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phantoms with real devices and X-ray equipment also
suffer from ethical problem, cost, radiation exposure as
well as the constraint of reusability.
Computer-based virtual environment has shown its
effectiveness and discriminative ability to overcome
many limitations of the traditional training models [1], [2].
In a virtual environment of PCI, trainees can develop the
required skill without putting patient at risk and without
exposing themselves to invasive environment, receiving
objective feedback on his/her performance during and
upon completion of training. Beyond the training purpose,
experienced cardiologist can rehearse the PCI procedure
on patient-specific image data to evaluate technical
feasibility and to foresee any potential challenges that
may occur in surgical operation. Furthermore, the senior
cardiologists can develop new intravascular devices as
well as surgical procedures in a risk-free environment. In
addition, virtual simulator could also serve as a key
component of objective certification of skills.
However, developing a high-fidelity and real-time
virtual environment with high immersion is a challenging
task. Several research groups devoted many efforts to
virtual vascular interventional radiology simulators in the
past years [3]-[8]. NeuroCath [3] is a virtual simulator for
interventional neuroradiology procedures, which used
simple geometric primitives to approximately represent
vessel surface, resulting in discontinuity in branches with
unrealistic visual quality, and used linear finite element
method to model catheter. ICTS [4] is an interventional
cardiology training system which is intended not only for
learning but for introducing new devices to cardiologists.
ICTS applied parametric surface to geometric modeling
of arteries and developed a multi-body model to physical
modeling of catheter. The catheter instruction system
(CathI) [5] is another computer-based training system to
simulate both the patient and the catheter laboratory. In
addition to these systems, efforts have been devoted to
the modeling of instruments especially guide wire [9][16].
This paper presents a computer-based real-time and
realistic simulation environment for PCI training. Our
system is designed in such a way that real surgical
instruments including guide wires and catheters can be
used to simulate the requirements of the catheterization
laboratory. With the system, trainees can develop the
required skills of PCI such as hand-eye coordination of
catheter/guide wire insertion and navigation by pulling,
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I.

INTRODUCTION

Coronary artery disease is the most common type of
heart disease and is one of the leading causes of death
worldwide. Percutaneous coronary intervention (PCI) is a
minimally invasive surgery procedure widely used in the
treatment of coronary artery disease. During PCI,
interventional cardiologists percutaneously insert long
and thin devices (such as guide wire) into patient’s blood
vessel from a tiny incision, and from outside the body,
manipulate the devices through blood vessel network
under the guidance of X-ray imaging. Such procedure has
great advantages for patient, but makes surgery more
difficult for interventional cardiologists, due to several
factors such as flexible device, high complexity of
vascular network, counter-intuitive movement of devices
and risks of complications. Therefore, interventional
cardiologists need lots of training to acquire necessary
skills such as good hand-eye coordination of instruments,
and accurate interpretation of complex three-dimensional
(3D) anatomy and pathological conditions from two
dimensional (2D) images. Traditionally, this medical
training is obtained through a one-on-one interaction
between the skilled cardiologist mentor and the trainee
using live patients as teaching materials. However, such
apprenticeship training model is a high-cost, unstructured,
time-consuming and resource-intensive process with no
objective assessment. Furthermore, learning on patients is
risky, unethical for the patients. Other traditional training
methods based on animals, cadavers or mechanical
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pushing and twisting with real PCI instruments, contrast
dye injection, C-arm manipulations and so on.
II.

development of a simulation environment with high
realism. In the current development of our simulation, the
catheter and the guide wire use same modeling approach.
The guidewire is modelled as a chain of rigid rods and the
joint points that link those rods are integrated with
various material characteristics. The rods are split or
merged adaptively according to the curvature and
diameter of vasculatures. The guidewire behavior is
simulated by iteratively computing the displacement of
each joint point that minimizes the guidewire-vessel
system’s potential energy. To efficiently accelerate the
convergence of the iteration and the collision detection,
we propose to apply the outcome of one interation to
correct the elastic force which is in turn used as the input
of the next iteration until convergence. More details can
be referred to our work [16]. It is shown in Fig. 3 that the
bending and twisting behavior of guidewire (in black) can
be realistically simulated and can be navigated to various
clinical locations without perforating the vessel wall.

METHODOLOGY

The presented simulation environment not only offers
trainees a realistic visual feedback similar to what an
interventional cardiologist could see on the fluoroscope
monitor, but also provides a haptic apparatus that trainees
could efficiently interact with the simulation in a natural
way as done in clinical catheterization procedures. The
architecture of our simulation system is shown in Fig. 1.
The system mainly consists of two subsystems, hardware
component and software component. The former is
composed of a haptic controller and a motion tracking
device, while the latter comprises three modules, namely,
3D anatomical models, physical instrument models and
GPU-based visualization engine. The engine provides
two rendering modes and is responsible for rendering all
the objects in the virtual environment. In the following
sections, methods we used for anatomical models,
instrument models and hardware component will be
briefly described.

Figure 2. High-quality geometric modeling of three typical vascular
structures.

Figure 1. System overview of the PCI simulator.

A. Geometric Modeling
Anatomical modeling is the first step toward the
development of a simulator. A high quality modeling
makes it possible to achieve a realistic virtual scenario.
Marching Cubes technique [17] is the mostly used in
medical visualization. However, this technique often
produces a low quality surface containing strong aliasing
artifacts and huge amount of triangular primitives. The
artifacts not only degrade the fidelity and realism of the
representation of the anatomical structures, but also affect
the external force computed in the physical model of
instruments. The quantity of triangles decreases the
rendering and collision detection speed. In our previous
works [18], [19], an approach of scale-adaptive surface
modeling for vascular structures is proposed. This
approach could not only represent the underlying data
with high fidelity but also reach a good trade-off between
the visual quality and the triangle number of generated
surface, as shown in Fig. 2.

Figure 3. Simulation results of the guidewire’s behavior in three
vascular models.

C. Hardware Component
The hardware component interface of our simulation
system is specially designed in such a way that trainee
could use real guide wires and catheters to simulate the
requirements of the real PCI procedure. The hardware
component involves a haptic controller as well as a
motion tracker. The tracker is responsible for measuring
the translation (pushing and pulling) and rotation
(twisting) of both catheter and guide wire, and thus
comprises two modules: rotation detection and translation

B. Physical Modeling
Similar to the geometric modeling of anatomical
structures, physical modeling of interventional
instruments is also an essential element in the
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geometry of the local vessels could be obtained with the
aid of the visible view and the endoscopic view.

detection. The rotation module includes encoder raster,
encoder disc and dummy revolve hollow rod which is
connected to the encoder disc. When manipulating the
hollow rod, the rotation will be detected by the encoder
grating, and the signal is simultaneously transmitted to
the controller to control instrument model rotating in the
vascular model. For the translation module, it includes
encoder, passive wheel, pressing wheel and pressure
adjusting hand-wheel. The translation measurements are
also synchronously sent to the instrument model in the
simulation to compute updated physical behaviors.
Mechanically, the guidewire is sandwiched between the
pressing wheel and passive wheel connected by the
encoder. The pressure adjusting hand-wheel is connected
to the pressing wheel to adjust clamp force and to adapt
to different diameters of the guidewire.
III.

(A)

RESULTS AND DISCUSSION

In our development, Microsoft Visual Studio 2010 is
used as the main programming platform and the
Microsoft Foundation Class library and Windows API are
applied to build the graphical user interface (GUI) of the
software component. All the algorithms are implemented
in C++, while the graphic programming is based on the
OpenGL graphic library and OpenGL shading language.
The virtual simulation environment we have developed is
illustrated in Fig. 4. There are four views in the system:
fluoroscopic view, visible light view, C-arm view and
endoscopic view. Fluoroscopic view is the major part of
the GUI and is responsible for simulating the X-ray
imaging. The visible light view is to render the local
zoomed region of instruments in a visible light way. The
C-arm view allows trainee to perform the C-arm with
operations such as rotating and translating similar to
those in the real catheterization laboratory, and its
corresponding consequence will be reflected in the
fluoroscopic view. The endoscopic view is mounted over
the fluoroscopic view in the bottom right region,
producing interior views of vasculatures simulating
endoscopic navigation. Although endoscopic camera is
not a part of actual scenario available with the real C-arm
device, it can help to choose the desired branch to move
on in an intuitive manner when instruments are advanced
to bifurcations.
Our simulator allows the trainee to manipulate real
catheter and guide wire with one or both hands. As
encountered in clinical PCI procedure, two instruments
could be maneuvered at the same time in our simulator,
with a guide wire inside a catheter, as illustrated in Fig. 4
(middle). Trainee can push the instrument for forwarding,
pull the instrument for withdrawing and twist for rotating.
From an entry point in the femoral artery, the instrument
(e.g. in blue in Fig. 4 (bottom)) could be navigated to the
target location of the orifice of the coronary artery by a
combined sequence of the aforementioned operations. At
this position, trainees can apply contrast injection to
confirm the interventional instrument’s position and then
make decisions for further steering the instruments to the
targeted diseased lesions at coronary artery. In our
simulator, information about the instrument’s tip and the
©2015 Int. J. Life Sci. Biotech. Pharm. Res.
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Figure 4. Our simulation system: (A) The overall view of the system;
(B) A partial zoomed interface of the hardware component; (C) the
interface of the software component.

In addition, our system is capable of accepting typical
types of guidewire with diameters of 0.254mm to 0.965
mm and catheter with diameters of 1.33mm to 2mm, both
with lengths ranging from 60cm to 260cm. Therefore,
trainees could acquire their knowledge and experience on
how to choose types of both guide wire and catheter at
certain PCI phases or according to the different situations
of vascular lesion.
When contrast dye is injected, the fluoroscopic view
can demonstrate vessel (as shown in Fig. 4). In clinical
procedure, contrast dye injection is performed only when
really necessary due to the radiation over-exposure to
both surgeons and patients. Thus, to prevent trainees from
abusing the contrast dye and developing a bad habit of
too much relying on fluoroscopic images, the volume and
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