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Abstract

The understanding and the prediction of the evolution of atherosclerotic plaques either into
vulnerable plaques or into stable plaques are very important for the medical community. Stents in
the coronary arteries are routinely used in the management of patients with angina or myocardial
infarction where percutaneous coronary intervention is the clinically appropriate procedure.

In this study we analysed stent deployment in the specific patient and simulation of the
temperature distribution for heating stent in the final position. Effective stress analysis in the
stent and arterial wall may give better understanding of the process of restenosis. We did
geometrical reconstruction of the coronary artery from combination of biplane angiography and
intravascular ultrasound. Finite element method computations were performed to simulate the
deployment of a stent and heating stent thermal effects in the coronary model.

In the arterial wall the maximal effective stress are found behind the stent and in the regions
where the arterial wall was thinner. Temperature distribution during virtual stent heating shows
maximal temperature around 48°C. It could be desired for the smooth muscle cells (SMC) inside
the plaque which can die in apoptosis. These results suggest that we can make heating of the
implanted stent to prevent restenosis.
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1. Introduction

Serious problem of ischemia to tissues is caused with narrowing and hardening of arteries. Today
treatments for blocked coronary arteries include bypass surgery, angioplasty, and stenting.
Vascular stent is a small metal tube, which is inserted inside the artery and it has a role to change
narrowing of the artery. The process of restenosis which is not desirable is caused by neointimal
hyperplasia where an inflammatory phase, a granulation or cellular proliferation phase, and a
phase of extracellular matrix protein synthesis are included (Edelman E.R. 1998).

The effect of hyperthermia therapy is well-known in curing some diseases, such as liver
tumours and prostate hyperplasia (Burd et al, 1998; Yonezawa et al., 1996). About 30%
restenosis rate for clinical cases limits the application of bare metallic stent. The idea is to make
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desirable temperature distribution inside the arterial wall around the stent in order to induce the
vascular SMC apoptosis. Electromagnetic field can be used for significantly heating NiTi stent
and the heating temperature can be adjusted by changing the voltage and heating time (Le et al.,
2005).

There are studies for modeling and design of stents computationally, as well as stent design
affects restenosis (Kastrati et al., 2001; Rogers et al., 1995; Rogers et al., 1999). For modeling of
balloon expansion with stent and artery contact linear elastic models are implemented using a 2-
dimensional model by Rogers et al., 1999.

Lally and colleagues (Lally et al., 2005) calculated the stent-artery interaction of
commercially available stents on an idealized stenosed artery. Holzapfel et al., 2004, modeled the
balloon expansion of a full three-dimensional anisotropic diseased artery.

In this study we analyze stent deployment and heating stent thermal effect on the arterial
wall in the coronary artery. The paper is organized as following. Firstly basic equations and finite
element methodology for solving blood flow, nonlinear arterial wall and stent interaction with
arterial wall are presented. Some results for stress analysis of the arterial wall and stent are
shown. Finally, computational results are discussed and summarized.

2. Methods

2.1 3D image reconstruction

Three-dimensional coronary artery reconstruction is provided from IVUS and Angiography
(Plissiti et al., 2004; Papadogiorkaki et al., 2007; Wahle et al., 1999; Laban et al., 1995; Slager et
al., 2000). Two end — diastolic angiographic images are used to predict the catheter path. The
artery path is approximated with cubic B — Splines and the catheter path is evolved by the
intersection of two splines. IVUS frames are collected at the peak of R wave and by using
deformable models and Neural Networks the lumen and outer vessel border are identified.

Fig. 1. Three-dimensional reconstructed model of an arterial tree. The location of the stenotic
segment where stent was deployed.
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2.2 Methods of blood flow modeling in large blood vessels

The blood can be considered as an incompressible homogenous viscous fluid for flow in large
blood vessels. Also, the laminar flow is dominant in physiological flow environment. Therefore,
the fundamental laws of physics which include balance of mass and balance of linear momentum
are applicable here. These laws are expressed by continuity equation and the Navier-Stokes
equations.

We here present the final form of these equations to emphasize some specifics related to
blood flow. The incremental-iterative balance equation of a finite element for a time step ‘n’ and
equilibrium iteration ‘i’ has a form

iM_{_le(i—l) K AV(i)
KIp 0 AP blood (1)
mlFe()i{l) iM_'_nJrlK(i—l) Kvp n+1V(|71) iMnV
A ipt At
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where "™V "P"" are the nodal vectors of blood velocity and pressure, with the increments

in time step AV® and AP® (the index ‘blood’ is used to emphasize that we are considering
blood as the fluid); At is the time step size and the left upper indices ‘n” and ‘n+1’ denote start
and end of time step; and the matrices and vectors are defined in (Kojic et al., 2008). Note that

the vector ""FU™® of external forces includes the volumetric and surface forces. In the

assembling of these equations, the system of equations of the form (1) is obtained, with the
volumetric external forces and the surface forces acting only on the fluid domain boundary (the
surface forces among the internal element boundaries cancel).

The specifics for the blood flow are that the matrix K™ may include variability of the
viscosity if non-Newtonian behavior of blood is considered. We have that

|:K|((i‘;l)j|mk :[Kg;lqu +J.'u(i71)NK,jNJ,J'dV (2)
v

where 2

corresponds to the constitutive law for the last known conditions (at iteration ¢ i—1
”). In case of use of the Cason relation (2), the second invariant of the strain rate D,(,H) is to be
evaluated when computing £ .

We note here that the penalty method can also be used, as well as the ALE formulation in
case of large displacements of blood vessel walls (Filipovic et al., 2006).

In addition to the velocity and pressure fields of the blood, the distribution of stresses within
the blood can be evaluated. The stresses ‘o at time ‘t” follow from

'y =—"ps, +'of ©
where
to'if :t#t(vi,j "'Vj,i) (4)

is the viscous stress. Here, ' is viscosity corresponding to the velocity vector ‘v at a spatial
point within the blood domain. The field of the viscous stresses is given by (4).
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Further, the wall shear stress at the blood vessel wall is calculated as:

o'y,
t t t
T=pu— 5
Mo (®)
where ‘v, denotes the tangential velocity, and n is the normal direction at the vessel wall.
Practically, we first calculate the tangential velocity at the integration points near the wall

surface, and then numerically evaluate the velocity gradient &'v, /én; finally, we determine the

viscosity coefficient 'z using the average velocity at these integration points. In essence, the

wall shear stress is proportional to the shear rate y at the wall, and the blood dynamic viscosity p.
For a pulsatile flow the mean wall shear stress within a time interval T can be calculated as
(Taylor et al., 1998)

1

T

T —
Tmean =

‘7 dt ()
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Another scalar quantity is a time-averaged magnitude of the surface traction vector,
calculated as

T 1T
Tosg = ?ﬂ tldt )

where the vector T is given by the Cauchy formula.

2.3 Modeling the deformation of blood vessels

Blood vessel tissue has complex mechanical characteristics. The tissue can be modeled by using
various material models, from linear elastic to nonlinear viscoelastic. We here summarize the
governing finite element equations used in modeling wall tissue deformation with emphasis on
implementation of nonlinear constitutive models.

The finite element equation of balance of linear momentum is derived from the fundamental
differential equations of balance of forces acting at an elementary material volume. In dynamic
analysis we include the inertial forces in this equation according to. Then, by applying the
principle of virtual work

MU +B"U+KU =F*
(8)

Here the element matrices are: M is mass matrix; B" is the damping matrix, in case when

the material has a viscous resistance; K is the stiffness matrix; and F** is the external nodal

force vector which includes body and surface forces acting on the element. By the standard
assembling procedure, the dynamic differential equations of motion are obtained. These
differential equations can further be integrated in a way described, with a selected time step size

At. The nodal displacements ""U at end of time step are finally obtained according to
equation:
K[issue n+1U — n+1|’i (9)

where the tissue stiffness matrix K dssue and vector "F are expressed in terms of the
matrices and vector in (8). Note that this equation is obtained under the assumption that the
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problem is linear: displacements are small, the viscous resistance is constant, and the material is
linear elastic.

In many circumstances of blood flow the wall displacements can be large, as in case of
aneurism or hart, hence the problem becomes geometrically nonlinear. Also, the tissues of blood
vessels have nonlinear constitutive laws, leading to materially-nonlinear FE formulation.
Therefore, the approximations adopted to obtain equation (9) may not be appropriate. For a
nonlinear problem, instead of (9) we have the incremental-iterative equation

n+l K(i—l) AU(i) — n+1"f(i—1) _ n+1Fint(i—1) (10)

tissue
AU® . ‘ T .
where are the nodal displacement increments for the iteration ‘i’, and the system matrix

n+l 1> (_i—l) Nl A (i1
Kiissee | the force vector "F0™

previous iteration.

and the vector of internal forces " F "™ correspond to the

We here emphasize the material nonlinearity of blood vessels which is used in further

applications. As presented, the geometrically linear part of the stiffness matrix, ( ”*IKL)(H) , and

tissue

nodal force vector, " F™™  are defined in equation:

tissue tissue

("HKL)U_D _ J‘B[ (i) B,dV, (n+l int )(“1) _ J’BTL n11gl-D gy (11)
v v
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where the consistent tangent constitutive matrix tisue of tissue and the stresses at the end of
n+1__(i-1) n+1 ~(i-1)
time step depend on the material model used. Calculation of the matrix Cisue and the
n+1__(i-1)
stresses % for the tissue material models used in further applications. In each of the
subsequent sections we will give the basic data about the models used in the analysis.

3. Results

In order to perform computer modeling of the combined effects of the surrounding arterial wall
and inner forces of blood and stent deployment against the arterial wall, a 3D reconstruction from
IVUS and angiography was derived.

The FE model consists of the solid domain and the fluid domain (Fig. 1). The solid domain
consists of: stent and arterial wall. Fluid and solid domains are modeled using 3D-8-node finite
elements.

Boundary conditions for the solid surrounding the artery are as follows. It is assumed that
the first and last cross-sections do not move axially, hence all FE element nodes in these cross-
sections are axially restrained.

It is also assumed that the wall material is orthotropic nonlinear elastic, and the Fung
material model is adopted (Fung et al., 1979). The strain energy function is defined. The material
parameters c, a,, a,, a, are determined using data fitting procedure from (Kojic et al., 2008).
Material parameters obtained from the fitting procedure are:

c=0.7565[MPa], a, = 0.166, a, = 0.084, a, = 0.045 (12)

For the stent material, the alloy of Nitinol is adopted (for the definition of this material.
Material parameters characterizing this alloy are (Auricchio et al., 1997):
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E = 60000[ MPa] v=03
oS =520 ol =750 o%=550 o =200 (13)
p=250 p¥=20 5 =75% C=0[MPa/K]

where all o- and g -parameters are in [MPa]. Material parameters of blood are: density

_ -3
P :1.05-10’3[g/mm3] and dynamic viscosity # =3.67510 [Pa-s]_

According to the boundary conditions and loads mentioned above, the numerical analysis of
the material behavior of this complex model is performed. To examine different loading
conditions, we apply hemodynamic flow as well as stent deployment procedure at the arterial
wall.

The stent is loaded by an internal uniform radial pressure linearly varies from zero to 1 MPa.
Due to the artery incompressibility requirement and to avoid locking-problems, 8-node brick
elements are used in all the analyses (Kojic et al., 2008). In particular, in the simulations we use
up to 232214 elements and 257532 nodes, resulting in 666354 variables. The interaction between
the expanding stent and the artery is described as contact between deformable surfaces. As
contact conditions, we set finite sliding, no-friction, with the constraint enforced by a Lagrange
multiplier method. The stenotic segment of the artery which was examined before and after stent
deployment is presented in Fig. 2.

a) b)

Fig. 2. Stent positioning before (a) and after (b) stent deployment presented in Fig. 2.
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Fig. 3. Effective stress distribution inside the arterial wall after stent deployment. The units are in
MPa.

Blood flow analysis was performed by finite element method described in the methods section.
Shear stress distribution before and after stent deployment is shown in Fig. 3. It can be seen that
stent reduce wall shear stress significantly after deployment which is caused by opening the
artery and reducing the narrowing.
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Fig. 4. Effective von Mises stress distribution for inflation pressure of 1 MPa. The units are in
MPa.
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The effective von Mises stress distribution in the stent is presented in Fig. 4. It can be
observed that highest stresses are located near the connectors between the stent struts. These
parts are subjected to plastic deformation with maximal stress around 180 MPa.
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Fig. 5. Effective stress distribution in the two different cross-section locations inside the arterial
wall at the end of stent deployment.

The effective stress distribution in the arterial wall at the two different cross-section
locations at the end of stent deployment with maximum deployment pressure is shown in Fig. 5.
It can be observed that higher stress exists when wall thickness is reduced during deployment
procedure.
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Fig. 6. Temperature distribution inside the arterial wall after stent deployment and heating.

4, Discussion and conclusion

In this study stresses inside the arterial wall as well as stent during stent deployment procedure is
investigated. Three-dimensional reconstruction of coronary artery is obtained by combination of
IVUS and Angiography. Finite element formulation for blood flow analysis, a nonlinear wall
artery and stent deformation and contact problem is implemented. Stress distribution of the artery
wall and stent during expansion of occluded zones is analyzed. Also shear stress distribution
before and after stent deployment is compared. From the comparison with the preoperative
situation it is possible to observe how the stent pushes the arterial wall towards the outside
allowing the expansion of the occluded artery.
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Better understand of stent deployment procedure and arterial wall response as well as
optimal stent design can be obtained using computer simulation.

Acknowledgments

This study was funded by a grant from FP7-1CT-2007 project (grant agreement 224297,
ARTreat) and grants from Serbian Ministry of Education and Science 11141007 and ON174028.

H3Bon
KommnjyTrepcko Moaenupame pecTeH03e M TepMaJIHUX e)eKaTa CTeHTAa KOju
ce 3arpeBa y KOpPOHAPHOj apTepHUjH

Natasa Zdravkovic-Petrovic?, Dalibor Nikolic?, Zarko Milosevic?, Exarchos Themis®,
Oberdan Parodi* and Nenad Filipovic?

! Faculty of Medical Science, University of Kragujevac, Kragujevac, Serbia
2 Faculty of Engineering, University of Kragujevac, Kragujevac, Serbia

% University of loannina, loannina, Greece

* National Research Council Pisa, Italy

Pe3ume

PasymeBame u mpeaBubame pa3Boja aTepOCKICPOTCKUX IUIAKa y HECTaOMIHE WM y cTaOHIIHE
Hacllare BeoMa je Ba)KHO 3a MEIUIMHCKY 3ajenHuily. CTEHTOBHM y KOpPOHAapHHMM apTepujaMa
PYTHHCKH CE€ KOpPHCTE 3a TPEeTMaH MallijeHaTa ca aHIMHOM WIM MH(pApKTOM MHOKapaa Tae je
HepKyTaHa KOpOHapHa HHTEPBEHIMja KIMHIMYKH IPUKIAAaH HOCTYaK.

VY 0B0j CTyIHjH aHATM3UPAIH CMO TOCTYIIAK yrpajibe CTEHTa KOJ MalHjeHTa U CUMYJIannjy
pacroziesie TeMIepaTrype 3a 3arpeBame CTEHTAa y KpajibeM MOJIokajy. AHaimu3a e(eKTHBHOT
HAaIlOHA Yy CTEHTY M 3UY apTepHje MOKe JONPUHETH O0JbeM pa3yMeBarmy Mpoleca pecTeHO3e.

W3Bpumim cMO TEOMETPHjCKYy PEKOHCTPYKIHMjy KOpPOHAapHE apTepHje KOMOMHOBamEeM
OurulaHapHe aHruorpaduje W HMHTPABacKyJApHOT YNTpa3Byka. V3BpmieHH cy mpopadyyHH
METOJIOM KOHa4YHHUX eJIeMEeHaTa Kako OM ce CHUMyJMpaja yrpajma CTeHTa U TepMalHHu e(peKTH
CTEHTa KOjH Ce 3arpeBa y KOPOHAPHOM MOJEINy.

VY aprepujcKoM 3MAy MaKCUMaJIHM e()EKTUBHH HAIlOH 3a0elieKeH je u3a CTeHTa y perujama
rJe je 3ua apTepuje TamH. Pacmojena TemmepaType TOKOM BHPTYENHOI 3arpeBama CTEHTa
MoKa3yje MakcuManHy Temrmeparypy oko 48°C. OBo Moxke OMTH MOXKEJBHO 3a TJIaTKe MUIMHhHE
henuje (SMC) yHyTap miaka Koje MOTY M3yMHpaTH y amonTo3H. Pesyiratu cyrepuiny na je
Moryhe clipeuuTy mpolec pecTeHo3e 3arpeBambeM yrpal)eHor cTeHTa.

Kibyune peun: CteHo3a, yrpajimha CTEHTa, KOMIIjYTEPCKO MOJICIHPAbe, ONOMEXaHUIKH HAIlOHU
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