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Abstract— Interventional radiology is a minimally invasive  sheath. A guidewire is inserted and driven in the vascular
procedure where thin instruments, guidewires and cathetes  system to the desired anatomical point. Due to their intteren
or stents are steered through the patients vascular system fayipility guidewires can more easily be steered inside
under X-ray imaging for treatment of vascular diseases. The . . . .
complexity of these procedures makes training in order to thellum_en. Furthermore, their flexible tips help ,Se'e‘?“”g
master hand-eye coordination, instrument manipulation an & direction by rotation at branches. Once the guidewire is
procedure protocols for each radiologist mandatory. In ths in place, a catheter can be inserted and driven over the
paper, we present a computer-based real-time simulation of guidewire (i.e. the guidewire is inside the tubular cathete
interventional radiology procedures, which deploys a very This paper presents a computer-based real-time simula-

efficient physics-based thread model to simulate the elasti . fi . | radiol . ith a_hapti
behavior of guidewires and catheters. A fast collision deion ~ tlon Of Interventional radiology to integrate with a haptic

scheme provides continuous collision response, which reasls  instrument for training. It consists of a realistic physics
more details of arterial walls than a centerline approach. based elastic thread model, a fast collision detection and
Furthermore rendering techniques for realistic X-ray effect techniques used in graphics rendering. The dynamic thread
have been implemented. Our simulation structure is updatedt g follows Newton’s laws and considers main properties
a haptic rate of 500 Hz, thus contributing to physical realisn. . - -
of the elastic thread, such as bending and twisting, as well a
|. INTRODUCTION contact forces due to the interaction with the arterial svall
. . . - . . The efficient collision detection structure makes it polgsib
Interventional Radiology (IR) is a minimally invasive . . ; .
. update at haptic rate and provide continuous reaction force
surgery (MIS) procedure to improve blood flow throug o . . :
n addition various rendering techniques are proposed to

arteries that have been deteriorated, such as in the cOTONGEhieve a realistic X-ray effect. The simulation enviromine

arteries that_ s:upply bIQOd t.o the heart. In IR‘ X-ray 'Maging,ows principal of IR such as guidewire navigation and sten
allows physicians to visualize vessels and |nstrumentsl;ewh|placement including realistic visualisation as well ascéor

treating the lesions. These interventions are performetjus : .
g : : : . rendering for haptic feedback.
two main categories of instruments, guidewires and cathete s ) .
. . 2 .~ Organization of the paper is as follows: literature survey
Guidewires, used for catheter navigation, are very flexible . ) : : :
Lo ) .- 'Ih section I, modeling of the catheter/guidewire dynamics
cylindrical instruments that are steered to the desiredtpoi . . - oo
o . in section I, the structure of collision detection in seot
the patient’s vascular system. Catheters, tubular ingnisn . ; : . X )
. . 1V, graphics and implementation with results in section V,
for the actual treatment, can afterward be inserted anélriv : . .
; . : . : . conclusion and future plan in section VI.
over the guidewire directly to the intervention location.
Due to difficult hand-eye coordination, complicated loop- [I. STATE OF THE ART
ing and bending of the instruments and the risk of vessel
injury, these technigues need to be performed by highl
trained and experienced specialists. Some especially ris
procedures, such as carotid stent placement are even edpe%
to require specific certification and training. Computesdzh

]Eralglt:]g Ef t]t]fls prrc]).c?]dllflre vt\)llltrt] VR-(\j/lsuallzat_lon and thapltlt for both training and patient-specific pretreatment plagni
eedback offers high flexibility and scenario repeatapil In this system the catheter is simulated using a linear finite

withou_t risk to the patient. Fu_rthermore it allows Sessm%lementmodel.Theinterventional cardiology trainingeys
:_ecorldtmg_ ‘de hafh tr(;erefore .d'St:nCt ad\;antages over-tragierg [2] is a PC-based simulator that incorporates synthetic
loz‘a l;{alnmg rcr;e ots ?n a.rtwtl]mas (l)r cta a\t/er]:s_. q ¢ fluoroscopy, real-time three-dimensional interactivetaméc

n Tk procedure starts with a paipation fo Tind an entr isplay, and coronary catheterization and angiographygusi
point in the vascular system. Once a suitable point is foun ttual catheters. The catheter simulation is based on a

in most cases in the groin area, a needle is used to enl’ﬁ[llti—body system in the ICTS. The Catheter Instruction

ﬂ:e vachu!za\r SYStem %nd ?Q ?ntry gwdbe, j[he stheda;n, IS p#t\% stemCathl [3] is another computer-based training system
place. Luidewires and catheters can be inserted throug ich uses original instruments providing force-feedbfack

This research has been supported in part by the NCCR Co-MeiGier- guidewire and catheter handling and offe_rs a morpholo_tyical
Aided and Image Guided Medical Interventions) of the Swisatidhal —correct coronary artery model. THerocedicus VIST [4] is

Science Foundation. _a real-time physics based system that consists of a haptic
F. Wang, L. Duratti, E. Samur, U. Spaelter and H. Bleuler aith w

Laboratoire de Systemes Robotiques, Ecole Polytechnigedérale de interface dewge .[5]' a computer and tVYO dlspllays, one for
Lausanne (EPFL), Switzerland (e-mdilei . wang@pf | . ch) the fluoroscopic image and one for the instructional system.

Recently a few studies have focused on simulation mod
ling and visualization of interventional radiology. Sowfe
ese studies [1], [2], [3], [4] have already lead to product
euroCath [1] is an interventional neuroradiology pretreat-
ment planning system to provide integrated functionalitie



In addition to these complete systems, some studies habending radius at nodes— 1 andi+ 1. F! is the force
focused on visualization and modeling [6], [7], [8]. Duriezresulting from twisting of the link which is proportional to
et al. [6] have proposed a real-time model for deformation dhe stiffness constant of the angular spribgssipation enters
devices such as catheters and guidewires during navigatitre system in the form of friction forces;. The contact
inside complex vascular networks. The simulation is basddrce with the environment iEf, andm; g is the gravitation
on a static finite element representation and an optimizatidorce. The reaction force between two colliding links aats o
strategy based on substructure decomposition. Based ®n tthie four neighboring nodes.
approach, Lenoir et al. [7] have used a composite model The thread dynamics are computed at each time step while
to realistically simulate a catheter/guidewire system nghe the haptic tools are manipulated. L&tdenote the finite set
simulation of both devices is performed by a physics-basedf all nodes controlled by the operator. For example, if one
composite model of wire-like structures. This model camoves the thread by pushing one e@contains only this
dynamically change its material properties to locally diggc  end node. The poses of such control nodes are determined
a combination of both devices. Manivannan et al. [8] havby measurement with the VR haptic devices, so only the
proposed a method for rendering X-ray images in reaposes of the other node§ = {0,1,2,--- ,K+1} — C need
time on a PC with consumer level graphics hardware witto be computed by the algorithm. This is performed in the
improved quality of the images. They have implementeébllowing steps:
volume rendering techniques and studied the characteristi 1) Read the position and orientation of all the control
of actual X-ray images to develop a method that can provide ~ nodes C from the haptic device.

a new level of realism. Although these studies have proposedz) Compute the total external force and torque apphed on

different kinds of real-time models, realistic visualipatand each node. This force can be fed back to control nodes

catheter modeling integrated into a complete system, gakin through the haptic device.

into account all the details is still a challenging task imie 3) Read the time stept between the two consecutive

of computational cost and performance. loops and integrate the position and torsion angle at
Ill. MODEL DYNAMICS all nodes.

We have a developed a physics-based thread model fyr]e second step, corresponding to Eq.2 and Eq.3, updates
medical simulation. The model takes into account Newton’COHiSion detection and computes the force at each node from
laws and considers the main properties of a real thread, suﬁ:’(lfsg(ox\_/el_)paiég 7(?tir)1Sr?ggeztecgmlzoj:grzdlejtisctr?en(:o(r)(lzis
as stretching, compressing, bending and twisting, th&Eﬁegt eacrlljglode using the forces défined inpsection I1:
of gravity as well as contact forces due to self-collision 9 ’
and_in_teraction_with the surgery _tools. Baseq on this_ model (Fj_1,T_1) = f(Xi11,Xi,Xi—1,Xi_2,Xi-3,0+1,G,Gi-1) (4)
realistic knot tying has been realized at haptic renderitg r . _ _ ) L
[9]. The same technique has also been used by [10] fa',he third step mtegrates _mot|0n equation at each na€
motion planning of deformable linear objects manipulatiofVith Euler integration defined gs
using a cooperating robot arm. We modify this thread model (X, Gi) (t+dt) = p(Fi, T)(t) (5)
to simulate the elastic behavior of catheters and guidewire

The topological structure of the thread is represented by V. DETECTION OF COLLISION AND RESPONSE

list of K +1 nodes with 4 DOF € {0,1,---,K} at positions  Collision detection is a key component in VR medical

{xi = (x',x¢,x*)} and at torsion angle¢q;} connected by simulation, with extensive research devoted to this area.
K links. A massm; and a polar momentum of inertia

are assigned to each nodeA group of (massless) linear
and angular springs attached to each link produce stregchir
compressing, bending and twisting between and on tt
nodes. The dynamics of each nadis determined by:

T =1li-Gi(t) 1)

Fi=m-Xi(t)
Torsion forcet; applied along the thread is due to stretct &
and friction:

Ti = Ti5+ Tir (2)

F; is the sum of external forces applied on mass
Fi=F+F +F+F +F+mg ©)

whereF; is the force resulting from stretching and compres
sion of the spring links connected to nodeThe bending
force FP? computed from two angular springs with minimum Fig. 1. A catheter sliding against the arterial walls
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Fig. 2. AABB vs Sphere

In interventional radiology simulation, a catheter/guiite

often collides with interior arterial walls (Fig.1). Every Fig. 3. Original Model vs Reduced Model

collision must be detected at every time step, so that the

reaction force (Eq. 6) can be correctly set to prevent the . o

objects from passing through. illustrates a 2D case of th|_s prlmltlvg test. The d_otted
The bounding-volume hierarchy method (BVH) [11], [12]’rectangles show the mtersectl_ng bounding bpxes agr_;uest th

[13] constructs a hierarchical bounding representation b?)here, and the dash-plotted I|r_le shows the intersecting edg

arranging the bounding volumes into a tree structure, the ti f vgssel walls. The intersection depth is used to set the

complexity can be reduced logarithmically in the number ofeaction force as follows:

tests performed. It is best at representing geometric prox- FS = kel . g (6)

imity inside an object at various levels of detail. However, ) ) ) ) )

geometric proximity is not invariant in a deforming object,Where d is the depth of intersection and is a unite

and constant rebuilding of a BVH to maintain it can be very€ctor indicating the direction of the reaction force. Heesls

costly. constantk® an_d k° are found by t_nal and error, v_vhge the
We enwrap the thread model volume with spheres argpntact force increases ex_pc_)nentlally to sto_p the intémec

arterial walls with Axis-aligned Bounding boxes (AABBS) . Althoug_h_sllghtly less efficient th_an the grid method, BVH

respectively. During the simulation we only update the des Very ef_f|C|ent on average, espeC|aII3_/ when we only enwrap

formation of the catheter/guidewire because the defoonati the arterial walls but not the volume it encloses.

of arteries is considered to be very small. As the linking V. IMPLEMENTATION

sequence of our thread model is fixed, the BVH topology is The raw data set was taken from the Visible Human

pre-computed once at the beginning of the simulation arigroject of the Computer Vision Laboratory (BIW), ETH
remains fixed, only the center and radius of each boundi%rich Switzerland. We reduce the triangles count from the

sphere need to be updated when the model deforms.  qiqina 20M to 20K (Fig.3) and use VBO (Vertex Buffer
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 sphe®and root boxB,

we use a recursive algorithm with the following pseudo code

Al gorithm FindCol lision (S B)

if (SN B = no intersection)
return;

el se
if (Sand B are both | eaf vol unes)
Save S and B as collision pair;
return;
if (Ss 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 Fig. 4. Injection of radiology contrast



reveals more details of arterial walls than simply letting
the guidewire follow the centerline. Various techniques ar
applied to reduce the rendering complexity while taking ful
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 wil
simulate the interaction between catheter and guidewide an
finally integrate the simulation into the hardware protatyp
being developed at our laboratory [15].
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Fig. 5. Detection of blockage (left) and a stent placemgit(y

To simulate the injection of radiology contrast (Fig. 4), wetechnical support.

extract the centerline (position and radius) of the arteny a
save them into a tree like structure. When an injection hap-
pens, we first locate the corresponding position in the treel!]
then propagate the shadows along the tree leafs gradually at
a speed of 0.35m/s. [2]

A blockage is simulated by simply reducing the radius
of the center line at corresponding position. Fig. 5 shoves th
procedure to detect a blockage by injecting radiology @sttr
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 [4]
GeForce Go 7900GS 256M GPU and 2G RAM. Currently[g}
the guidewire is simulated with 120 nodes and updated a[[
500Hz, the catheter is only graphically presented. Arteria
walls are presented approximately by 1000 triangles fol’]
collision detection. Graphics is updated at 30Hz. As shawn i
Fig. 4-5, the simulation provides a realistic VR environmen [8]
to help the surgeon in training of interventional radiology
procedures.

VI. CONCLUSIONS AND FUTURE WORKS

This paper presented a computer-based real-time Sim['ff)]
lation of interventional radiology, consisting of a rettis
physics-based elastic thread model, a fast collision tietec
structure and techniques used in graphics rendering. (11]

The dynamic thread model follows Newton’s laws and
considers the main properties of the catheter and guidewii&2]
such as bending and twisting, as well as contact forces due
to the interaction with the arterial walls. The simulatotein |13
grates internal and external forces within a single frantéywo [14]
overcomes limitations in realism of a non-physical simula-15]
tion systems while supporting force feedback. The efficient
collision detection structure makes it possible to update a
haptic rate and provide appropriate reaction forces, which

(3]

El
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