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Abstract

The second leading cause of mortality in the
world is cardiovascular disease (CVD), causing
17 million deaths in 2013. CVD disproportion-
ately affects low- and middle-income countries
(LMIC), which account for 80% of these
deaths. The use of ultrasound technology has
been a mainstay in the medical field for formal
diagnostic purposes for years and has recently
received increased interest for point-of-care
diagnostics and procedural guidance. Trans-
esophageal echocardiography (TEE) is rou-

tinely used for diagnosis andmonitoring during
cardiac surgery, and transthoracic echocardio-
graphy (TTE) is increasingly used as a
point-of-care diagnostic modality both in the
perioperative setting and in critically ill
patients. In recent years, there has been emer-
gence of portable ultrasound devices that offer
many of the functionalities of traditional ultra-
sound machines. These handheld portable
ultrasound devices have been shown to be very
effective as a diagnostic modality and are a
promising technology for increasing adoption
of ultrasound use in LMIC. Significant training
and expertise is required to achieve a level of
expertise needed to perform and interpret an
echocardiographic examination. Traditional
training with direct supervision of an experi-
enced and certified practitioner is not practical
for widespread adoption of echocardiography
in LMIC. There is a range of simulators
available in the market for replicating a TTE
and TEE exams. These simulators give learners
the added benefit of familiarizing themselves
with echocardiography before application in a
patient care setting. A variety of simulators are
available in the market across various price
points, each with its own benefits and limita-
tions, from static simulation to 2D and 3D
imaging, as well as AR capability. It is possible
to develop curriculums that include simulators
as part of the teaching to train learners in
echocardiography. Such technology increases
the number of possibilities for future
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applications andmay help in the early diagnosis
of deadly diseases such as RHD and CVD.
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Abbreviations
2D Two-dimensional
3D Three-dimensional
AI Artificial Intelligence
AR Augmented Reality
CVD Cardiovascular Disease
LMIC Low and Middle Income Countries
NICM Non-ischemic cardiomyopathy
OR Operating room
POCUS Point of Care Ultrasound
RHD Rheumatic Heart Disease
TEE Transesophageal echocardiography
TTE Transthoracic echocardiography
WHO World Health Organization

19.1 Introduction

The second leading cause of mortality in the
world is cardiovascular disease (CVD), causing
17 million deaths in 2013. CVD disproportion-
ately affects low- and middle-income countries
(LMIC), which account for 80% of these deaths
[1, 2]. Atherosclerotic diseases, including
ischemic heart disease and stroke, are principal
causes of death in Latin America, Eastern Eur-
ope, South Asia, East Asia, and North Africa and
the Middle East [3–8]. Non-atherosclerotic dis-
eases including rheumatic heart disease
(RHD) and non-ischemic cardiomyopathy
(NICM) are very prevalent in Southeast Asia and
parts of South Asia [4, 9, 10]. RHD is a pre-
ventable disease that affects up to 40 million
people worldwide [11]. It is endemic in impov-
erished children and young adults. Early diag-
nostic imaging is imperative in diagnosing and

managing RHD and NICM, especially to prevent
the deadly long-term consequences. The World
Health Organization (WHO) published a report in
1998 that said 60% of the world does not have
access to any diagnostic radiological services
[12], however, even if imaging is available in
many LMICs, marked disparities exist in uti-
lization of such imaging and access is provided
on a fee-for-service basis [2]. More than half of
the installed equipment is not utilized due to a
lack of maintenance or trained users. New para-
digms must be developed to train healthcare
providers in ultrasound imaging, especially for
early detection of these morbid conditions, as
training for and availability of technicians is
nearly non-existent in LMICs [13].

The following is a discussion of the technol-
ogy, availability, and utility as well as applicable
content of simulation for training providers in
LMIC to appropriately use transesophageal
echocardiography (TEE) and transthoracic
echocardiography (TTE) for diagnosis, treatment,
and guidance during procedures while treating
their patients.

19.2 Ultrasound

The use of ultrasound technology has been a
mainstay in the medical field for formal diag-
nostic purposes for years but has recently
received increased interest for point-of-care
diagnostics and procedural guidance [14]. This
increased interest is becoming formalized in
medical training in the United States as multiple
specialties incorporate curriculum changes to
teach ultrasound techniques in residency pro-
grams. Surface ultrasound is regularly used to
guide placement of peripheral and central intra-
venous lines, regional blocks and as a non-
invasive monitor of cardio-pulmonary function.
TEE is routinely used for diagnosis and moni-
toring during cardiac surgery, and TTE is
increasingly used as a point-of-care diagnostic
modality both in the perioperative setting and in
critically ill patients. Initially, TEE was only used
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to capture images in patients who had suboptimal
echo windows during TTE. However, the
importance of TEE has increased considerably
and has become an indispensable tool during
cardiac valve surgery and in the diagnosis and
management of life-threatening hemodynamic
instability [15, 16]. In 1985, the WHO published
a report concluding that there are “very real
advantages to be gained from the use” of ultra-
sound for imaging in developing countries by
noting its potential for “improved patient man-
agement and care of the individual” [17]. Despite
the time that has passed, there has not been
widespread adoption of echocardiography in
LMIC. Training and skill are important barriers
to adoption that can, at least partially, be over-
come with robust simulation programs.

19.2.1 Point of Care Ultrasound
(POCUS)

In recent years, there has been emergence of por-
table ultrasound devices that offer many of the
functionalities of traditional ultrasound machines
[18]. These devices can be used to perform a TTE
and come with a portable display unit and probe
that be used any time. These devices have a rugged
design that can be easier to maintain compared to
larger ultrasound workstations. Clinicians can
carry around these portable devices very easily and
incorporate this technology into their initial
assessment and physical examination of a patient
[19], and they are relatively less expensive than
traditional ultrasound systems. Telecommunica-
tion over cloud-based platforms is also possible
with these devices, allowing for remote peer
evaluation and viewing of locally captured ima-
ges. Manufacturers such as SonoQue (Yorba
Linda, CA); Philips (Amsterdam, The Nether-
lands); TENS Pros (St. Louis, MO); and Butterfly
Network, Inc (Guilford, CT) (Fig. 19.1) offer this
functionality. Some limitations of these portable
devices still exist—such as overheating with
continuous use—but these devices can assist in
performing a focused examination to identify
acute pathologies, even if the image quality might
be inferior to standalone ultrasound machines.

These handheld portable ultrasound devices
have been shown to be very effective as a diag-
nostic modality. Studies have shown that these
devices can be used to diagnose left ventricular
hypertrophy and can then be used as an indicator
for starting anti-hypertensive regimen [20]. RHD
can also be screened through POCUS andmultiple
studies have shown it to be superior as a screening
tool compared to cardiac auscultation alone [21–
23]. POCUS has also been shown to have high
diagnostic accuracy compared to comprehensive
echocardiograms when evaluating ejection frac-
tion, valvular regurgitation and wall motion
according to two studies from Brazil [24, 25].

These advances in technology, and the
demonstrated utility that comes with it, will lead
to increased adoption and utilization of
echocardiography in LMIC but require robust
training and operator expertise prior to wide-
spread use in clinical care.

19.2.2 Training

The WHO Ultrasound Manual states that in order
to reliably interpret ultrasound scans, a physician
requires at least 6 months of full-time training at
a recognized academic center. They should also
have at least 2–3 years of healthcare training
[26]. The vast majority of personnel performing
ultrasound scans in LMICs do not meet the
abovementioned criteria to practice ultrasonog-
raphy and have little or no formal training [13].

Significant training and expertise are required
to achieve a level of expertise needed to perform
and interpret an echocardiographic examination.
Traditionally, training is performed under direct
supervision of an experienced and certified
practitioner. The learner is expected to appreciate
the normal anatomic cardiac structures, and then
differentiate the abnormal structures. The anat-
omy of heart must be learned from both the
perspectives of TTE and TEE. The learner must
familiarize themself with these alternative image
orientations and mentally visualize the three-
dimensional image of the heart from multiple
two-dimensional image planes. Vertical and
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oblique plane imaging can make this very chal-
lenging. Following mastery of normal and
abnormal anatomy, the learner is then taught to
assess ventricular and valvular function. This
formalized training is only available in major
academic centers during dedicated fellowship
training [27]. There is significant variation in
exposure to ultrasound education for learners,
and proficiency in POCUS is not a compulsory
milestone [28]. Introducing ultrasound courses
focused specifically on POCUS as part of the
curriculum, however, is feasible and helps the
learners improve their cognitive and technical
skills. Training to perform an adequate TEE
exam requires a substantial learning curve and
multiple sessions to be fully competent. Use of
simulators is a clear measure that can be imple-
mented to help bridge this gap. Incorporating
simulators as part of echocardiography training
can suitably supplement the existing training
methods to develop the necessary skills for per-
forming echocardiography.

19.3 Role of Simulators

There is a range of simulators available in the
market for replicating a TTE and TEE exams.
These simulators give learners the added benefit
of familiarizing themselves with

echocardiography before application in a patient
care setting. These simulators also give the
learners the chance to practice multiple times
without any time or patient safety constraints,
which allows for individualized training and
evaluation of competency. Simulators have high
fidelity and help learners feel as if the procedure
is being performed on humans due to anatomi-
cally accurate simulations and images. When
choosing a simulator, one must consider price,
hardware and software requirements, and capa-
bilities. These simulators can then be integrated
and adopted by an institution as part of a
curriculum.

Below is a discussion of different simulators
available in the market and how these can help
medical professionals obtain essential echocar-
diography skills.

19.4 Static Simulation

There are simulators available in the markets that
allow static simulation of the heart to perform a
TTE or TEE. One such model available in the
market called The Blue Phantom Model (CAE
Healthcare) is designed to be compatible with
ultrasound and aids in teaching echocardiogra-
phy skills to learners [29]. It is made of durable
rubber that is echogenic to allow for easy

Fig. 19.1 a SonoQue
portable pocket probe
(SonoQue, Yorba Linda, CA).
b Lumify portable probes
(Philips, Amsterdam,
Netherlands). c UltraTENS II
portable ultrasound probe
(TENS Pros, St.Louis, MO).
d Butterfly iQ (Butterfly
Network, Inc, Guilford, CT)
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visualization using any ultrasound system with
an appropriate transducer. The rubber is designed
with a convex contour to allow realistic scanning
and cannulation to more accurately mimic human
tissue. The interior of the Blue Phantom Model
houses an anatomically accurate heart model
with precise corresponding atria, ventricles,
appendages and vessels. This heart model can
also be clearly seen with an identical translucent
copy of the Blue Phantom Model. The total
dimensions of the model are 10.5 � 5.3 � 5.7
inches. It features two ports: one of the ports is
connected to tubing with a stopper that is used
for filling and emptying fluid for to simulate
pericardial effusions. The company produces a
specific fluid called Red Ultrasound Refill Solu-
tion (BRS180-Red; CAE Healthcare) to replicate
pericardial effusion that can be purchased sepa-
rately. The second port is used to insert a TEE
probe. The model also allows for actual needle
punctures to be performed to better train for
pericardial effusion drainage (Fig. 19.2).

19.4.1 Workflow

Learners are required to follow the same steps to
acquire images from the Blue Phantom Model, as
they would for standard ultrasound machines.
This includes:
1. Connecting an ultrasound machine to a power

source.
2. Initializing the probe and having the system

ready for starting echocardiography.
3. Entering “patient information” on the ultra-

sound machine.
4. Inserting the TEE probe through the port in

model with adequate lubrication.
5. Positioning the probe at the upper esophageal,

midesophageal, transgastric and deep trans-
gastric windows accordingly.

6. Visualize the image.
7. This model allows for adjustment of depth,

gain, harmonics, compression, and zoom on
the ultrasound system for better image
optimization.

The TEE image in the Blue Phantom Model is
visualized as a static image, devoid of any
motion, with appropriately positioned intra-
cardiac chambers and valves. The walls of the
heart have appropriate thickness with well-
defined endocardial and epicardial borders. The
vena cavae, ascending aorta, and pulmonary
artery can also be visualized. This simulator also
allows the learners to practice various three-
dimensional (3D) imaging modes in real time.
All the images that are captured can be stored
and reviewed (Fig. 19.3).

19.4.2 Limitations

The most significant limitation of the Blue
Phantom Model is that it is static and it does not
allow flow information to be visualized; therefore
real valve motion and doppler flow profiled
cannot be generated. The image quality is also

Fig. 19.2 The echocardiography phantom model with
a Fluid injection port. b TEE probe inserted through the
port
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not consistent throughout different TEE views.
The variability could be due to differences in
probe position and contact, use of lubricant
material, or due to the orientation of the model in
the gel suspension. However, by using more
lubricant gel at the time of probe insertion and
filling the pericardial cavity beforehand does
improve the image quality.

19.5 Live TEE Simulation

Simulators designed for training of TEE and TTE
have simplified the teaching of the complex
process of echocardiography. One such simula-
tor, called the HeartWorks Simulator, was
developed at Heart Hospital in London UK, in
collaboration with a graphics animation company
(Glassworks, London, UK). The simulator comes
with an external mannequin and a realistic TEE

probe that learners can use to accurately visualize
the anatomically correct model of the heart [27].
As the learners manipulate the probe, a digital
image of the heart and the probe is displayed
automatically on the computer screen in real time
to give the learners an accurate understanding of
their anatomic orientation. The internal and
external anatomy of the heart is displayed.
A Microsoft Windows based computer (Red-
mond, WA) with a suitable graphics card and
adequate processing power and memory, is
connected to the mannequin and the TEE probe
via a standard USB port. The TEE probe allows
for anteflexion, retroflexion, and left and right tilt
with controls that mimic modern TEE probes.
The mannequin houses the positioning sensors
for the TEE probe for orientation in relation to
the digital heart (Fig. 19.4).

19.5.1 Modes

This simulator comes with a number of modes
that can help in teaching basics of echocardiog-
raphy and anatomy. “Camera mode” allows the
user to change the viewing angle of the heart
through mouse control, allowing for a better
understanding of the internal anatomy of the
heart. The “Manipulator mode” allows the user to
keep the camera angle constant, but the slice
plane can be changed from multiple perspectives
and angles. The “TEE mode” allows for a com-
plete TEE exam to simulated by using the TEE
probe, complete with the controls to anteflex and
retroflex the probe, as well as advance and
withdraw the probe in the mannequin. The digital
probe on the computer screen automatically
reproduces the probe manipulations, and at the
same time, a three-dimensional (3D) image is
generated in real time on the computer to give
perspective to the learner and improve their
skills. The teacher observing can assist the lear-
ner accordingly. The software on the computer
also has the ability to digitally remove certain
cardiac tissues according to the users’ interest
and focus. The anatomic structures can be easily
highlighted and linked to explanations via text
(Figs. 19.5 and 19.6).

Fig. 19.3 Anatomic structures as visualized during a
TEE exam of the phantom heart model. a Ascending aorta
and pulmonary artery. b A 3D view of the left atrial
appendage and the Coumadin ridge
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19.5.2 Limitations

The biggest limitation of this simulator is that it
is expensive, and the initial cost may inhibit a
more common uptake of this technology. It is
available in varying configurations, however,
which may reduce the cost. The simulator also
does not allow Doppler functionality and the
graphics and videos are not able to be saved for
future reference.

19.6 3D TEE Simulator

A 3D-TEE simulator offers accurate views of
cardiac physiologic and pathologic cardiac anat-
omy, while also providing real-time volumetric
scanning, allowing learners to practice both
qualitatively and quantitatively.

One such simulator is the Vimedix TEE/TTE
simulator (CAE Healthcare, Montreal, Canada)
that is capable of both 2D and 3D echocardiog-
raphy. A computer is connected via standard
USB port to a mannequin that includes a standard
TEE probe, capable of all maneuvers of a stan-
dard probe. This mannequin houses the posi-
tioning sensors to allow the orientation of the
TEE probe in relation to the digital heart. The

mannequin is also capable of working with a
TTE probe (Fig. 19.7).

This simulator is equipped with multiple
modes that can help in teaching basics of 3D
echocardiography and anatomy. The simulator is
capable of a wide array of standard 3D
echocardiography technology, including live
narrow and wide sector imaging, single beat full
volume imaging, orthogonal biplane imaging,
multiplanar reconstruction from 3D datasets.
This allows for the learner to familiarize them-
selves with the “knobology” and anatomy
specific to 3D echocardiography. This is an ex-
pensive simulator that needs a large physical
space to house the unit and it needs regular
upkeep for maintenance. These limitations, as
well as the advanced nature of 3D echocardiog-
raphy, currently limit its applicability for LMICs.

19.7 Augmented Reality (AR)

Augmented Reality (AR) is an immersive tech-
nology that adds an artificial layer of computer-
generated information over an actual real-world
image, most commonly done through a headset.
AR helps improve situational awareness and
understanding by greatly enhancing spatial

Fig. 19.4 A learner performs
a TEE exam using the
HeartWorks simulator
(Glassworks, London, UK)
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Fig. 19.6 A TEE exam on a HeartWorks simulator
(Glassworks, London, UK), showing the 3D image of the
heart, the positioning of the TEE probe and its controls,

with its corresponding echo image of midesophageal 4
chamber view in real time

Fig. 19.5 A TTE exam on a HeartWorks simulator (Glassworks, London, UK), showing the positioning of the TTE
probe, the 3D image of the heart, and its corresponding echo image of parasternal long axis view in real time
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orientation [30]. It is most commonly used in the
gaming industry or in the military, but its use is
also increasing in the healthcare sector as it has
shown promise. Healthcare related applications
include visualization of subcutaneous veins,
treatment of psychiatric disorders, displaying
patient data using a head-mounted display during
surgery, task training and procedure planning
adjuncts.

AR can also be applied to echocardiographic
imaging modalities such as TTE and TEE. Typ-
ically, the person performing a TTE or TEE has
to undergo extensive training to understand the
cardiac imaging that is presented as a two-
dimensional (2D) cross-section via ultrasound
technology. The operator is then expected to
construct a mental picture of a 3D image of the
anatomy for orientation. AR can be used instead
to supplement the generated ultrasound image by
overlaying the corresponding virtual anatomic
perspective. This can be done, for example, by
using an AR Headset such as Hololens (Micro-
soft, Redmond, WA) alongside a Vimedix
TEE/TTE simulator (CAE Healthcare, Montreal,
Canada). This has the potential to improve
training and orientation for learners and reduce
their learning curve to perform a TEE/TTE. Such

kind of technology can then be incorporated as
part of future didactics and custom tutorials for
the learners to improve their understanding of the
procedure.

19.7.1 Limitations

There are, however, limitations to AR Technol-
ogy. The technology is nascent and, therefore can
be expensive to buy and maintain, and these
simulators have cross-compatibility issues to
overcome. The AR headset has limited battery
life with a limited field of view and prolonged
use of an AR headset can also be associated with
neck muscle fatigue.

19.8 Curricula for Application
of Simulation Technology

In order to fully utilize the benefits of the
aforementioned simulators, it is important to
incorporate this technology to existing teaching
curriculums in academic centers that focus on
teaching the necessary skills in performing a TEE
or TTE, in an effective and systematic manner.

Fig. 19.7 A learner performs
a TTE exam using the
Vimedix TEE/TTE simulator
(CAE Healthcare, Montreal,
Canada)
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One study demonstrated a curriculum that inte-
grated simulators to teach trainees over a period
of four weeks [31]. This curriculum included
multiple approaches to teaching, with clearly
defined objectives for learning and instantaneous
feedback for improvement. The first part of the
curriculum was focused on topic specific web-
based teaching modules orienting the learners on
the fundamentals of echocardiography, probe
positioning and orientation, and the visualization
of different structures of the heart, such as right
ventricle and tricuspid valve, aortic valve, mitral
valve, left ventricle systolic function and wall
motion assessment. This is done via various
online lectures, quizzes, and practice exercises,
primarily through visual learning. Learners could
access this content at their own convenience at
any time to appropriately cover the didactic
materials, and a test is taken before and after
undergoing these web-based modules to assess
its effectiveness and measure the knowledge
acquisition. The second part of the curriculum
focused on teaching the learners through the TEE
simulator, with sessions taking place two times a
week. Expert attending physicians gave tutorials
to the learners and then they were encouraged to

reciprocate the skills obtained by practicing
hands-on on the simulators. Instant feedback was
then provided to the learners to correct their
mistakes and improve proficiency. As part of this
section of training, the facilitators also held
focused discussions on review of real-world
cases and scenarios in order to increase contex-
tualization with clinical relevance (Fig. 19.8).
This study, among others, demonstrates the
effectiveness of simulation technology for
learners in an academic setting. The curricula
proposed could be easily adapted to suit practi-
tioners in LMIC. The short period of time, web-
based modules and online assessment lend
themselves particularly well to remote or asyn-
chronous teaching techniques. These advantages
may serve to improve participation for learners
from disparate geographical areas.

19.9 Future Applications

Multiple studies have shown the effectiveness of
using simulators to teach echocardiography skills
to learners, specifically TEE. All these studies
have shown promising results by demonstrating

Fig. 19.8 Overview of a basic curriculum design
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that learners did better after undergoing simula-
tor-based training compared to others who did
not train on simulators before being tested [31–
33]. It is possible to develop and implement a
curriculum to teach echocardiography that is
web-and-simulation-based, which could encour-
age more widespread adoption. Studies have also
shown that learners who underwent simulation-
based teaching, with no prior knowledge of
echocardiography, performed significantly better
than learners who underwent traditional didactic-
based teaching or those who underwent hands-on
training in the operating room. AR can be used to
teach learners at multiple different sites at the
same time. A single instructor can demonstrate
the necessary skills using a simulator and then
also evaluate and assess learners performing the
same skills at remote locations, allowing greater
outreach for teaching [30].

Measuring the time or number of errors in
performing a task, is traditionally the basis on
which successful completion of a task is asses-
sed. It is possible to create integrated curriculum
based on hands-on sessions on simulators and
objectively assess echocardiography skills using
hand motion metrics, including the number of
rapid movements or transitions and the total
length travelled by the TEE probe. This kine-
matic data can then be used to assess expertise
[34]. These studies showed significant improve-
ment in technical skills of learners who under-
went simulation-based educational curriculum by
analyzing the novice learners’ technical profi-
ciency and comparing to an expert board-
certified echocardiographer. Such objective
analysis can also aid in identifying participants
who need further training to improve their skills.

Echocardiography based teaching aimed at
LMIC can use such technology available in the
market with a perspective of significant upfront
investment, but a very high return of investment
in the future, as such technology can greatly help
in training personnel in LMIC.

19.10 Conclusion

Proficiency in echocardiography is essential to
correctly diagnose cardiovascular diseases. With
the increased use and availability of ultrasound
devices and machines, it is imperative that
training modalities keep pace with technical
advancements. This could lead to early diagnosis
of deadly diseases such as RHD and other CVD
and aid in the care of critically ill patients
through proliferation of POCUS. A variety of
simulators are available in the market across
various price points, each with its own benefits
and limitations, from static simulation to 2D and
3D imaging, as well as AR capability. It is pos-
sible to develop curricula that include simulators
to train learners in echocardiography. Previously
developed curricula have shown to improve
cognitive and technical skills in echocardiogra-
phy and may serve as the basis for more wide-
spread adoption of echocardiography in LMIC.
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