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Abstract— Interventional radiology is a minimally invasive
procedure where thin instruments, guidewires and catheters
or stents are steered through the patient’s vascular system
under X-ray imaging for treatment of vascular diseases. The
complexity of these procedures makes training in order to
master hand-eye coordination, instrument manipulation and
procedure protocols for each radiologist mandatory. In this
paper, we present a computer-based real-time simulation of
interventional radiology procedures, which deploys a very
efficient physics-based thread model to simulate the elastic
behavior of guidewires and catheters. A fast collision detection
scheme provides continuous collision response, which reveals
more details of arterial walls than a centerline approach.
Furthermore rendering techniques for realistic X-ray effect
have been implemented. Our simulation structure is updatedat
a haptic rate of 500 Hz, thus contributing to physical realism.

I. INTRODUCTION

Interventional Radiology (IR) is a minimally invasive
surgery (MIS) procedure to improve blood flow through
arteries that have been deteriorated, such as in the coronary
arteries that supply blood to the heart. In IR, X-ray imaging
allows physicians to visualize vessels and instruments while
treating the lesions. These interventions are performed using
two main categories of instruments, guidewires and catheters.
Guidewires, used for catheter navigation, are very flexible
cylindrical instruments that are steered to the desired point in
the patient’s vascular system. Catheters, tubular instruments
for the actual treatment, can afterward be inserted and driven
over the guidewire directly to the intervention location.

Due to difficult hand-eye coordination, complicated loop-
ing and bending of the instruments and the risk of vessel
injury, these techniques need to be performed by highly
trained and experienced specialists. Some especially risky
procedures, such as carotid stent placement are even expected
to require specific certification and training. Computer-based
training of this procedure with VR-visualization and haptic
feedback offers high flexibility and scenario repeatability
without risk to the patient. Furthermore it allows session
recording and has therefore distinct advantages over tradi-
tional training methods on animals or cadavers.

An IR procedure starts with a palpation to find an entry
point in the vascular system. Once a suitable point is found,
in most cases in the groin area, a needle is used to enter
the vascular system and an entry guide, the sheath, is put in
place. Guidewires and catheters can be inserted through the
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sheath. A guidewire is inserted and driven in the vascular
system to the desired anatomical point. Due to their inherent
flexibility, guidewires can more easily be steered inside
the lumen. Furthermore, their flexible tips help selecting
a direction by rotation at branches. Once the guidewire is
in place, a catheter can be inserted and driven over the
guidewire (i.e. the guidewire is inside the tubular catheter).

This paper presents a computer-based real-time simula-
tion of interventional radiology to integrate with a haptic
instrument for training. It consists of a realistic physics-
based elastic thread model, a fast collision detection and
techniques used in graphics rendering. The dynamic thread
model follows Newton’s laws and considers main properties
of the elastic thread, such as bending and twisting, as well as
contact forces due to the interaction with the arterial walls.
The efficient collision detection structure makes it possible to
update at haptic rate and provide continuous reaction force.
In addition various rendering techniques are proposed to
achieve a realistic X-ray effect. The simulation environment
allows principal of IR such as guidewire navigation and stent
placement including realistic visualisation as well as force
rendering for haptic feedback.

Organization of the paper is as follows: literature survey
in section II, modeling of the catheter/guidewire dynamics
in section III, the structure of collision detection in section
IV, graphics and implementation with results in section V,
conclusion and future plan in section VI.

II. STATE OF THE ART

Recently a few studies have focused on simulation mod-
eling and visualization of interventional radiology. Someof
these studies [1], [2], [3], [4] have already lead to products.
NeuroCath [1] is an interventional neuroradiology pretreat-
ment planning system to provide integrated functionalities
for both training and patient-specific pretreatment planning.
In this system the catheter is simulated using a linear finite
element model. The interventional cardiology training system
ICTS [2] is a PC-based simulator that incorporates synthetic
fluoroscopy, real-time three-dimensional interactive anatomic
display, and coronary catheterization and angiography using
actual catheters. The catheter simulation is based on a
multi-body system in the ICTS. The Catheter Instruction
SystemCathI [3] is another computer-based training system
which uses original instruments providing force-feedbackfor
guidewire and catheter handling and offers a morphologically
correct coronary artery model. TheProcedicus VIST [4] is
a real-time physics based system that consists of a haptic
interface device [5], a computer and two displays, one for
the fluoroscopic image and one for the instructional system.



In addition to these complete systems, some studies have
focused on visualization and modeling [6], [7], [8]. Duriez
et al. [6] have proposed a real-time model for deformation of
devices such as catheters and guidewires during navigation
inside complex vascular networks. The simulation is based
on a static finite element representation and an optimization
strategy based on substructure decomposition. Based on this
approach, Lenoir et al. [7] have used a composite model
to realistically simulate a catheter/guidewire system where
simulation of both devices is performed by a physics-based
composite model of wire-like structures. This model can
dynamically change its material properties to locally describe
a combination of both devices. Manivannan et al. [8] have
proposed a method for rendering X-ray images in real-
time on a PC with consumer level graphics hardware with
improved quality of the images. They have implemented
volume rendering techniques and studied the characteristics
of actual X-ray images to develop a method that can provide
a new level of realism. Although these studies have proposed
different kinds of real-time models, realistic visualization and
catheter modeling integrated into a complete system, taking
into account all the details is still a challenging task in terms
of computational cost and performance.

III. MODEL DYNAMICS

We have a developed a physics-based thread model for
medical simulation. The model takes into account Newton’s
laws and considers the main properties of a real thread, such
as stretching, compressing, bending and twisting, the effect
of gravity as well as contact forces due to self-collision
and interaction with the surgery tools. Based on this model
realistic knot tying has been realized at haptic rendering rate
[9]. The same technique has also been used by [10] for
motion planning of deformable linear objects manipulation
using a cooperating robot arm. We modify this thread model
to simulate the elastic behavior of catheters and guidewires.

The topological structure of the thread is represented by a
list of K +1 nodes with 4 DOFi ∈ {0,1, · · · ,K} at positions
{xi = (x1
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2
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i )} and at torsion angles{qi} connected by

K links. A massmi and a polar momentum of inertiaIi

are assigned to each nodei. A group of (massless) linear
and angular springs attached to each link produce stretching,
compressing, bending and twisting between and on the
nodes. The dynamics of each nodei is determined by:

τi = Ii · q̈i(t) (1)

Fi = mi · ẍi(t)

Torsion forceτi applied along the thread is due to stretch
and friction:

τi = τs
i + τr

i (2)

Fi is the sum of external forces applied on massmi:

Fi = Fs
i +Fb

i +Ft
i +Fr

i +Fc
i + mi g (3)

whereFs
i is the force resulting from stretching and compres-

sion of the spring links connected to nodei. The bending
force Fb

i computed from two angular springs with minimum

bending radius at nodesi − 1 and i + 1. Ft
i is the force

resulting from twisting of the link which is proportional to
the stiffness constant of the angular spring.Dissipation enters
the system in the form of friction forces,Fr

i . The contact
force with the environment isFc

i , andmi g is the gravitation
force. The reaction force between two colliding links acts on
the four neighboring nodes.

The thread dynamics are computed at each time step while
the haptic tools are manipulated. LetC denote the finite set
of all nodes controlled by the operator. For example, if one
moves the thread by pushing one end,C contains only this
end node. The poses of such control nodes are determined
by measurement with the VR haptic devices, so only the
poses of the other nodesC = {0,1,2, · · · ,K +1}−C need
to be computed by the algorithm. This is performed in the
following steps:

1) Read the position and orientation of all the control
nodes C from the haptic device.

2) Compute the total external force and torque applied on
each node. This force can be fed back to control nodes
through the haptic device.

3) Read the time stepdt between the two consecutive
loops and integrate the position and torsion angle at
all nodes.

The second step, corresponding to Eq.2 and Eq.3, updates
collision detection and computes the force at each node from
the novel pose(xi,qi) (t + dt) at control nodei ∈ C and old
pose(xi,qi) (t) at other nodesi ∈ C. It computes the forces
at each node using the forces defined in section III:

(Fi−1,τi−1) = f(xi+1,xi,xi−1,xi−2,xi−3,qi+1,qi,qi−1) (4)

The third step integrates motion equation at each nodei ∈ C
with Euler integration defined asp:

(xi,qi)(t + dt) = p(Fi,τi)(t) (5)

IV. DETECTION OF COLLISION AND RESPONSE

Collision detection is a key component in VR medical
simulation, with extensive research devoted to this area.

Fig. 1. A catheter sliding against the arterial walls



Fig. 2. AABB vs Sphere

In interventional radiology simulation, a catheter/guidewire
often collides with interior arterial walls (Fig. 1). Every
collision must be detected at every time step, so that the
reaction force (Eq. 6) can be correctly set to prevent the
objects from passing through.

The bounding-volume hierarchy method (BVH) [11], [12],
[13] constructs a hierarchical bounding representation by
arranging the bounding volumes into a tree structure, the time
complexity can be reduced logarithmically in the number of
tests performed. It is best at representing geometric prox-
imity inside an object at various levels of detail. However,
geometric proximity is not invariant in a deforming object,
and constant rebuilding of a BVH to maintain it can be very
costly.

We enwrap the thread model volume with spheres and
arterial walls with Axis-aligned Bounding boxes (AABBs)
respectively. During the simulation we only update the de-
formation of the catheter/guidewire because the deformation
of arteries is considered to be very small. As the linking
sequence of our thread model is fixed, the BVH topology is
pre-computed once at the beginning of the simulation and
remains fixed, only the center and radius of each bounding
sphere need to be updated when the model deforms.

The two resulting BVH are both binary trees. Each
intermediate volume in this tree tightly bounds its two
“children” and also encloses all the leaf volumes below it.
To find the collision between root sphereS and root boxB,
we use a recursive algorithm with the following pseudo code:

Algorithm FindCollision (S, B)
if (S ∩ B = no intersection)

return;
else

if (S and B are both leaf volumes)
Save S and B as collision pair;

return;
if (S’s level higher than B’s)
Switch S and B;

FindCollision (S, B→left item);
FindCollision (S, B→right item);

return;

At the end of each loop sub tests are done for each
collision pair to check the sphere against the triangle. Fig. 2

Fig. 3. Original Model vs Reduced Model

illustrates a 2D case of this primitive test. The dotted
rectangles show the intersecting bounding boxes against the
sphere, and the dash-dotted line shows the intersecting edge
of vessel walls. The intersection depth is used to set the
reaction force as follows:

Fc
i = κceκod ·oi (6)

where d is the depth of intersection andoi is a unite
vector indicating the direction of the reaction force. Hardness
constantκc and κo are found by trial and error, where the
contact force increases exponentially to stop the intersection.

Although slightly less efficient than the grid method, BVH
is very efficient on average, especially when we only enwrap
the arterial walls but not the volume it encloses.

V. IMPLEMENTATION

The raw data set was taken from the Visible Human
Project of theComputer Vision Laboratory (BIWI), ETH
Zurich, Switzerland. We reduce the triangles count from the
original 20M to 20K (Fig. 3) and use VBO (Vertex Buffer

Fig. 4. Injection of radiology contrast



Fig. 5. Detection of blockage (left) and a stent placement(right)

Object) to speed up the rendering. RGB encoding depth [14]
is applied to achieve the realistic X-ray effect.

To simulate the injection of radiology contrast (Fig. 4), we
extract the centerline (position and radius) of the artery and
save them into a tree like structure. When an injection hap-
pens, we first locate the corresponding position in the tree,
then propagate the shadows along the tree leafs gradually at
a speed of 0.35m/s.

A blockage is simulated by simply reducing the radius
of the center line at corresponding position. Fig. 5 shows the
procedure to detect a blockage by injecting radiology contrast
and fix it by placing a stent.

The simulation is implemented on a DELL INSPIRON
9400 laptop with Intel Core 2 Duo 2.0GHz CPU, a NVIDIA
GeForce Go 7900GS 256M GPU and 2G RAM. Currently
the guidewire is simulated with 120 nodes and updated at
500Hz, the catheter is only graphically presented. Arterial
walls are presented approximately by 1000 triangles for
collision detection. Graphics is updated at 30Hz. As shown in
Fig. 4-5, the simulation provides a realistic VR environment
to help the surgeon in training of interventional radiology
procedures.

VI. CONCLUSIONS AND FUTURE WORKS

This paper presented a computer-based real-time simu-
lation of interventional radiology, consisting of a realistic
physics-based elastic thread model, a fast collision detection
structure and techniques used in graphics rendering.

The dynamic thread model follows Newton’s laws and
considers the main properties of the catheter and guidewire,
such as bending and twisting, as well as contact forces due
to the interaction with the arterial walls. The simulator inte-
grates internal and external forces within a single framework,
overcomes limitations in realism of a non-physical simula-
tion systems while supporting force feedback. The efficient
collision detection structure makes it possible to update at
haptic rate and provide appropriate reaction forces, which

reveals more details of arterial walls than simply letting
the guidewire follow the centerline. Various techniques are
applied to reduce the rendering complexity while taking full
advantage of the GPU power.

In the future, we would like to improve the dynamic
model, especially the bending property, to fit the elastic be-
havior even closer to the real catheter and guidewire. We will
simulate the interaction between catheter and guidewire and
finally integrate the simulation into the hardware prototype
being developed at our laboratory [15].
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