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General Description of the Work
Topics. In order to reach the competent level of the coronary angiography, one
must perform the procedures by himself. The training is mostly done in a
catherization laboratory.

It takes certain amount of time to achieve the

competency to perform a coronary angiography. To someone who has less
experience of the procedure and less time of the training, it could be daunting task,
which may cause medical errors. Therefore, the training outside a catherization
laboratory got attention in the medical training and its advantages have been
recognized. The advancements of computer technology brought the applications of
the technology to the medical field. One of the applications is simulation training.
Simulation training prepares medical students or professionals with skills
for coronary angiography outside of a catheterization laboratory. Simulators were
developed and used for the training of coronary angiography. With the
advancements of computer technology, the simulators provide virtual coronary
angiography experience to students or professionals, which is close to real
coronary angiography with visual and tactile feedbacks.
However, the costs of the commercial coronary angiography simulators are
too high for an individual to have. Even they are not affordable to medical schools
and institutes. Also, the size of the simulators is big. In order to build virtual
environment for simulation, the commercial simulators are equipped with high
end computer.
Simulation training has many advantages that cannot be ignored, but
simulators are not readily available for its costs and size. As I developed the
coronary angiography learning system, I considered these factors. It should be
readily available and affordable to students and healthcare professionals who need
training for coronary angiography without compromising the quality of simulation.
This coronary angiography learning system is based on simulation-based
training that provides virtual experience of the coronary angiography. It facilitates
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the learning and acquiring skills for the procedure outside of a catheterization
laboratory. Consequently, it will reduce training time to reach a certain competent
level.
Objective. The objective of the work is to develop a coronary angiography learning
system to train students or professionals through the simulation of coronary
angiography.
Methodology. The methods of simulation for guidewire and catheter were
explored. There are many studies for simulation of guidewire. The simulation
methods are mass-spring model, finite element method, position-based dynamics,
and spline model. In this study, two methods, mass-spring model and spline model
were experimented. For the learning system, the mass-spring model was chosen
for its simple algorithms and the model requires less computation. For the tools for
the development of the learning system, Blender and Unity were employed.
Blender is a free and open-source 3D computer graphics software. It can be used
for 3D modeling, animations, visual effects, interactive 3D applications. Unity is a
multi-platform game engine. A game engine is the software that helps game
developers with many features for the game environments.
The main results of the work and scientific innovation. A coronary angiography
learning system was developed with Blender and Unity. It has capability of serial
communication with an external device. This learning system trains students and
professionals through simulation training.
Applications. This learning system has been developed with Unity that is a multiplatform game engine. Through this game engine, this learning system can be run
in different operating systems, iOS, Windows, and Android. The training can be
done not just in a cath lab. It can be done in the various environments since it can
be run in different operating systems. This learning system can be used in a school,
a hospital or simulation center for learning, teaching and practicing coronary
angiography.
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Volume and Structure of the Work. Dissertation consists of introduction, literature
review, results and conclusion. It is 101 pages long and has 35 references. It
introduces simulation training and the methods to develop the learning system for
coronary angiography. Chapter1 discusses about simulation training and
commercial simulators. Chapter2 is an overview of coronary angiography.
Through two chapters, chapter 3 and 4, I discussed two methods to simulate
guidewire and catheter: mass-spring model and spline model. In the results section,
I described how I designed the learning system and implemented it with Blender
and Unity.

Synopsis of the work
Introduction. It describes coronary angiography. It shows how common the
procedure is and the need for the simulation training.
Chapter 1. The history of simulation was described in this section. It tells how
simulation training has been developed from the first flight simulator. These days,
simulation training is adopted in other industries such as healthcare, military, law
enforcement and transportation. Specifically, simulation training is getting popular
in the training of medical field. And it became a part of training program. There
are four popular simulators in the market were introduced: CathLabVR,
Angiomentor, Simsuite and Procedicus VIST. The section 1.3 presents briefly those
four simulators for coronary angiography. In the section 1.4, two major coronary
angiography simulators ANGIO MENTORTM and Mentice VIST® presented in detail. It
shows how each simulator simulates coronary angiography based on their patents. For the
tactile feedback, they have resisting force generator and carriage that handle guidewire
and catheter. To detect the movements of guidewire and catheter, laser diode and optical
sensors were used. Simulation training is discussed with research results in the section 1.5.
Based on the researches, the metrics were presented for the assessment of coronary

angiography simulation training. Those are total time, fluoroscopy time,
catherization time and contrast dye volume. Out of these metrics, fluoroscopy is
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the good marker for proficiency. The trainees with simulation training showed
better performance than those with conventional training.

Chapter 2. In this chapter, basics of coronary angiography were presented. The
coronary arteries were described in the section 2.1. The section 2.2 describes
contrast agent injection. Lastly, angiographic views are described. This chapter
provides basic knowledge about coronary angiography and helps to understand the
coronary angiography learning system.
Chapter 3. This chapter introduces theoretical background of mass-spring model
that was used for the simulation of guidewire and catheter. In the section 3.2.1, a
particle system is presented. In the section 3.2.2, the ordinary differential equation
solvers are introduced: Euler’s method, Mid-point method, and Runge-Kuntta
method. With the ordinary differential equation solver, each particle’s forces and
positions. The section 3.3 shows how to calculate each particles’ forces and
positions with the ordinary differential equation solver. Guidewire and catheter
are modelled after this particle system. Through this algorithm, the guidewire and
catheter are simulated. In the section 3.4, it introduces collision detection. As
guidewire and catheter moves in the aorta, they will hit the surface of the aorta
and bend and rotate. This section shows how to handle the collision between
guidewire and catheter and the surface of aorta. Especially, it presents in detail
about collision on a plane since the collision between guidewire and aorta is
collision on a plane.
Chapter 4. In this chapter, spline model is examined for the simulation of
guidewire and catheter. Different types of spline are introduced and compared:
natural cubic spline, Hermite cubic spline, and Catmull-Rom spline, cubic B-spline.
The spline model was considered because there are researches on tracking a
guidewire in fluoroscopy. B-spline was most used to track guidewire in
fluoroscopy.
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Results. In this section, the coronary angiography learning system was introduced
and described in detail. The process of development is presented. It also discussed
how Blender and Unity are used in developing the learning system.
The guidewire and catheter move according to the mass-spring model. A
particle system was used to build guidewire model. Particles connected with spring
present a mass-spring model. And its dynamics are governed by 1st-order
differential equation (ODE) with position, speed and acceleration.
And the interactions between the guidewire and catheter and aorta are
controlled by collision detection and collision response. Different methods for
collision detection were presented. The algorithms for the detection were studied.
The movement of guidewire and catheter was simulated using a spline

model. All the theoretical backgrounds were discussed in chapter 4. Based on the
spline that a guidewire makes in the aorta, the type of the spline was B-Spline. The
combination of guidewire and catheter made a Catmull-Rom spline.

Figure 1. Schematic Diagram of Coronary Angiography Learning System
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The coronary angiography learning system was developed to train students and
professionals. The system consists of four modules: C-arm, Contrast dye,
Anatomical Models and Instrument Models.
The C-arm module is for angiography imaging. By controlling the C-arm,
the operator may have different angiographic views. As it was discussed before,
depending on the coronary artery, a specific angiographic view is required. The Carm module also simulates an activation of x-ray as the operator moves or
manipulates guidewire or catheter and injects contrast dye to examine coronary
arteries. During coronary angiography, the patient bed had to be moved for a
better angiographic view. This bed movements were simulated by panning x-ray
images.
The contrast dye module simulates the injection of contrast dye. The
module visualizes coronary arteries. It also builds a coronary artery with stenosis
according to input parameters of segment of coronary artery and severity of
stenosis as discussed in the 2.2. As the heart beats, the coronary arteries move as
the heart moves. The real-time beating heart was animated to simulate the
contrast dye injection.
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Anatomical model module includes models of heart and skeleton. The heart
beating is animated by this module. The methods of modelling the heart and
coronary arteries and skeleton are described in the section 2.2.
Figure 2. Blender and Unity logos and their initial screenshots: (a) blender (b) unity

Instrumental model module contains guidewire and catheter. It simulates
guidewire and catheter in the aorta.
In order to reconstruct coronary arteries graphically, Blender(v2.79) was
employed. Blender is a free and open-source 3D computer graphics software. It can
be used for 3D modeling, animations, visual effects, interactive 3D applications. It
is based on Python programming language.

For the implementation of the

simulation, Unity was used. It is a cross-platform game engine which can be used
for video games, simulations for computers, consoles and mobile devices. Scripts

can be written in C# and JS for the game engine.
Unity is a multi-platform game engine. A game engine is the software that
helps game developers with many features for the game environments. It means
that game developers do not need to write programs from the scratch. And multi-
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platform means that games that is developed with Unity can be run in many
platforms such as iPhone, Windows, iOS, Android and so on. With Unity, there
are many possibilities to run the applications.
Figure 3. Flow Chart of 3D modeling

After the file was imported to Blender, each coronary artery was identified.
Each artery was connected according to the coronary artery tree. The centerlines
of the coronary arteries were delineated manually in the middle of the coronary
arteries on the surface of the heart. For this, several scripts were written in Python
programming language in order to automate the manual process such as getting 3D
coordinates of each vertex, saving them as an obj file, drawing curves and
converting curves into meshes.
Since the arteries have different lengths, the curves contain different
number of vertices. Each curve was interpolated with MATLAB. The MATLAB
code, interparc.m, was downloaded from a MathWorks forum by John D’Errico.
The code interpolates the points of a curve in 3 dimensions. It produces evenly
spaced points along the same curve. This code provides several options for
interpolation: linear, pchip (for arc length), spline and csape (for a closed curve).
The arteries were interpolated in spline to make them look smooth and it is the
method that may be the most accurate according to the author. The interpolation
makes easier to control the simulation and smooth curves without any sudden
variation. The long coronary arteries such as LCX, LAD, and RCA have 50 points
from the interpolation. Other coronary arteries have 25 points.
The beating heart is simulated through the periodic scale changes of the
heart object. As the scale of the heart changes, the scales of the coronary arteries
changes at the same frequency.
The number of the coronary arteries is not as big as the real image of
coronary arteries. Since the purpose of the coronary angiography is to show the
blood flow in the coronary arteries and to find any blockage in the coronary
10

arteries. The coronary arteries were included only those that are parts of coronary
tree in the SYNTAX score system as in the section 2.2 Contrast Dye Module.
According to the AHA classification, the coronary arteries are divided into
16 segments as seen in the section 2.2. For the assessment of coronary stenosis,
there are four categories of lesion severity.
1.

Minimal or mild CAD, narrowings<50%

2. Moderate, stenosis between 50% and 75%
3. Severe, stenosis between 75% and 95%
4. Total occlusion
The learning system can provide variety of coronary angiography
simulations. For example, each simulation can be run with parameters for the
location of stenosis and the severity of stenosis. The parameters can be a segment
number and a severity. With those parameters entered by an operator, abnormal
coronary arteries may be created with a narrow diameter in a specified coronary
artery. In this way, abnormal coronary arteries can be created also with other
pathological characteristics. The database of coronary arteries may be built easily
and used for training to find the stenosis and other anomaly due to the stenosis. A
training program can be developed so that trainees can pinpoint arteries to address
and come up with treatments.
These days, games are not just 2D graphics with awkwardly moving objects.
Thanks to the advancement of computer technology, games became more
sophisticated and real in 3D graphics. Many simulation games simulate well the
experiences of flying planes or the fight jets, driving cars. Unity has the physics
system that makes simulations look real through the applications of physics. The
movement of an object and collisions between objects can be made in realistic
ways by the physics system in the Unity game engine.
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This physics engine makes easy for modelling of guidewire and catheter. A
software programmer may not need to write codes to simulate collision, collision
response and other physics laws for rigid bodies of guidewire and catheter.
Figure 3. Guidewire in the mass-spring model
As the guidewire moves in the aorta, it does not collide with the surface as
a ball hits the wall. Since the aorta is soft body, as the guidewire collides with the
aorta surface, instead of bouncing off, it slides along with the surface of the aorta.
It can be simulated by setting the parameter of bounciness to zero. In this way, the
collision is made as the collision with a soft body which absorbs all the energy.
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Figure 4. Simulated Guidewire in Aorta

As it was mentioned, the guidewire was represented with multiple objects
connected with spring joints. Basically, the guidewire was modelled with a massspring system. As it is shown previously, the movement of guidewire only and the
movement of guidewire and catheter together are different. The guidewire moves
along with cubic spline path, whereas the combination of guidewire and catheter
moves along with Hermite spline path. It can be simulated by changing the
stiffness of the spring joints with high spring constant. With a low spring constant,
the guidewire becomes more flexible and with high spring constant, it gets stiffer.
Table 1. Control of guidewire movements
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Table 2. Control of catheter movements

Through the manipulation of the guidewire and catheter, catheter is
engaged in the left coronary ostium or the right coronary ostium. The key “Shift”
simulates the contrast dye injection. Depending on where the tip of catheter is
positioned, LCA or RCA will be chosen for the contrast dye injection.

Figure 5. Simulated Dye Injection

Table3. Control of C-arm
14

In order to connect the graphic simulation to the analog inputs, micro
controller may be added as a control unit. Arduino was chosen for the control unit.
Arduino is an open-source platform consisting of both a physical programmable
circuit board and a piece of software for programming the physical board.

Figure 6. Schematic Diagram of Coronary Angiography Learning System with Arduino

Figure 7. Arduino circuit for the control of the instrumental model module and the
contrast dye module.
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Figure 8. Arduino Circuit for Coronary Angiography Learning System

With Arduino, the learning system works just same as with a keyboard. The
catheter and guidewire movements and the contrast dye injection were simulated
through the Arduino. So, it proves that this system can easily be expanded to
external haptic device for tactile feedback. The commercial haptic device can be
added or the customized device that can detect movements of guidewire and
catheter and give tactile feedback according to the movements.

Conclusion
In this paper, a coronary angiography learning system is presented. This
system is designed and developed for simulation training. By the simulation of
guidewire and catheter, contrast dye injection, and C-arm, the trainee can acquire
skills for coronary angiography outside of a catherization laboratory.
The learning system was designed with a computer graphic software,
Blender (2.79). And the simulations are implemented with a game engine,
Unity3D, which also provide a physics engine for realistic movements of guidewire
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and catheter in aorta. Through the learning system, trainees will have more time
to practice the procedure and quickly get familiar to the procedure.
The virtual experiences with the learning system will improve skills for
coronary angiography and consistency of performance of coronary angiography
and decrease errors. Consequently, it will decrease the time of training to reach a
certain competent level in which a trainee can follow all the procedural steps
unconsciously. The reduced training time will reduce the cost of training since the
cost is proportional to the time.
However, the purpose of the simulation training is to transfer the effects of
achieved skills through the simulation training to the real coronary angiography.
The transferability from this coronary angiography learning system must be
evaluated.
One way to increase the transferability of the skills is to add the capability
of tactile feedback to this learning system. Currently, the learning system is
capable of visual feedback only through display. For this reason, this learning
system has capability of serial communication with external device. Once the
control module, which can provide tactile feedback, is added to this learning
system, the transferability would increase greatly.
Then, a question arises regarding the method of measuring the
transferability and competent level. As it was discussed before regarding the
assessment of coronary angiography simulator training, metrics have to be
employed such as total procedure time, fluoroscopy time, catherization time for
LCA and RCA and the volume of contrast dye. The metrics-based assessment of
the skills must be combined together with the learning system.
This learning system was developed with Unity which is a multi-platform
game engine. This gives enormous opportunities for expansion of this system
because of the developing tool, Unity. This learning system was developed for
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Windows operating system. But, Unity can easily convert it so that it can be run in
iOS or in iPhone with some modifications.
Through the virtual experience of the coronary angiography, the coronary
angiography learning system will provide simulation training for students,
professionals and educators in various settings such as school, hospital, and
simulation center.
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