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Abstract: In this study stent deployment modeling with plaque formation and pro-
gression for specific patient in the coronary arteries are described. State of the art method
for the reported investigations of blood flow in the stented arteries is described. In the met-
hod section, image segmentation method for arteries with stent is shortly described. Blood
flow simulation is described with Navier-Stokes and continuity equation. Blood vessel tis-
sue is modeled with nonlinear viscoelastic material properties. The coupling of fluid
dynamics and solute dynamics at the endothelium was achieved by the Kedem-Katchalsky
equations. The inflammatory process is modeled using three additional reaction-diffusion
partial differential equations. Coupled method with mixed finite element and DPD (Dissi-
pative Particle Dynamics) method is presented. In the results section, the examples with
rigid and deformable arterial wall with stented and unstented arteries are presented. Effecti-
ve stress analysis results for stent deployment have been shown. It can be seen that stent
reduces wall shear stress significantly after deployment which is caused by opening the
artery and reducing the narrowing. Some results for stent deployment model obtained with
solver developed under PAK software package. These computer models can make better
understanding and preparation of the surgeons for stent deployment in everyday clinical
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practice.
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1. INTRODUCTION

CAD is the leading cause of death worldwide;
it is on the rise and has become a true pandemic that
respects no borders [1]. CAD has reached enormous
proportions striking more and more at younger
subjects. It is expected that in coming years, CAD
linked with atherosclerosis will become the greatest
epidemic to the mankind. Atherosclerosis involves
the gradual development of fatty streaks in arterial
walls into atheroma and characteristic plaques. The
acute rupture of these atheromatous plaques causes
local thrombosis, leading to partial or total occlusion

* Corresponding author: fica@kg.ac.rs

of the affected artery. The clinical consequences of
these plaques depend on their site and the degree and
speed of vessel occlusion [2]. Among atherosclero-
sis, major clinical manifestations is the ischemic
heart disease (IHD). IHD is a major cause of
morbidity and mortality; only in UK, the annual
deaths are 123,000 [3]. The associated direct and
indirect costs of IHD are a major cost for the heal-
thcare systems. Among the available treatment
techniques are the percutaneous invasive interventi-
ons (PCIs), including percutaneous transluminal
coronary angioplasty and stents implantation. In the
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last decade there has been a steady and significant
increase in the rate of stent implantation for IHD.

To reduce or remove obstructions inside arte-
ries, like plaque formations, which block a normal
blood flow and reduce oxygen supply to vital
organs, angioplasty and stents were introduced to
dilate the area of arterial blockage. The plaque is
squeezed along the artery wall with the inflation of
the balloon and the stent is implanted around the
diameter of the artery. Stents can reduce the resteno-
sis rate to 20-30% compared to balloon angioplasty
[4]. Nowadays, coating stents with antiproliferative
drugs seem to work well for patients since the reste-
nosis rate decreases by 85% or more [5]. These
drugs act by inhibiting neointimal proliferation.
However, the drug can be delivered to the tissue
only for a specific period of time, hence, the long
term clinical outcome of such stents is still
unknown.

While an implanted stent effectively enables a
widening of the stenosed part of the blood vessel, it
causes local injury to the vascular endothelium and
also affects local haemodynamics in a manner condu-
cive to growth of new tissue which is termed neoin-
timal hyperplasia (NI) and subsequent restenosis [6],
[7]. Recent evidence indicates that alterations in wall
shear stress (WSS) distributions after stent implanta-
tion may represent an important contributing factor in
the process of restenosis. Restenosis is the excessive
growth of new tissue in the stented segment which
can re-block the artery. The success of the stenting
procedure depends on the severity of the restenosis.
Neointimal hyperplasia was proved to be dependant
on several factors including arterial injury, areas of
flow induced low WSS less than 0.5 N/m2, areas of
flow-induced high wall shear stress gradients
(WSSG) higher than 200 N/m3, as well as other pati-
ent-specific medical factors such as diabetes mellitus
[8], [9]- Non-uniform WSS within an arterial segment
also affects the establishment of cell density gradi-
ents, gene expression, migration, and proliferation
after vascular injury [10].

Many computational studies in the literature
dealt with the influence of stent physical parameters
on fluid dynamical changes correlated with the
restenosis process [11-16]. Stent strut spacing, thic-
kness and number of struts were found to influence
the distribution of low and high shear stress values.
However, the unrealistic assumption in the computa-
tional models that the stented artery is a simple
cylindrical, rigid tube or even flat plane is implicit to
most of these investigations. In reality, the coronary
vasculature within which stents are commonly
deployed exhibits a highly complex geometry with
extensive curvature. This vessel curvature can have

significant effect on the skewness of the velocity
profile and the general behaviour of the flow in the
stented segment.

A variety of studies was performed to compare
steady-state vs. pulsatile flow simulations and inve-
stigated the effect of non-Newtonian blood properties
on the resulting flow parameters. The pulsatile flow
simulations showed in one investigation that the flow
separation zones in the region between the stent wires
also periodically increase and decrease in size. These
results suggest that in pulsatile flow, the character of
stent induced flow disturbance is highly dynamic.
Some analyses revealed that while the non-Newtonian
properties have a very limited impact on the global
characteristics of the flow field, they do lead to a
modest reduction in the size of the flow separation
zone downstream of the stent [17—19].

In summary, there are strong limitations to the
reported investigations of blood flow in stented arte-
ries, mainly with respect to an idealised geometry of
artery and stent. In this study, we firstly described
section image segmentation method for arteries with
stent. Then, numerical method for blood flow with
mass transfer and plaque progression modeling is
presented. Some of the results for stent deployment
and plaque progression are described in the result
section. Finally, a discussion and conclusion are
given.

2. METHODS
2.1. Geometrical Stent Modelling

Voros et al. [20] presented a study for the eva-
luation of 3D quantitative measurements of coronary
plaque by CTCA against IVUS. Another similar
approach was introduced by Graaf et al. [21]. A
semi-automated methodology for 3D reconstruction
of arteries and their plaque morphology using CTCA
was presented by Athanasiou et al. [22] showing that
CTCA can be used for the accurate assessment and
reconstruction of coronary arteries. Our method is
able to reconstruct accurately a part of the arterial
tree including lumen, outer wall calcified and non-
calcified plaques.

3D Reconstruction and plaque characterisa-
tion tool will enable the 3D reconstruction of a ves-
sel based on IVUS/OCT and angiography or CT.
Fusion of angiography and IVUS mainly as well as
OCT is a well-established technique. Bourantas et al.
[23] developed an automated user-friendly system
(ANGIOCARE), for rapid 3D coronary reconstruc-
tion, integrating angiographic and IVUS data.
ANGIOCARE incorporates the method by Plissiti et
al. [24-26] for border extraction. 3D Reconstruction
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and plaque characterisation tool will extend this
method also to incorporate the reconstruction of
plaque lesions that are significant for accurate virtual
stent deployment simulation.

3D Reconstruction and plaque characterisa-
tion tool will allow the semi-automatic stent recon-
struction and evaluation of stent deployment.
Deployment evaluation is well established for IVUS
and OCT [27], [28] and will be included in the main
functionalities of the 3D Reconstruction and plaque
characterisation tool. The 3D Reconstruction and
plaque characterisation tool provides the ability to
detect automatically stent struts from OCT or IVUS

modalities. Wang et al [29-31] presented a robust
algorithm to process an entire [VOCT pullback run,
which requires neither a priori status information,
nor lumen or vessel wall contours. Accurate strut
detection is the main requirement for extracting the
stent deployment quantitative measurements. For
stent deployment analysis with CTA imaging studi-
es, the methodology presented for CTA reconstruc-
tion by Athanasiou et al [22] will be adapted. Our
method extracts the interface of the stent (Figure 1)
that will be used to extract the corresponding measu-
res. Moreover, using the stent profile, ISR can also
be evaluated.

Figure 1. Volume rendering of heart with the vessel (green) superimposed and the 3D vessel with lumen (red), outer
wall (green) and calcified plaques (white). Stent Profile Extraction. Initial stent centerline, stent interface extraction

3D Reconstruction and plaque characterisa-
tion tool will also be used in order to detect scaffold
fracture (SF). According to Nakazawa [30], there are
five (5) types of SF. Identification of types I and II
are rather difficult [31] from any modality. Our met-
hod is focused on the semi-automatic detection of
type III, IV and V SF fractures. The method will use
the scaffold profiling method and strut detection in
order to identify measures indicative of scaffold
fracture. Those measures include the distance
between neighboring struts, abrupt changes in scaf-
fold centerline and other measures to estimate the
probability of different SF types.

Currently, imaging studies (CCTA, IVUS,
OCT and angiography) of the same patient, acquired
at the same or two separate times, are interpreted
separately. Our method will provide the tools to co-

register imaging studies from the same or different
modalities semi-automatically.

2.2. Blood flow simulation

In general, the sequence used to perform
blood flow simulations is the acquisition of the 3D
reconstructed model from the image modalities, the
application of the appropriate input data and, finally,
the acquisition of the desired output. Blood flow
simulations are performed in three different catego-
ries of arteries: a) In unstented arteries assuming the
walls to be rigid, b) in unstented arteries with
deformable walls and c) in stented arteries with rigid
walls.

The blood can be considered as an incompres-
sible homogenous viscous fluid for flow in large
blood vessels. Also, the laminar flow is dominant in
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physiological flow environment. Therefore, the fun-
damental 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

LM‘FHHK(,FI) K AV(,)
Y » N _

K, 0 blood (1)
g1 LM*‘»HHK(FI) K n+lv“ n LMHV
{ - }— At ” e (FOAY

O K;} 0 n P O
i-1 (1)

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); Ar 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 [32].

Note that the vector ""'F'™" of external forces inclu-

des the volumetric and surface forces. In the assem-
bling 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 con-
sidered. We have that

[Kl(gl)}mk = [[%I(é;lqu + J.'U(H)NK,J'NJJdV (2)
4

where 4" 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" 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 [33].

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 ‘#’

follow from

‘0, =~'pd, +'o} ()
where

‘o) ="u '(v,.wj +vj‘l.) 4)

is the viscous stress. Here, ‘u is viscosity corre-

sponding to the velocity vector ‘v at a spatial point
within the blood domain. The field of the viscous
stresses is given by (4).

Further, the wall shear stress at the blood vessel wall
is calculated as:

t
t tévt
T="u

)

on

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 inte-
gration points near the wall surface, and then
numerically evaluate the velocity gradient 6'v, / on;

finally, we determine the viscosity coefficient 'y

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 L.

For a pulsatile flow, the mean wall shear
stress within a time interval T can be calculated as
[34]

T

T
z-meam

= lj 'z, dt

) ©)

Another scalar quantity is a time-averaged
magnitude of the surface traction vector, calculated as

1 T
T _ ¢
7'-mag _?_(U t|dt (7)
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 nonli-
near 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
accordingly. Then, by applying the principle of vir-
tual 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
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which includes body and surface forces acting on the
element. By the standard assembling procedure, the
dynamic differential equations of motion are obtai-
ned. These differential equations can be further inte-
grated 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 n+1U — n+ll'i~ (9)

tissue

where the tissue stiffness matrix K and vector

tissue

"F are expressed in terms of the matrices and vec-
tor in (8). Note that this equation is obtained under
the assumption that the problem is linear: displace-
ments 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 non-
linear. Also, the tissues of blood vessels have nonli-

tissue tissue

( n+1KL )("’” _ J‘BE nl QD B,dV, (n+1Fint )(H) _ J‘BZ gD g7
v v

where the consistent tangent constitutive matrix
e of tissue and the stresses at the end of time

tissue

step ""'6¢"" depend on the material model used.

Calculation of the matrix "'CY" and the stresses

tissue
gD for the tissue material models were used in

further applications. In each of the subsequent secti-
ons we will give the basic data about the models
used in the analysis.

2.4. Plaque formation and progression model-
ling — continuum approach

Continuum based methods is an efficient way
for modelling the evolution of plaque. In our model,
LDL concentration is first introduced into the system
of partial differential equations as a boundary condi-
tion. The model simulates the inflammatory respon-
se formed at the initial stages of plaque formation.

Regarding the particle dynamics, the model is
based on the involvement of LDL/oxidized LDL,
monocytes and macrophages, and foam cells and
extra cellular matrix. Reaction-diffusion differential
equations are used to model these particle dynamics.
The adhesion rate of the molecules depends on the
local hemodynamics which is described by solving
the Navier-Stokes equations. Intima LDL concentra-
tion is a function of the wall shear stress, while the
adhesion of monocytes is a function of shear stress
and VCAM. Finally, the alterations of the arterial
wall are simulated. A finite element solver is used to
solve the system of the equations. The lumen is
defined as a 2D domain while the intima is simpli-

Page 5 of 15
near 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+1K(i—l) AU = n+1F”~(H) _ I gintG-1) (10)
tissue
where AU" are the nodal displacement increments

for the iteration ‘7>, and the system matrix ""'K""

tissue ¥

the force vector "'F'™" and the vector of internal
forces ""'F™™ correspond to the previous iteration.

We here emphasize the material nonlinearity

of blood vessels which is used in further applications.

As presented, the geometrically linear part of the

(G

stiffness matrix, ("“K L) , and nodal force vector,

tissue

"D Care defined in equation:

)

fied as 1D model due to its thin geometry. First, the
LDL penetration to the arterial wall as well as the
wall shear stress is calculated. Then the concentra-
tion of the various components of the model is cal-
culated in order to simulate the intima fattening in
the final step.

The LDL penetration is defined by the con-
vection-diffusion equation, while the endothelial
permeability is shear stress dependent. This model
produces results about the initial stages of the athe-
rosclerotic plaque formation. More specifically, con-
centration of LDL is calculated on the artery wall
and in the next step also the oxidized LDL. Further-
more, monocytes and their modified form (macrop-
hages) are also counted. Solution to the system pro-
vides to the user the concentration of foam cells cre-
ated when a threshold on LDL concentration is reac-
hed.

The previous model describes the initial sta-
ges of atherosclerosis. However, atherosclerosis is
characterized by the proliferation of SMCs. A medi-
cal user needs a prediction for the plaque formation
which is based on the concentration of SMCs, the
necrotic core and the extracellular matrix. In this
respect, a new approach to count the concentration
of SMCs is being developed. The user is also provi-
ded with results regarding the formation of plaque in
an overall manner.

The fluid is assumed to be steady, incompres-
sible and laminar for modeling fluid dynamics in the
lumen. Navier-Stokes equations were used (12),(13)

—1Vu +p(u,-V)u, +Vp, =0 (12)
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Vu ,=0 (13)
where v, is blood velocity, p; is pressure, p is blood
dynamic viscosity and p is blood density.

Darcy's Law was used to model mass transfer
across the wall (transmural flow) of the blood vessel.

(14)

Vu, =0 (15)

where uy, is transmural velocity, p,, pressure in the arte-
rial wall, p, is viscosity of blood plasma, and k is the
Darcian permeability coefficient of the arterial wall
(14), (15). Convective diffusion equations were occu-
pied for modeling mass transfer in the lumen (16)

V-(-D\Ve¢,+cu,)=0 (16)

where ¢, represents blood concentration in the lumen
and Dj is diffusion coefficient of the lumen.

Convective diffusion reactive equations (17)
were used for modeling mass transfer in the wall
which are related to transmural flow.

V-(-D, Ve, +Keu,)=rc, (17)

wow

where c, is solute concentration in the arterial wall,
D,, is diffusive coefficient of solution in the wall, K
is solute lag coefficient and ry, is consumption rate
constant.

The coupling of fluid dynamics and solute
dynamics at the endothelium was achieved by the
Kedem-Katchalsky equations (18),(19).

J,=L,(Ap—6,Ar) (18)

(19)

where L, is the hydraulic conductivity of the endot-
helium, Ac is the solute concentration difference
across the endothelium, Ap is the pressure drop
across the endothelium, Ax is the oncotic pressure
difference across the endothelium, o4 is the osmotic
reflection coefficient, or is the solvent reflection
coefficient, P is the solute endothelial permeability,

J,=PAc+(1-5,)J,c

and ¢ is the mean endothelial concentration [35].
The inflammatory process is modeled using

three additional reaction-diffusion partial differential

equations [36]:

0,0=dAO-kO-M

oM +diviv M)=d,AM —kO-M+S/(1+S)

0.8 =d,AS—AS +kO-M +y(0—0")

where O is the oxidized LDL in the wall, M and S
are concentrations in the intima of macrophages and
cytokines, respectively; d;,d,d; are the correspon-
ding diffusion coefficients; A and y are degradation
and LDL oxidized detection coefficients; and v, is
the inflammatory velocity of plaque growth [36,37].

(20)

2.5. Discrete approach

Blood flow in the small coupled domain
within finite element mesh is viewed as a motion of
the collection of DPD particles. Motion of each
DPD particle is described by the following Newton
law equation:

. C D R ext
my, =D (F; +F) +F))+F

J

21

[TEILR

where m; is the mass of particle “/ ”; V, is the par-

ticle acceleration as the time derivative of velocity;
¢ @D
E . K
dissipative and random (Brownian) interaction for-
cc 2

ces, that particle
respectively, provided particle

R . .
and F; are the conservative (repulsive),

e 9

exerts on particle “i 7,
” is within the

TR N

radius of influence 7, of particle “i ”; and F™ is the

s 9
1

external force exerted on particle “i ”, which usually
represents gradient of pressure or gravity force as a
driving force for the fluid domain [38]. Hence, the

total interaction force Fl.j (Figure 2) between the two
particles is:

F, = +F + ] (2)

F,-j = Fi;‘unr.en-:nllw +];-i';'}l.‘i||l:lliu- i Fi:(andom

Figure 2. Interaction forces in the DPD approach

2.6. DPD modeling of oxidized LDL particle
adhesion to the wall

When an oxidized LDL comes close to the
wall and if shear rate allows, it binds to the wall.
However, when adhered LDL particles are exposed
simultaneously to other forces stronger than the bin-
ding forces, the bonds break. To incorporate LDL
adhesion to vessel walls, we introduce an attractive

(bonding) force, (F; ), in addition to the conservati-

ve, viscous and random interaction forces. As an
approximation, we model the attractive force with a
linear spring attached to the LDL’s surface. The
spring is attached to the vessel wall or to an already
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adhered LDL particle. The effective spring constant 3. RESULTS

for LDL adhesion on the vessel wall, or to another 3.1. Coupled method for modelling of
stationary LDL particle, is denoted by £, atherosclerosis

The additional parameter involved in the
model is the size of the domain from the LDL coated

wall (Lvnvl“aZ) for which the action of attractive force

needs to be considered. We take the attractive force
as

F! =k, (1-L,/Lu)

(23)
where L, is the distance of the oxidized LDL from
the wall.

Coupled method for modelling of atheroscle-
rosis assumed combination of continuum (finite
element method) and discrete (DPD method) descri-
bed in the previous section. Atherosclerosis deve-
lopment for specific patient at right coronary artery
was simulated. Upstream of the bifurcation level,
there was plaque progression. (Figure 3). The results
give better insight in the microlevel approach for
plaque progression.

Plague concentration
[rgfmil]
3.200-03

3.00e-03
2.808-03
2.608-03

2.40e-03

2.20e-03
20000 jf
1.80e-03
1.608-03
1.40e-03
1.20e-03
1.00e-03
8.00e-04

6.000-04

4 D0a-04

2.000-04

0.00e+00

Figure 3. The right coronary artery for specific patient. Coupled simulation finite element and DPD method

3.2. Stent deployment modeling

The system of stent deployment which con-
sists of three parts is modelled: balloon, stent and
blood vessel. The first part — elastic balloon should
be inflated in order to open stent and blood vessel
with stenosis. The second part is stent, wired structu-
re that should open and hold the blood vessel
narrowed. Third part is blood vessel with narrowing
caused by plaque progression.

Model contains of 8-node brick linear finite
elements. Materials of all three structures are
linearly elastic but with large deformations.
Boundary conditions applied in this model are fixed
nodes at the beginning and at the end of the blood
vessel with stenosis, prescribed pressure in the bal-

loon and symmetry boundary conditions at all three
parts of the finite element mesh (because we mode-
led half of model based on symmetry assumption).
Value of the pressure is not significant in this case,
because it is fitted only to open stenosis. The pressu-
re increases during the time linearly. Simulation has
200-time steps of 5 milliseconds. Besides the menti-
oned number of 3D finite elements, when the bal-
loon and stent are in contact, or when stent and
blood vessel is in contact, there is a variable number
of elastic support elements, which depends on the
contact area size between 3D elements in contact.
The initial results for stent deployment model
obtained with solver developed under PAK software
package are presented [51]. PAK software is upgra-
ded with contact algorithm developed during this
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study. The initial model is parametric, as explained
in the previous section.

The results for stent opened by inflated bal-
loon are given in Figure 4. There are two time steps:
time step 10 and 160. Those two steps are characte-
ristic because in time step 10, there appears contact
between elastic balloon and stent, and in time step
160 the narrowed blood vessel is completely opened

21 Cisplaceman
factor =1 |

(¢) ®

by balloon and stent. As it can be seen from images,
at the beginning of simulation there is no contact
between elastic balloon and stent, and only balloon
has deformation. In time step 10, the contact appe-
ars, and balloon starts with opening of stent and also
blood vessel. At the time step 160, diameter of blood
vessel in narrowing is restored to original dimen-
sion.

......

Figure 4. Results with parametric model: displacements field for: stent with balloon: (a) time step 10 and (b) time step
160; stent (c): time step 10 and (d) time step 160; whole model: (e) time step 10 and (f) time step 160

3.3. Stress analysis for stent deployment

According to the boundary conditions and
loads mentioned above, the numerical analysis of the
material behavior of this complex model is perfor-
med. 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 which 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 [19]. 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
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deformable surfaces. As contact conditions, we set
finite sliding, no-friction, with the constraint enfor-
ced by a Lagrange multiplier method. The stenotic
segment of the artery which was examined before
and after stent deployment is presented in Figure 5.

The effective von Mises stress distribution in the
stent is presented in Figure 6. 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.

a)

b)

Figure 5. Stent positioning before (a) and after (b) stent deployment

1.00e+00
9.38e-01
8.75e-01
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3.75e-01
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1.88e-01
1.25e-01
6.25e-02
0.00e+00

Figure 6. Effective stress distribution inside the arterial wall after stent deployment. The units are in MPa.

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 Figure 7. It can be observed that
higher stress exists when wall thickness is reduced
during deployment procedure.

Stent forces distribution in the arterial wall for
the inflation pressure 1 kPa for stent deployment in

the coronary artery is presented in Figure 8.
Von Mises stress distribution in the arterial wall for
the inflation pressure 1 kPa for stent deployment in
the coronary artery is presented in Figure 9.

These results for stent forces and Von Mises
stress in the arterial wall during stent deployment can
be very useful for prediction of the restenosis process.
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Figure 7. Effective stress distribution in the two different cross-section locations inside the
arterial wall at the end of stent deployment
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Figure 8. Stent deployment in the coronary artery. Stent forces distribution in the arterial
wall for the inflation pressure 1 kPa
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Figure 9. Stent deployment in the coronary artery. Von Mises stress distribution in the arterial
wall for the inflation pressure 1 kPa

3.4. Plaque concentration for stented arteries and triglycerides are used for the computer simula-
tion, as well as adhesion molecules ICAMI,
3D simulation of blood flow through lumen VCAMI1 and E-Selectin (Tab. 1).
and plaque progression in vessel wall was simulated. Results of first numerical simulation (baseli-
The bio molecular parameters such as LDL, HDL ne) are presented in Figure 10.
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Table 1. The bio molecular parameters and adhesion molecules

Time LDL HDL Triglycerides ICAM1 VCAMI E-Selectin
Baseline 118 37 172 166.19 557.17 26
Follow-up 1 / / / 128.93 483.37 22.62
Follow-up 2 55 57 178 142.23 587.72 /

Plaque concentration
Shear stress [Pa] [mg/mi]
/' 5.75e+00 1.70e-03
A\ 5.39¢+00 1.50¢-03
5.03e+00 1.49e-03
,’ 4.67e+00 1.38e-03
o«
Q’ 4.31e+00 1.27e-03
3.85e+00 1.17e-03
. : 3.59e+00 1.06e-03
3.23e+00 9.56e-04
2.88e+00 8.50e-04
2.52e+00 7.44e-04
Wi 2.16e+00 6.37e-04
‘. 1.80e+00 5.31e-04
- 1.44e+00 4.25e-04
1.08e+00 3.18e-04
7.19e-01 2.12e-04
3.58e-01 1.06e-04
0.00e+00 0.00e+00

Figure 10. Shear stress distribution (left) and plaque concentration (right) for baseline

At a length of 1 to 4 mm, from the inlet of the
coronary artery, a low value of wall shear stress was
observed. Average values range from 0.23 to 0.36
Pa, measured at cross sections, at a distance of 0.5
mm. At 15.8 mm from the beginning of the artery, a
low shear stress was also noticed. Low shear stress
values are associated with increased plaque concen-
tration, as shown in the Figure 10 (right). The hig-
hest values of plaque concentration in these zones
are 1.7e-03 mg/ml.

The result of numerical simulation for the
second time — follow-up 1 are presented in the Figu-
re 11.

Further development of plaque concentrations
was observed in the areas where low shear stress
appears, there is an increase in these values, and the
range of these values is from 0.31 to 0.39 Pa. It can
be seen that the area of plaque concentration is
expanding (Fig 11, right).

The third numerical simulation presents the
condition of the artery after 6 years (Figure 12).
Average values of shear stress in the observed zones
of the artery range from 0.43 to 0.47 Pa. Also, it is
clear from Figure 12 (right) that there has been a
significant increase in the plaque development in the
observed zones.
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Figure 11. Shear stress distribution (left) and plaque concentration (right) for follow-up 1
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Figure 12. Shear stress distribution (left) and plaque concentration (right) for follow-up 2

4. DISCUSSION AND CONCLUSIONS

In this study, plaque formation and progression
model for coronary artery with stent deployment
modelling for specific patient is analyzed. A coupled
3D artery reconstruction from IVUS and Angiography
image modalities, with ability of detection of luminal

narrowing, on one side, and generating finite element
models and processing them, on the other side, is
described. The geometry of the patients for baseline
and follow-up has been used with detailed described
image techniques. The flow equations are coupled with
the transport equation applying realistic boundary con-
ditions for each patient.
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Blood flow simulation is described with Navi-
er-Stokes and continuity equation. The governing
finite element equations used in modeling wall tissue
deformation with emphasis on implementation of
nonlinear constitutive models are described. The
coupling of fluid dynamics and solute dynamics at
the endothelium was achieved by the Kedem-
Katchalsky equations.

Discrete approach used DPD method with
conservative, dissipative and random forces and
additional attractive force to the arterial wall. Some
of initial results are presented for a few patients for
the left and right coronary artery. Biomolecular
parameters ICAM1, LDL, HDL and Triglycerides
for both patients are used to calculate plaque con-
centration. The follow up study of CT after 24
months was compared to simulation results. A good
agreement was achieved. This methodology could be
validated with retrospective studies from literature if
at least two points in time are available (baseline and
follow up).

Stress distribution of the artery wall and stent
during expansion of occluded zones is analyzed.
Also stent forces and Von Mises stress distribution
after stent deployment is presented. Better under-
standing of stent deployment procedure and arterial
wall response as well as arterial wall restenosis can
be obtained using computer simulation.
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KOMIIJYTEPCKU MOJIEJI VIPAIABE CTEHTOBA U PACT IIJIAKA
Y KOPOHAPHUM APTEPUJAMA

Caxerak: Y pajy je IpUKa3aHO MOJCIHNPAkE YIPaalke CTEeHTa U cuMynanuja op-
MHpama ¥ NporpecHje Iiaka KoJ MojeJMHauyHKX TMalyjeHaTa ca KOPOHapHUM apTepHjama.
[pBo cy onmcaHe HajHOBUje METOAE 3a CUMYJIAlH]jy CTPYjara KPBH KpO3 apTepHje ca CTCH-
TOBUMA. Y CEKLHUjH MeTo/e 00paja cruKa apTepHja ca CTCHTOBHMA je mpBo onucana. CTpy-
jame KpBH je ommcaHo HaBnje—CTOKCOBOM jeIHAYMHOM M jeIHAYMHOM KOHTHHYWTETA.
31I0BH KPBHUX CYZIOBA Cy MOJCIHMPAHH Ca HEIWHEAPHUM BHUCOKOECIACTHYHHM MaTepHjal-
HUM MozenoM. Cripe3ame TMHaMUKe (QIydIa U TPAHCIIOPTHUX jeIHaYNHA Ha 3UIY CHIOTe-
mjymy onmcano je Kengem—Kauancku jeqpaunaama. MH(pIaMaTOpHA MIPOIIEC MOJCITHPAH je
JOJIATHUM pPEeaKIUOHO-TU(pY3HUM jeqHadrnHama. CIperHyTH METO/ KOju KOMOHHYje METOJ
koHauHux enemenata u JAI1]] je mpukazan. Y cekiuju pe3ysiTaTd NpUKa3aHu Cy HEKHU TpH-
Mepu KpyTHX U AeopMaOHIHUX apTepPHjCKUX 3HJ0Ba ca U Oe3 creHTa. [IpeseHTOBaH je
e(peKTUBHHM HAIIOH Yy CaMOM CTEHTY NPWIIMKOM HErOBE Yrpalibe Y KOPOHApHY apTepHjy.
Mopenu cy pahenu ca nomahum codreepckum nakerom [TAK. OBu koMIjyTepckn Moaenu
MOTY IONPHHETH 00JbEM pasyMeBamy H MPUIIPEMH XHPYpra NPHIHKOM YrpaJmbe CTCHTOBA

Y CBAaKOJHEBHO] KIIMHUYKO] TIPAKCH.

Kibyune pujeun: yrpaama CTCHTOBA, HyMEpHUYKa CHUMYyJIalnja, pacT IUIaka, METO/

KOHAaYHHUX €JICMCHAaTa.



