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ABSTRACT

A stent device is a permanent metallic implant currently
used to prop open arteries blocked with atherosclerotic
plaques. Many classes of stents are available and mainly
differ by their design. Our purpose in this paper is to deter-
mine some optimal stent parameters to ensure a conforming
blood flow through the stented artery. Coupling compu-
tational fluid dynamics with stochastic optimization based
method is used to obtain the optimal parameters of a sim-
plified stent. Our results point out that the obtained re-
lated stents overcome or at least reduce the risk of the late
restenosis in stented segments.
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INTRODUCTION

Cardiovascular diseases are the first cause of death in Eu-
rope. For two decades, they constitute an important subject
of clinical investigations and academic studies. The well
known stenosis pathology — reduction of the vascular lu-
men of an artery— affects the dynamics of the blood flowing
through arteries and may even obturate them.

An appropriate procedure to eradicate this constriction is
a balloon angioplasty, and/or a stent placement ([1], [3]). In
the latter procedure, a stent is transported by a catheter,
known as a stent delivery device, to the defective site in the
artery and then expanded radially by the balloon to dilate
the site (see Figure 1).

Though this method is commonly used by practitioners,
the stent treatment is not a perfect solution and is often
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Figure 1: A balloon expandable stent.

associated with complications such as restenosis. Indeed,
numerous clinical studies describe the vessel damage dur-
ing stent implantation and thereof the arterial wall growth
over the wire mesh of the prothesis for about 20-30% of the
patients who receive it.

To date, attempts have been made to treat the late
restenosis by systemic administration of drugs. However
these attempts have not been successful. Hence, current re-
search is being shifted gradually to the local administration
of various pharmaceutical agents at the site of an arterial
injury resulting from angioplasty. Numerous attempts to
develop stents with a local drug-distribution function have
been made, most of which are variances of the so-called
coated stent ([13]), a metal stent covered with a polymer
envelope, containing anti-proliferative medicaments.

Many numerical simulations have been done, by following
various approaches, to understand why restenosis occurs.
Some authors have carefully studied the two-dimensional
(11, 121, [3], [], [B5]) or even three-dimensional ([14], [15])
blood flow behavior through stented arteries. Others have
focused on the mechanical properties of the stent ([10]) or
on chemical aspects of coated stents ([13]). In this last arti-
cle, the authors have derived periodic and asymptotic coated
stent models for the drug dose. They insist on the effect of
the struts number and on the ratio between the area of the
coated struts and the diseased segment of the artery on the
distribution of the medicinal dose.

To the best of our knowledge, a multi-criteria optimiza-
tion setting has never been considered to find the optimal
geometric stent parameters.

We adopt, here, the fluid-structure approach to describe



the problem. We then couple equations with a stochastic op-
timization process in order to define optimal stent designs.
More precisely, we are seeking with the best three geometric
parameters of a simplified two-dimensional stent, namely the
strut spacing [, the strut height h and the strut width w that
could reduce blood stagnation and also fluid swirl. We will
also see that these optimal parameters give us an optimal
number of struts for a given target segment length. In our
study, the blood flow is described by the two-dimensional
steady Stokes equations on a deformed domain due to the
fluid-structure interaction. To perform optimization, a mul-
ticriteria genetic algorithm is used.

The paper is organized as follows: in section 2, the nu-
merical modelling of the flow through stented artery is pre-
sented and illustrated with three examples of stent designs.
Section 3 is devoted to the description of the multiobjec-
tive optimization results for a large range of stent shapes.
The last section gives some comments on the results of the
present study.

2. NUMERICAL SIMULATION
2.1 Modelling of the fluid-stent interaction

In order to perform fast computations in view of the forth-
coming optimization process, some simplifying hypotheses
are made on the stent geometry and on the fluid flow. First,
as is usually done by different authors ([1], [2]), the blood
flow is assumed to be two-dimensional and the presence of
the stent is modelled by the appearance in the arterial ge-
ometry of small periodic obstacles called struts. The corre-
sponding fluid domain, is depicted on Figure 2. The stent
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Figure 2: Simplified 2d-geometry of a stent and as-
sociated fluid domain.

shape is characterized by three different values: the strut
spacing [, the strut height A and the strut width w.

Eight struts are observed to study the flow behavior inside
the stent, here between the 4th and 5th strut where the
effects of the boundary conditions enforced on ¥;,, and Yot
are attenuated.

The fluid is supposed to be viscous, incompressible and
governed by the steady Stokes equations on the half fluid
domain called Qp. In absence of any interaction with the
stent structure, the velocity and pressure of the fluid, respec-
tively denoted by v = (vi,v2) : Qp — R? and p : QrF — R,
are solution of the following system of equations and bound-
ary conditions:

—pAv+Vp =0 on Qp
diviv) =0 on Qp
v =Vip(zgyer on Xip

(1)

ov
vo =0 and 8TU; =0 on Xsym
v =0 on Xstent
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In these equations, p and Vi, respectively denote the fluid
dynamic viscosity and the entrance velocity.

In order to take into account the interaction between the
fluid and the structure, the stent is described by an elastic
curved rod model. In this case, the fluid domain where the
Stokes system (1) is solved, is no longer equal to Qp. Let
us denote by u : (0,L) — R, the vertical deformation of
the stent at position 1 € (0,L). The previous system (1)
is solved on a deformed domain called Qr and is coupled
with the equations of the stent structure. In our case, these
equations write in the following way:

(2)

In the previous equation, the coefficient d is given by the
W3
12(1 — a?)
tively the structure width, the structure Young modulus and

the Poisson coefficient of the material.

_ 181)2

£ 0% (1 )T )P
=u(L)=u'(0)=u'(L)=0

u(4)(1:1)

u(0)

on (0, L)

relation d = F where W, E and « denote respec-

2.2 Details of the numerical simulation

The solution of the coupled system of equations (1)-(2)
is obtained by solving a fixed point problem with a BFGS
method applied on a least square cost function (see [12] and
[17] for more details on this method).

The corresponding algorithm is implemented with the
help of a 2D finite element package FreeFem++, which is
freely available [6]. For visualization, we use Medit, a free
visualization sofware [7] .

A triangular mesh of the undeformed fluid domain Qf is
created. It is made, approximately of 23000 triangles and
12000 nodes. An example of such mesh between two consec-
utive struts is given in Figure 3 (truncated mesh from the
mesh of the domain Qr). For all the simulations done here,
note that the artery diameter before deformation is taken
equal to D = 4mm.

Figure 3: Mesh example of the undeformed half fluid
domain Qf.

The ingoing fluid profile on 3, is supposed to be parabolic
with a maximal value Vp,q, on the symmetry axis Xgym.
Two values of Vimaz are tested (namely 10 and 30 cm/s)
corresponding to the extremal values of a real pulsatile blood
flow.

The other characteristics of the fluid and the stent struc-
ture are given in Table 1.

fluid dynamic viscosity: p 0.035g/cm.s
Structure width: W 0.01cm
Young modulus: F 110- 10" g/em - s*
Poisson coefficient : « 0.33

Table 1: Fluid and stent structure data.



2.3 Qualitative behavior of the fluid flow

We first test the effect of the stent parameters (I, h,w)
and the influence of the fluid-structure interaction on the
flow characteristics. Three different examples are presented
here corresponding to three different values of strut spacing
I for a given strut height h and strut width w (see Table 2).

Case | {(mm) | A(mm) | w(mm) | {/h
1 2 0.25 0.08 8
2 0.75 0.25 0.08 3
3 0.25 0.25 0.08 1

Table 2: Three examples of stent parameters.

The results of the fluid-structure computation for the first
case are presented on Figures 4 and 5. We also observe the
stent deformation in Figure 4.

Figure 4: Case 1. Velocity streamlines and structure
deformation, Ve = 30cm/s.

A zoom between the 4th and the 5th strut is presented
on Figure 5. In this case, two counter rotating recirculation
zones before and after each strut are clearly visible with a
reattachment zone between them. A similar computation
has been done without fluid structure interaction and the
results point out the same flow behavior. However, on a
quantitative viewpoint, there exists some differences for in-
stance on the value of the wall shear stress (see the next
subsection).

The results of the second and third cases are presented on
Figure 6. For the second case, we observe that the flow is no
longer reattached between the two vortices whereas only one
recirculation zone is visible between two consecutive struts
in the third case. Note that, as previously, the results with
or without interaction (not illustrated here) are very similar
on a qualitative viewpoint.

These results are coherent with previous observations
made by other authors with the stent modelled as a rigid
body ([1], [4], [5]).

In order to classify the different flow behaviors, an dimen-
sionless value measuring the ratio between the strut distance
and the strut height

l

h
is introduced. Depending on the values of | and h for a
given strut width w, the following three cases between two
consecutive struts can occur:

r=

e for r > ry: the flow is reattached during the whole
cardiac cycle.

e for r, > r > r;: two recirculation zones without reat-
tachement are visible during a part or the whole car-
diac cycle.

e for r; > r: only one recirculation zone is visible during
a part or the whole cardiac cycle.
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}

Figure 5: Two recirculation zones with reattach-

ment (case 1).

Figure 6: Two recirculation zones without reattach-
ment (case 2, left) and one recirculation zone (case
3, right).

These results are summarized on Figure 7.

The accurate determination of the threshold values r, and
ry is a difficult task. In [5], the value 7, = 6 is proposed. In
this work, the value of 7, is slightly lower and ranges around
5.7 whereas the value of r; is approximately equal to 2.

The present approach provide a more accurate design rule
by seeking for the optimal stents in a large admissible do-
main with respect to two performance criteria described be-
low.

Lisax

two recirculation zones with reattachment
between consecutive struts (I/h>1,)

two recirculation zones without reattachment

| —  one recirculation zone

Liin

hyin

Figure 7: Qualitative behavior of the flow depending
on 1 and h.

3. MULTIOBJECTIVE OPTIMIZATION

3.1 Definition of two performance criteria

In order to have a systematic and automatic approach
designing a stent with the best characteristics, two perfor-



mances criteria are defined for a given stent, characterised
here by its three parameters [, h and w.

The first performance criteria is the mean square wall
shear stress between two consecutive struts, that is

1 (%2 8”01 2
Sl hyw) = length(T") /F (H(Tm + 871’2)) &y

where I' is the part of the stent boundary between the 4th
and 5th strut (see Figure 8). As it has already been observed
([1], [5]), a stent associated with a higher value of J; will be
preferred because it lowers the risk of the late restenosis by
reducing the presence of blood stagnation.

Another performance criteria for a given stent is also con-
sidered here. It consists of a mean swirl value near the struts:

o 1 " 81)2 8’1)1 2
Ja2(l hyw) = area(w) \//w (E)Tvl - 8702) dzidzs,

The integration domain w has a rectangular shape (in ab-
sence of deformation) of base I' and a constant height equal
to £. As it has already been reported ([8]), a blood flow
associated with a small value of Js is preferred.

) D/6
nl | a® 5th
strut T strut
+—>

Figure 8: Definiton of the integration domains w and
I.

The performance values for the three stents studied in the
previous section are given in Table 3 and Table 4.

The first striking observation is the large range of varia-
tions of both criteria depending on the configuration. The
influence of the fluid structure interaction is also clearly vis-
ible even though it does not modify the respective order
between the three cases.

For these three examples, the best stent design is the first
one for both performance criteria, with or without fluid-
structure interaction. However, note that a high wall shear
stress value will not necessarily imply a low swirl value. In-
deed, the first criteria is linked to the presence or not of
large stagnation zones near the struts whereas the second
rather measures the velocity streamline curvature due to the
presence of struts. This observation will be checked by the
multiple objective optimization presented below.

Cases | Shear stress (dynes/cm?) | swirl (1/s)
1 J1 =792 Jo = 1673
2 J1 = 2.46 Ja = 3599
3 J1 =253 Jo = 5393

Table 3: Performance criteria for three examples of
stents, with fluid-structure interaction.
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Cases | Shear stress (dynes/cm?) | swirl (1/s)
1 J1 =13.11 Jo = 2186
2 Ji1 =2.55 Jo = 3624
3 J1 = 2.56 Jo2 = 6638

Table 4: Performance criteria for three examples of
stents, without fluid-structure interaction.

3.2 Details of the multiobjective optimization
algorithm

In order to determine optimal stents with respect to the
two performance criteria introduced above, a multiobjec-
tive optimization is performed with a genetic algorithm.
This method is chosen here because it has already obtain,
in many applicative fields, robust and global optimal solu-
tions ([11], [16], [18]). Moreover, it is well adapted to de-
termine a set of optimal solutions located on the Pareto
front in the case of multioptimization problems. More
precisely, the e-multiobjective evolutionary algorithm, de-
veloped by K. Deb ([9]) and freely available at the site
http://www.iitk.ac.in/kangal/soft.htm, is used for all
the computations done here. It is based on the ¢ dominance
principle that relaxes the classical dominance principle with
a factor € and also on the use of two co-evolving populations
(an EA population and an archive population). A good di-
versity is ensured by allowing on the Pareto front only one
solution in each hyper box.

The three stent design parameters [, h and w lie in a rather
large domain, namely the following hypercube of R?:

(I, h,w) € [0.02,0.2] x [0.01,0.04] x [0.007,0.009](in cm)

In particular, it allows for the characteristic ratio r

allows to vary between 0.5 and 20.

A population of 100 individuals associated with 60 gen-
erations has been necessary to achieve the results presented
below. Depending on the method used to compute the two
cost functions, with or without fluid structure interaction,
the total CPU time for an optimization process ranges from
2 hours to 20 hours on a Pentium 2Ghz PC.

3.3 Results

X X X
X final population %(
2800 —final Pareto front 800 XXX XX x M
X X
2600- X % X 26007 X
X b 4 XX / % 14 X x
2a00{ X X % 2400 X X x XX
/ % % X%
¢ % oo K
2200 X 2200{ X XX
x X f( X
2000 X 2000
X final population

18001 — final Pareto front

X
X
1800 X ><Xx/

T
4 6

L e e e e e IR T
8 10 12 14 16 18 20 22 a

R A L S S A
6 8 10 12 14 16 18 20 22

Figure 9: Multiobjective optimization: Pareto
fronts of optimal stents (left: with fluid-structure
interaction, right: without), Ve = 30cm/s.



The results of the multiobjective optimization algorithm
are presented in Figures 9 and 10. The Pareto front, that is
the set of optimal solutions with respect to the two perfor-
mance criteria, the wall shear stress J; to maximize and the
swirl J2 to minimize, are depicted in Figure 9.

The values of [ and h for all the optimal stents located
on the Pareto front are represented in Figure 10. The cor-
responding value of w has not been depicted because it has
been observed that this value has a minor influence on the
two performance criteria. On this figure, the optimal stents
associated to a high wall shear stress are located on one end
of the curve whereas the other end corresponds to stents
having rather a low swirl.

optimal stents, with F/S optimal stents, without F/S

‘S T

0.18: | 0.18
0.16 0.16
0.14- I/h>ru 0.14- /h>ru
~ 012 ~ 012
3 3
A 2
~ 010 I/h<ru ~ 0.0 Ihh<ru

T T T T T T T T T T T T T T
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

h (cm) h (cm)

Figure 10: Optimal stent shapes depending on the
model (left: with fluid-structure interaction, right:
without).

From Figure 9 and Figure 10, one can also observe that
the Pareto front is rather spread. It means that the chosen
performance criteria are often conflicting. The interest of
the Pareto front approach in this context is thus to allow the
designer to choose the appropriate stent design, depending
on which criteria to enhance.

Thus, an optimization process seems to bring a real im-
provement compared to a less systematic approach that is
currently used for the design of stents.

The influence of the fluid-structure interaction that has
also been investigated in this work, is clearly visible by com-
paring the two Pareto fronts on Figure 9. However, the cor-
responding stent shapes compared on Figure 10 are much
closer, indicating that a pure fluid approach is sufficient at
a first decision level.

Figure 10 gives the most important criteria to fulfill for
designing optimal stents: in all cases, the ratio r = [/h has
to be chosen greater than r,. As it has been observed in
the previous qualitative observations on the fluid flow, it
corresponds to a situation where the two recirculation ar-
eas before and after each strut are separated. Moreover, a
higher ratio, that can be raised up to 20 in our study, is
not always preferable as it can be observed on the stents de-
picted on Figure 10. Note also that the strut width w only
plays a secondary role compared to [ and h in the optimiza-

T T 1 1T 1 1T 1 T 1 T [ T T T
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045
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tion process. It will thus be adjusted by the designer at its
convenience.

optimal stents, without F/S Vin=30cm/s optimal stents, without F/S Vin=10cm/s

0.20-

0.20{ ——
o8]
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£ €
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= 010 Ih<ru = o.10] Vh<ru
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Figure 11: Optimal stent shapes depending on the
initial velocity (left: Vin = 30m/s, right: Vin =
10m/s).

All the optimization results presented here are done with
a maximal velocity value for the entrance profile equal to
30cm/s. It is worth noticing that the obtained optimal stent
shapes are nearly identical when taking the other extremal
value of a real pulsatile flow, that is 10cm/s (see Figure 11),
thus justifying a posteriori the steady flow hypothesis.

4. DISCUSSION

The purpose of this study is to evaluate the effects of
varing stent design parameters on artery wall shear stress
and on flow swirl around struts, using finite element analysis
in fluid-structure context.

Let us recall that, in the case of blood stagnation be-
tween struts, the endothelial cells do not undergo usual
shear. Their functioning is then disturbed, especially the
production and release of chemical agents that inhibits the
proliferation of smooth muscle cells. Furthermore, in the
absence of shear, the probability of blood coagulation rises.
The stent must thereby be designed to generate an appro-
priate shear at its interface with the blood flow.

From the study above, one can point out some remarks
and comments. First, let us note that when the ratio r =
/h is decreased below a critical value r, both performance
criteria are degenerating because of the topological change
of the flow between two consecutive struts.

Another important observation coming from this work is
the relative independence on the design results of some sim-
plificatory hypotheses that can be made during the mod-
elling phase, such as the steady flow hypothesis or the ab-
sence of fluid-structure interaction.

Finally, as we know, the number of struts for a coated
stent is an important parameter for the efficiency of the
treatment with drug covering stents. One can naively think
that the best way is to use a stent with high number of
struts for a drug-distribution function, even though the de-

T T T T T T T T T T T T 11T
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045



ployment of such a stent in the artery can be seriously inva-
sive.

Thanks to our study, at a given h and w, when we choose
the optimum strut spacing [ such that the ratio r fits with
the appropriate values of the cost functions, we implicitly
give the best number of struts for a given stent length.

Conclusion

The current results using a 2d computational fluid-structure
modelling and a multiobjective optimization loop indicate
that there exist some important rules to fulfill in order to
design appropriate stents which may avoid or at least reduce
restenosis. The main rule can be summarised by saying that
the characteristic ratio "strut spacing over strut height” shall
be above the critical value r, = 5.7 to ensure a sufficiently
high wall shear stress while maintaining a low level of flow
swirl. When this ratio is decreased, both performance cri-
teria are degenerating because of the topological change of
the flow between two consecutive struts.
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