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Abstract

In order to avoid the formation of low shear stress areas and improve the stent
stability, in the current work, the boundary elementary method was applied to
investigate the influence of strut structure on hemodynamic characteristics
including the blood flow fields, shear stresses on a vessel wall and pressures on
the struts. Results found that the struts with an oval cross section could lead to a
homogenous pressure distribution and increased shear stress, which would lower
the risk for restenosis after interventional therapy. Furthermore, such results
would be beneficial to the structure design and optimization of stents used for the
interventional therapy.
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1 Introduction

Recently, endovascular stent graft (ESG) has been used in the therapy of the
vascular disease, due to its outstanding advantages such as small trauma, less
complications and rapid recovery [1-2]. However, the stent graft would lead to
the protruding of the struts on blood vessel wall and cause the blood flow to be
separated and reattached. Particularly, the areas of low shear stress emerged near
the struts is one of the risk factors for restenosis [3]. Animal experiments and
human clinical researches [4-6] found that different strut structures have
different influences on the haemodynamics characteristics. Thus, it is necessary
to improve the strut structures in order to avoid the formation of low shear stress
areas and increase stent stability.
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Considering the issues above motioned, in the present work, boundary
element method was applied to analyze the blood flow fields, shear stresses on
vessel wall and pressures on the struts, where the three types of intervening struts
with different geometric structure (square, circle and oval cross-section) were
used. The calculation results provided some theoretical significance for
optimization and design of stent.

2 Governing equations and boundary conditions

The vessel wall was assumed to be rigid, impermeable and stationary, so a no-
slip boundary condition is applied. The blood was assumed to be isotropic,
homogeneous, incompressible Newtonian fluid, unsteady and laminar flow. The
density and dynamic viscosity are 1050 kg/m® and 3.5x10 Pa-s, respectively.
The mean Reynolds number is 1116. The area of blood flow is £2, and its
boundary is I . The blood flow is governed by the Navier-Stokes (N-S)
equations, which can be written as:

p%—lt/+p(V~V)V =-VP+uVV

in Q, 1)
V-V=0
the boundary conditions can be written as:
T-n ‘ r, =1
! on [, 2
V‘r, =V,

where [, ur =T( r, and I, are the boundaries of the vessel wall and the
inlet and outlet), ¥, , T, and n the fluid velocity, surface force and the unit

normal vector on the boundary I", T(V) the stress tensor corresponding to V.

3 Computational methods

The hemodynamics characteristics of interventional therapy are analyzed using
the boundary element method [7]. The boundary element method does not need
to measure off meshes in area, but the discrete scheme on the boundaries is
required. For this reason, it is unique to solve complex boundary case. The detail
computation methods are described as follows.

The equivalence integral equations of the N-S equations are obtained using
the weighted residual method:

COOW(X) = m (X )T, (W (X = X,),v, (X, )dT,
1, (X)T, (V (X))o Wi (X = X, )dT,
+(j>r n; ()(0)Vi(Xo)vj()(o)wjf (X =X,)dl,
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X, (X~ X, (X,)de, )
CX)p(X) =~ n,(X)q’ (X = X)L,V (X, ), dl,
w1 (X,)g' (X = X, (X,)v, (X)),
+—q‘>n<x Vg, (X = X,)v,(X,)dI,
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where i, j,k =12, v,(k=1,2) is the velocity, p is the pressure, and 7, is
the unit normal vector on the outside boundary. W* and ¢* are the basic solutions

of N-S equations. T.(V) and T,(w*) are the stress tensors corresponding to J

and W' respectively. Here, C(X)=1 for X €Q ; C(x)=1/2 forX e I'. The
basic solutions and stress tensors are given as:

Wk :_E S In 1 +(xj_xj0)(xk_xk0)
T o4m| X - x| X - x,[
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Subdivide the boundary /" into small units ", (f =1,2,---,N), in which the

values of all variables are taken as constants defined at the center of the units.
The discrete forms of the integral equations are written as:

N 2 2 N 2 N 2 2
CoVia = ZZ le,kaﬁ”,p" 5= 22 M T+ : ZM wapipVipVip (6)
p=l i=1 j=1 p=1 j=1 p=1 i=l j=1
N 2 N 2 2
C,p, = _; Z; RiopTip + ; Z Z; SiapipVip - @)
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where the subscript [ denotes the Sth unit on the boundary, and & denotes
the ath point in the area or on the boundary.
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L

ks M jtap> Riap and S, 5 are the integral coefficients, which are given as:

Jkafp> =7 ya

L"kozﬁ = J‘l"/i T;jl (Wk (Xa - XO ))OdFO s

ij
Mjka/z = .[r/, Wf(Xa - X)dr,

Rjaﬂ :J‘rp qj(Xa _Xo)dro s

2
Syup = ™ Lﬁ q,, (X, —X,)dl, (8)

4 Stent design for interventional therapy

It is well known that the stent has an influence on the hemodynamic
characteristics in the interventional therapy. Therefore, the design of stent is not
only considering the better adherence and no injury to intima, but also reducing
the disturbance to blood flow [8-9].
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Figure 1: The cross-section view for three different struts with same cross
section area.

We know that most of the traditional struts have the square or circular cross-
section, as shown in Fig.1, the diameter of the circular struts should be 1.13
times of the side length of square one if both the length and the quality (or
volume) of the stents are equal. In the present study, the cross-section of the strut
is designed as an oval, in which the long shaft is 1.5 times of the circle diameter
and the short shaft is two-thirds of it (Fig. 1). Due to a decreased thickness and
no edge angle in a oval strut, the adherence is improved significantly and the risk
to intimal injury is decreased. Furthermore, the vessel lumen is also much higher
than those of others. Consequently, the stent with the oval cross-section strut
exhibited some advantages in comparison with others.

The blood flow fields near the struts with different geometric shapes are
analyzed using the boundary element method as shown in Fig. 2. In such
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analysis, the input parameters are defined based on the / (the side length of
square strut, it was chosen to be 1.0 mm). For calculation of the blood flow fields
in detail, parameters presented in Fig. 1 were used: d=1.13/ (diameter for the
circular struts); a=1.5d (long shaft for the oval struts) and b=2d/3 (short shaft
for the oval struts). The distance between the struts was designed as 3/. It is
obviously that the low speed vortex areas appeared for the struts with square or
circle cross-section as shown in Fig. 2, but it was almost invisible for the struts
with oval cross-section. This result indicated that the struts with oval cross-
section can significantly reduce the disturbance to the blood flow compared with
those of the struts with the square or circle cross-section.

©

Figure 2: Flow fields near the struts with different geometric structures: (A)
strut with the square cross section; (B) strut with the circular cross
section; (C) strut with the oval cross section.

Fig. 3 shows the pressures distribution on the struts with different geometric
shapes. It can be seen that the pressure distribution for the square and circular
struts are asymmetric. And also, the pressure in upstream of the blood flow is
higher than that of downstream. In this case, the stent may have a possibility to
move to downstream along the blood flow. However, the pressures on the oval
struts show good symmetric, thus, the stent is more stable in comparison with the
former ones.
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Figure 3: ~ The pressure distributions on struts with different geometric
structures: (A) strut with the square cross section; (B) strut with the
circular cross section; (C) strut with the oval cross section.
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Figure 4: The comparison of shear stresses between the struts with different

geometric structures.

In order to know the distribution of shear stress, the shear stress distributions
at the points a, b and ¢ (Fig. 2) were presented in Fig. 4. Clearly, the shear stress
for the oval struts is largest among other cases. However, the shear stress caused
by the square struts is much lower. Previous results have shown that low shear
stress between the struts is a dominant factor for the cause of restenosis after
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interventional therapy. The present results show that the struts with oval cross-
section have certain advantages such as homogeneous pressure distribution and
increased shear stress.

5 Conclusions

In the current work, the boundary element method was applied to analyze the
haemodynamic characteristics near the struts with different geometric shapes.
The results found that the struts with the oval cross section presented some
advantages, such as homogeneous pressure distribution and increased shear
stress, in comparison with the struts with the square and circle cross-section.
Such results would be beneficial to the structure design and optimization of
stents used for the interventional therapy.
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