interconnected, elaborate
software, and sufficient computing power has paved the way towards a personalized
learning experience. The latest applications and web-based learning platforms can observe
and track user profiles. In this way, individual learning behavior can be analyzed and
optimized. Especially, theoretical ultrasound knowledge and knobology can be taught in
this manner.

However, practical tele-guided ultrasound teaching and assessment comes with costs
and challenges. In addition to purchasing the ultrasound equipment, the teacher and
student need a video-based platform to show and see the student’s performance and the
position of the transducer. Furthermore, the real-time sonogram must be streamed in order
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to give the student instructions during the training. However, the limited evidence base of
this relatively new field of medical education demands further research to corroborate its
efficacy in comparison with conventional teaching methods (Table 1).

Table 1. Virtual ultrasound education requirements.

Dimension Requirement Remarks
Theoretical teaching
Teaching material available and accessible Availability via videoconferencing
Propaedeutics -live platforms, video repositories, or learning
sonlf)anatom ’ -on demand management systems (LMS) preferred
knobologyy, Theoretical lectures, how-to videos, annotated image material with Especially in videoclips (cine-loops),

image optimization

physiological variants and pathological findings
Interactive elements, questionnaires, quizzes
In live (real-time) formats, sufficient internet bandwidth required

smooth display during online lectures
often limited by internet connectivity and
bandwidth issues

Practical teaching

Image acquisition

Storage capability for still images, clips for asynchronous review
Annotations possible
Two-way communication between learner and educator
Video-based real time instructions
Artificial intelligence elements (optional)
Augmented reality elements (optional)

Multiple communication pathways for
two or more learners, collaborative
learning optional (videoconference)

Availability of probands limited,
self-scanning possible in some
pocus modalities

Image interpretation

Annotated image material with physiological variants and pathological

findings for pattern recognition
Active expert review of images
Structured feedback

In patient cases, corresponding other imaging/diagnostic modalities for

confirmation and cross-reference of ultrasound findings

Tracking and assessment
of learning pathway

Ongoing quality assurance
Structured assessment of learning progress
Tracking capabilities in learning system

Miscellaneous

Data protection regulations followed

The most common components such as the handling and orientation of the probe,
as well as image adjustments, may be evaluated with video footage that is recorded and
reviewed afterwards or via a live stream.

These applications can be upgraded by augmented reality devices and experimental
visual guidance tools that enhance the tele-guided experience and enable a more realistic
method of learning [24]. Visual guidance is a computer-assisted method of demonstrating
to an examiner the movement of the ultrasound probe as it is manipulated over a patient’s
body toward a desired anatomical location.

The latest technical advancement in the field of tele-ultrasound is tele-guided ultra-
sound, which enhances and enables tele-educational tools in a more precise way. Tele-
guided ultrasound means that someone is controlling the ultrasound probe and has access
to all device settings remotely. For assessing not only image quality, but also the profi-
ciency of the tele-mentored ultrasound image acquisition some studies have combined
different tools.

Furthermore, progress is being made in educational tele-guidance tools. These serve
as image quality indicators that provide real-time feedback from the physician on the
healthcare worker’s scan technique. These tools aim to improve the quality and speed of
the captured images. Thus, education in medical ultrasound can be expanded in remote
areas if basic equipment (US machine, Internet, and telemedicine software) is available.

As an example of the use of tele-ultrasound in medical teaching, a tele-didactic ultra-
sound course was designed by Hohne et al. [25] in light of the current COVID-19 pandemic
and the end of classical classroom teaching, which was previously considered vital in
ultrasound training. The purpose of the study was to determine if online ultrasound teach-
ing was effective. It also aimed to identify a suitable evaluation approach for evaluating
US skills from afar. This pilot study demonstrated the effectiveness of online lectures in
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the context of ultrasound medical education. Furthermore, it illustrates that teleguided
ultrasound training is feasible and should be addressed in medical schools, as well as the
learning possibilities of tele-digital ultrasound.

3.4. Weaknesses and Threats

As far as weaknesses and threats are concerned, we analyzed issues that might need
further development or deep consideration, such as new software that is not yet com-
mercially available in comparison to traditional ultrasound (Table 2). Generally, in a
tele-scenario with a remote expert, securing the multidimensional problem of “transducer
angles”, “transducer position”, “patient body posture”, and “patient breathing state” may
be difficult. Furthermore, the device settings, device type, and transducer type all have an
impact on whether or not a representation is useful. As a result, the use of tele-ultrasound
may be contingent not only on the technological infrastructure and individual abilities of

the two linked examiners, but also on the capacity of the two remote persons to interact

successfully as a team.

Table 2. Advantages and disadvantages of conventional ultrasound versus tele-ultrasound.

Traditional Ultrasound Teaching

Tele-Ultrasound Teaching

Image acquisition

Trained provider

Untrained provider with real-time remote
expert supervision

Image optimization

Directly possible by expert provider/educator,
including manual intervention and
correction of probe movements

Indirectly possible via verbal commands by
expert provider/educator

Operation of complex ultrasound
applications/functions /measurements

Direct

Not possible or indirect

Image interpretation

Clinical context known by local provider,
supported by personal impression, direct
correlation possible

Clinical context must be communicated,
personal impression limited,
correlation limited

Situational perception

Physical presence of supervisor

Tele-presence, perception reduced to
2D visual and audio

Integration into patient management

Direct interaction of provider with team (e.g.,
when pausing chest compressions during CPR)

Indirect interaction

Reduced

Availability in austere settings in terms of equipment, providers, experts and Enhanced by technology
educators. Sometimes unavailable.
Lower Higher

Availability of experts

Limiting factor in education. Need travel,
accommodation, time.

Low threshold, no travel time.

Equipment requirement

Ultrasound device

Ultrasound device and
transmission technology
Network capability

Additional expenses

Expert funding, travel, accommodation

No travel and accommodation costs

Geographical distance

Device with patient and diagnostician
confined in very local space

Distance between tele-medicine sites only
limited by data transfer range

Time lag

None

Ranges between none and significant

Data transfer

Normally wired and a data transfer rate in
the gigabit range

Wireless or wired, with mega or
gigabit per second speeds.

Data security

Local storage, general data
protection considerations

Special considerations required, especially in
case of transmission and processing of
health-related personal data across different
legislative spaces and IT-solutions

Legal framework, liability

Local framework applies

Special considerations required, as provider
and supervisor may operate under
different legislations
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3.5. Image Quality

A quality assessment tool was developed a few years ago to standardize sonographic
B-images [26]. As an important feature, it attempts to quantify the sonographer’s influence
with regard to the final image quality. This method can also be adopted for tele-ultrasound.
Furthermore, the examiner’s skill, as well as the patient’s current state and cooperation, are
all known to influence ultrasound imaging. Gallstones, for example, may only be scanned
when the patient is in a precise inspiratory position and with extremely specific transducer
angles and placements. As a result, even in the absence of tele-transmission, the imaging
result is not always consistent. When two examiners look at the same patient, they will
almost always produce different visuals and, in some situations, diagnoses. This general
weakness naturally also has an influence on the use of ultrasound in telemedicine and must
always be taken into account in all applications.

The latest developments in the field of telecommunication have paved the way for
several attempts to test tele-ultrasound with mobile device application [22] or via web-
based applications [27]. These studies have shown that commercially available video chat
software can transmit high-quality and clinically useful ultrasound images. For nearly
every anatomic location assessed in these studies, images obtained by means of this method
were non-inferior to images obtained directly from a stationary ultrasound machine. There
were also mobile ultrasound apps that went beyond simply projecting live images, with
built-in tools to grade the images that study participants took and determined whether
they passed or failed.

Data transfer rates have come a long way since the early stages of telemedicine two
decades ago, when devices with a bandwidth of 2 Mbit/s were used successfully for
obstetric tele-ultrasound [15]. Nowadays, the transmission of real-time ultrasound video
footage to a remote iPhone using inexpensive technology is feasible, as shown in the
literature. It can be accomplished without the loss of image quality and a minimal delay
and works even with 3G mobile connection [28].

3.6. Safety of Data

As the value of personalized data increases and cheap data storage is abundantly
available, telemedicine companies can record and analyze a complete set of parameters
longitudinally in real-time, which is an unprecedented feat in the history of medicine.
However, patients” access to and control over these stored data are not always guaranteed.
In Western societies, where people are wary of privacy violations, these developments
should spark an intense public discourse, which seems to lag behind the staggering pace of
the technological advancement.

In a tele-guided setting, there are several ways to document the obtained images and
results. There are various ultrasound documentation programs on portable devices and
guidelines on how to appropriately document an ultrasound examination [29]. Moreover,
there are cloud-based monitoring systems that do not require bedside supervision and
documentation, which may enhance the ability of physicians to study and document
ultrasound images [30]. Data protection is an important issue related to these cloud-based
documentation applications. Although recent cloud-based products comply with EU
regulations regarding data privacy and protection, this remains a hot topic.

4. Artificial Intelligence and Tele-Ultrasound

Excellent-quality ultrasound images serve as the foundation for expert interpretation.
Artificial intelligence (Al) is emerging to provide a means for autonomously gathering
images, even for the uninitiated. Obstetricians have perfected the art of capturing and
evaluating fetal images for pregnancy monitoring. Startup enterprises in the United States
and Europe have acquired regulatory approval to advise inexperienced clinicians to take
images for clinical purposes using Al guidance. The ultrasound probe is put on the patient
after entering information such as the patient’s height, weight, and gender. The clinician is
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then instructed on how to move the probe (clockwise, counterclockwise, up, or down), and
the picture is autocaptured as soon as the best image is detected.

There is still a scarcity of validation data for high-quality images acquired using this
method. According to trials conducted by nurses with no previous echocardiography expe-
rience who used this equipment on hundreds of patients, high-quality video photographs
may be obtained well over 90% of the time. That result holds true for images of organs that
are not constantly moving, such as the heart, and should be more suited for Al algorithmic
direction. Researchers are collecting massive amounts of ultrasound images from a range
of patients to assist and drive algorithm development even further. These images will
be linked to ground-truth diagnoses and verified clinical results. The implications of Al-
assisted ultrasound guiding may be crucial for all practitioners in the future. For example,
an emergency room doctor may snap a photograph of any region of a patient’s body and
then send the video loop to a radiologist for interpretation. Deep learning algorithms for
exact ultrasound interpretations are being investigated in the meantime; however, they
are still in the early phases of development [31]. The advantages might be extended to
rural regions, as well as middle- and low-income nations, where worker capacity or skill in
image capture may be limited or non-existent, democratizing imaging technology. More
widespread clinical use of smartphone ultrasonography has begun in rural Africa and
India, and Al guidance for image capture may be adopted soon. In the COVID-19 outbreak,
new uses of Al guidance have lately been seen [32]. Researchers are using deep learning
approaches to develop algorithms for automating acquisition and severity evaluations to
help in real-time clinical decision-making. If fully confirmed, the easily available objective
image data might assist in the diagnosis, triage, and surveillance of seriously sick patients.
In the future, a patient with heart failure may transmit to their doctor a clinical grade
echo of their heart, whereas a person with acute stomach discomfort might obtain targeted
photographs that indicated a kidney stone.

5. Discussion

The rapidly evolving technology will likely promote the widespread implementation
of tele-ultrasound procedures, especially in remote areas and in the first-responder set-
ting. Further investigation of real-time image transfer and communication paradigms in
prehospital scenarios and practical applications is warranted. Pocket and other portable
ultrasound machines are the most commonly used ultrasound devices for tele-ultrasound.
The potential impact of tele-ultrasound is substantial when considering both the scope of
clinical fields of application (e.g., respiratory failure, hemodynamic compromise, procedu-
ral guidance) and the number of stakeholders (e.g., patients, providers, health systems).
Technologically speaking, ultrasound machines have become smaller, more portable, and
durable, and the relative cost has decreased dramatically. Smartphones are ubiquitous, and
dozens of software applications run seamlessly on them simultaneously. Therefore, smart-
phones are capable of functioning as affordable handheld telemedicine platforms. Finally,
global connectivity is steadily increasing, particularly wireless cellular and internet access.
These advances have made tele-ultrasound feasible and have given it a durable competitive
advantage compared to conventional ultrasound, which will boost its application in the
near future.

Nevertheless, tele-guided ultrasound education also carries some weaknesses and
risks. No tele-ultrasound module can fully replace real hands-on learning experiences.
Although one can try to teach the handling of the probe via tele-guidance, it is easier to
do this physically next to a student. The digital distance, which provides some benefits,
appears as a barrier that cannot be eradicated when using tele-ultrasound. Therefore,
tele-ultrasound is an option for remote or poorly developed areas, as well as an innovative
tool in crisis situations.

The practical usefulness of tele-ultrasound has become more entrenched and advanced
in the medical setting in recent years. A distinction must be made between tele-ultrasound
and the pure transmission of ultrasound images, which does not have the aspects of real-
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time data transmission with a corresponding second examiner. Particularly in the field of
medical teaching, there is a specific difference between these two modalities.
Tele-ultrasound is on the advance, especially in the next few years, due to further
progress in digitalization and technical miniaturization. Global pandemics, such as the
current COVID-19 pandemic, have particularly marked and shaped this use of technology.
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