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CT2TEE — a novel, internet-based simulator
of transoesophageal echocardiography in congenital
heart disease
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Abstract

Background: Echocardiography is one of the most important diagnostic tools in cardiology. The two most widespread modes of
echocardiography are transthoracic (TTE) and transoesophageal (TEE) echocardiography, both requiring extensive training. In TEE the
manual skills seem to be less important, but it is more challenging for the trainee to imagine the orientation of the cutting planes in
space. This becomes more complicated, even for an experienced echocardiographer, in patients with congenital heart disease. There
is a growing interest in TEE simulators. All of them are, however, manikin based and their use is limited to only a few medical
centres.

Aim: To develop an internet-based TEE simulator offering interactive training in cases with and without congenital heart disease.

Methods: Because of high spatial resolution we use data from ECG-triggered heart computed tomography (CT) to build the 3D
heart model. On every CT image the oesophagus has to be marked and the greyscale values converted in order to mimic the tissue
greyscales seen in TEE. After such preparations the 3D set created from CT data can be cut in any plane. The trainee can use the slid-
er buttons in the simulator interface to freely steer the virtual TEE probe. While setting the desired TEE plane the application
conducts calculations in order to simulate the typical sonographic artefacts.

Results: We were able to construct an application allowing a TEE simulation based on CT data. There are two versions of the sim-
ulator. The first one has to be downloaded to a personal computer together with the CT data. The second one is internet based and
freely accessible on the project’s web page (www.ct2tee.agh.edu.pl). It doesn’t offer real time simulation, but is sufficient to obtain
all possible views in the TEE. There are currently three data sets, two with congenital heart disease, and further development of the
database and simulator is planned.

Conclusions: The CT2TEE simulator, described in this paper, is the first fully interactive, internet-based TEE simulator. It can be
a training tool both in learning TEE basics and in congenital heart disease.
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Introduction and literature

Echocardiography is one of the most important tools
in cardiology, providing information concerning heart
anatomy and function, and thereby helping to detect or
exclude diseases and to guide the surgical and medical
treatment. There are many other imaging modalities
allowing visualisation of the heart, for example magnetic
resonance (MR) and computed tomography (CT), but
echocardiography remains in many ways unique.

The two most widespread modes of echocardiography
are transthoracic (TTE) and transoesophageal (TEE)
echocardiography, both requiring extensive training. In the

first one there are defined several standard examination
planes. Proper visualisation requires however different
angulations of the TTE probe, making extensive hands-on
training necessary.

In TEE manual skills seem to be less important. After
oesophageal intubation the probe slides along the
oesophagus, while pushing or pulling it. It can also be
turned right or left, and by pushing the buttons or turning
the wheels on the probe's handle the probe's angulation
and deflection angles can be changed. All these
manoeuvres require less manual skill than in TTE, but it is
challenging for the trainee to imagine the orientation of
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the cutting planes in space. This becomes more
complicated, even for an experienced echocardiographer,
in patients with congenital heart defects and therefore
changed heart anatomy and often different situs. TEE is
a semi-invasive procedure, is unpleasant for conscious
patients and therefore should be performed relatively
quickly and cannot be repeated or conducted only for
educational purposes.

Before being able to independently perform and
interpret the echocardiographic examinations the physician
should learn and practise in a high volume centre, which
is time-consuming and does not warrant contact with
patients with rare diseases, including congenital heart
defects [1-3].

Nowadays simulators are increasingly used in medical
education, especially in endoscopy [4], anaesthesia [5],
surgery [6, 7] and also ultrasound [8], with encouraging
results. They allow one to flatten and shorten the learning
curve and to ensure acquisition of the core skills [9]. The
PubMed search revealed however only two projects
describing the use of TEE simulators. Both of them are
based on a manikin with a TEE-like looking probe attached
to a personal computer (PC) equipped with special
software [10, 11]. The use of these simulators is and will
be limited to only a few centres. Assuming that not all
physicians learning echocardiography will attend a TEE
course in training centres equipped with a manikin-based
simulator and that many trainees try to learn the basics
from a book, there is a place for a software-based
simulator that can also be used at home.

We therefore developed a free, internet-based
simulator of transoesophageal echocardiography in which
the TEE probe can be steered with the mouse and
keyboard.

Transoesophageal simulator (methods and
results)

The CT2TEE simulator consists of a core CT2TEE
application and a databank of CT sets.

Because of the unlimited number of cross-sectional
planes in TEE, to create a two-dimensional (2D) TEE

simulation a three-dimensional (3D) heart model has to
be created in the CT2TEE application first. This can be done
theoretically with many heart imaging modalities. The TEE
simulator described by Weidenbach et al. uses the data
collected during 3D transthoracic echocardiography [12,
13]. This however has several limitations. First of all the
resolution of such 3D data is markedly lower than in 2D
echocardiography. There are also many heart structures
that because of sonographic artefacts in the transthoracic
view cannot be seen in such TEE reconstruction.

Because of much higher spatial resolution we decided
to use data from ECG-triggered CT of the heart to build
the 3D heart model in our simulator [14].

The CT set consists of a block of images stored in
a lossless ‘Digital Imaging and Communications in
Medicine’ (DICOM) data format [15]. All of them are situated
in parallel planes and the distance between them is
encoded within the DICOM format. Each consecutive slide
of the CT data set is taken as the next surface for the value
Z; values (X, Y) are the pixels of a single image surface
(Figure 1).

Before starting the TEE simulation the set of CT images
has to be prepared. On every CT image the oesophagus has
to be marked and the greyscale values converted in order
to mimic the tissue greyscales seen in TEE (Figure 2).

After such preparations this 3D set can be cut in any
plane, as in the real TEE. Both versions of the simulator,
described later, have a similar interface, allowing one to
slide the virtual probe along the oesophagus, turn it, and
change the plane angulation and deflection of the probe’s
tip (Figure 3). After setting the desired TEE simulator plane
the application conducts for each view calculations in order
to adjust the greyscale to make it similar to TEE views and
to simulate the typical sonographic artefacts.

There are two versions of the simulator, both based on
the same core ‘CT2TEE application’. In the first one, based
on the ‘thick client’ principle, the user has to download the
DICOM CT data set, consisting of hundreds of megabytes,
and install the CT2TEE application on a personal computer.
In this version while moving the sliders used for steering
the TEE probe the user sees a real time simulation with
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Figure 1. Set of CT images, shown on the left, is used to build a 3D model. After that, the 2D reconstruction can

be made in every plane
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Figure 2. Several steps are necessary to prepare a CT set for the TEE simulation. On every CT image the position
of the oesophagus has to be marked (picture on the left). The tissues have different brightness in CT and TEE.
For example, blood in CT after the application of contrast agent is very bright, whereas in TEE it is almost black.
Adjustment of the histogram of CT images, shown in the right picture, makes them similar to TEE images
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Figure 3. The virtual TEE probe is steered with
several sliders. The slider ‘probe depth’ reflects the
probe position in the oesophagus. Moving the slider
up moves the virtual TEE probe toward the stomach
and moving it down pulls the TEE probe. The default
position of the ‘rotation’ slider is 0, meaning that
the ultrasound beam spreads in the direction from
the oesophagus to the sternum. Moving the slider
right turns the probe clockwise and moving it left
turns the TEE probe in the opposite direction. Similar
as in real TEE, changing the setting of the ‘plane
angulation’ and ‘deflection’ sliders respectively
changes the angulation of the visualization plane
and bends the tip of the probe. Changing the plane
angulation also changes the position of the arrow
on the indicator situated in the right upper corner
of the simulation-view
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minimal time resolution of at least 15 frames per second.
The second version is based on the ‘thin client principle’
and is freely accessible via the internet on the project
webpage (www.ct2tee.agh.edu.pl). In this version the
CT2TEE application runs on a server, where also the CT data
are stored, and sends the reconstruction of the view in the
desired plane. The user has access to the server via the
internet (www) and doesn’t have to download the CT data
sets and the application itself. In the internet-based version,
however, the trainee doesn’t see a smooth real time
simulation while changing the settings of the TEE probe.
Because of insufficient speed of internet connections the
new view is seen at once, as a single image, after releasing
the slider button. In both versions, however, similar TEE
views are reconstructed, which resemble the real TEE view
(Figure 4).

There are currently three sets of data available online.
The ‘normal set’ is reconstructed with the use of the CT
data set showing no major abnormalities. It can be helpful
for beginners in setting the standard views but also for
advanced users wanting to improve their skills. The
second one is obtained in a patient with anomaly of the
coronary arteries (Figure 3) and the third one with
unroofed coronary sinus and persistent left superior caval
vein. These sets can be helpful for more experienced users
learning at home or preparing for TEE in a patient with
a similar heart defect. The number of cases in our
database is currently limited by the hardware. Every data
set has to be stored on fast random access memory (RAM)
while performing the simulation on the server (Intel Xeon
3040, 1.86 GHz, BUS Speed 266 MHz). The CT2TEE
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Figure 4. Comparison of the real TEE view (on the left) and similar view in the CT2TEE internet-based simulator
(on the right). The greyscale values for tissues are similar, but not identical. Of note is however markedly higher
spatial resolution in the right picture, where small structures, for example coronary arteries, are clearly visible

application running on the server is also demanding and
allows parallel access for only approximately 50 users. The
calculations are performed on the server, so that the
minimal requirements for the user’s PC are not demanding
and include a 200 MHz processor, 256 MB RAM, MS
Internet Explorer 6.0 / Mozilla 3.0 or equivalent browser
with JavaScript support.

Discussion and summary

The CT2TEE simulator is the first internet-based TEE
simulator described in the literature. In contrast to other
TEE simulators CT2TEE is the only one that is also free and
does not require additional hardware. Nowadays, with the
increasing demand for TEE and therefore need for staff
training, an additional teaching tool might be of special
interest.

Transoesophageal echocardiography is a user-
dependent imaging modality. Proper steering of the probe,
spatial orientation and knowledge of potential pathologies
play a pivotal role. Simulator training cannot replace
traditional learning methods in the learning process but
can address the main obstacles in the learning process.

One of the main problems when learning TEE is the
orientation in space. It can be challenging, even for
echocardiographers having experience in TTE, to imagine
a 3D heart model seen and then cut in 2D from the
oesophagus, as in TEE. Experience in TTE is however
helpful. It has been addressed in the recent guidelines of
the European Association of Echocardiography (EAE),
recommending 75 TEE examinations for users having
a basic level of experience in TTE and 125 TEE
examinations for those without experience in TTE and
wanting to receive EAE accreditation to perform TEE
independently [1]. Learning from a book or attending a TEE
course with little hands-on training will not improve the

ability to properly steer the TEE probe in order to visualize
all heart structures. Training with the online, interactive
CT2TEE simulator with consequent setting of all the
standard TEE views can however improve those practical
skills. Because of the use of CT data in our project, offering
high spatial resolution, even trifling heart structures can
be visualised. Small objects, such as coronary arteries, or
structures not always seen completely in TEE, such as lung
veins and pulmonary arteries, can be clearly seen in
CT2TEE. Their evaluation in different views in this simulator
can facilitate further assessment in real patients.

Even after completing training in TEE it can still be
challenging to perform TEE in patients with major
structural heart abnormalities. There is nowadays
a growing number of adult patients with congenital heart
defects in whom correction surgery has been conducted
in childhood [16]. This group of patients, although small,
requires frequent evaluation and professional expertise,
while learning possibilities in the form of echocardiographic
courses, workshops and books are still very limited. The
current guidelines of the European Association of
Echocardiography point to the fact that the trainee should
not only complete the required number of TTE and TEE
examinations during the training, but also to the need for
a well-balanced mix of pathology. The EAE guidelines do
not define, however, the number of studies that have to
be performed during the training in patients with
congenital heart disease.

The guidelines of the American College of Cardiology
and the American Heart Association advise additional
training in a special facility and performing interpretation
of a further 75 TEEs in order to acquire proficiency in TEE
in complex congenital heart defects [17]. Such training is
however time-consuming, and there are only a few centres
where TEE is conducted frequently enough to offer such
training.
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It is important for the echocardiographer to have
experience in congenital heart defects for two main
reasons. The first one is that all echocardiographers are
expected to be ready for incidental findings in patients in
whom echocardiography is being done for different
reasons. It can sometimes have very important
implications. For example, an attempt to implant a cardiac
stimulator pacing lead through the left subclavian vein in
case of a persistent left superior caval vein can lead to
unexpected complications [18]. During the training with
CT2TEE the trainee can face such rare defects and
experiment in a risk-free environment with different probe
settings, therefore speed up the learning process and thus
be ready for the unexpected in the real world.

The second reason is that most patients with
congenital heart disease require regular echocardiographic
evaluation, mostly with TTE, but sometimes also with TEE
[19]. For example, patients with transposition of the great
arteries who have undergone Mustard or Senning
operation can occasionally require evaluation of the baffles
at the atrial level [20]. In case of such complex heart
morphology, training with CT2TEE prior to the real TEE can
be very helpful. Because of frequent use of CT in patients
with congenital heart disease a database with a wide
spectrum of such cases can be easily created [21, 22].

The CT2TEE project has existed for several months and
is still dynamically developing. The simulator currently has
several limitations. We still haven't developed a TEE probe
simulator. Navigation with the mouse and keyboard is
sufficient to obtain all necessary views, but does not
develop the manual skills in handling the real TEE probe.
In contrast to real echocardiography, in our simulator the
heart doesn't move. Further development with application
of algorithms for picture deformation can set the
myocardium and valves in motion. Also, designing a simple
USB-based simulator of the TEE probe for personal use
will in the future help to make the simulator more realistic.
As in all other TEE simulators, Doppler features are not
available either, but it is planned to use dynamic data sets
from cardiac magnetic resonance studies, acquisition of
which will allow the emulation of flow seen in duplex
sonography. There is recently a growing interest in three-
dimensional TEE. The acquisition of 3D images can be
difficult even for experts in 2D TEE. It is planned to add
a 3D TEE simulation module offering training also in this
technique.

Acceptance of training in TEE and TTE with simulators
has been shown to be very high among both novice and
experienced echocardiographers [12, 13]. Because of that,
different nature and ongoing improvements in the CT2TEE
project we haven’t conducted similar acceptance studies
in our study. We assume however that even at the current
stage of development the CT2TEE simulator is a valuable
teaching tool allowing the complex process of learning TEE
to be simplified and shortened.
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