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Abstract

Stents are tubular structure equipments which deployed to physically reopen stenotic
regions of arteries. Although stents are widely used to restore blood flow, they increase the
risk of restenosis in the vicinity of stenotic area. It seems that cross sectional geometry of
stent has main effect on artery restenosis. In this study, tubular stents with different cross
sectional geometries are considered in a coronary artery and Newtonian and non-Newtonian
viscosity models are utilized to simulate blood rheology. The results show that streamlined
stents prevent low and high wall shear stresses in the vicinity of the stent. Also, these stents
decrease the risk of thrombosis and restenosis by eliminating the particle residence time in
the region of stented vessel. On the other hand, results indicate that Newtonian model
underestimates the wall shear stress within a stented arterial segment, which can lead to an
overestimation of the risk of restenosis.
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1. Introduction

Stents are tubular structures which are used to restore blood flow through stenotic region
especially in carotid and coronary arteries. Stents are inserted to the stenotic region after
percutaneous transluminal angioplasty. Unfortunately, restenosis, which is the re-narrowing
of the lesion after implantation stent, remains a persistent problem [1]. Previous investigations
indicated that restenosis for bare metal stents can reach to 20-40% [2]. Although the
restenosis for drug eluting stents is about 5% [3, 4] but late thrombosis has been considered to
be a long term issue in drug-eluting stents [5].

It has been exhibited that wall shear stress (WSS) and wall shear stress gradient (WSSG)
have major impact on restenosis [6, 7]. Mongrain et al [8] showed that areas with low WSS
(<1.26 Pa) displayed a significant increase in the thickness of the atherosclerotic plaque and
the vessel wall (positive remodeling). Areas with physiologic WSS (1.26-2.69 Pa) did not
display significant changes and areas exposed to a high WSS (>2.7 Pa) displayed positive
remodeling of the artery without changes in the atheroma plaque. Also Ku et al [9, 10]
reported a strong inverse correlation between low mean wall shear stress and atherosclerotic
intimal thickening.
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It seems that WSS strongly dependent on stent type and its geometry [11]. There are quite
a few studies which investigate the effect of stent geometries such as strut thickness, interstrut
spacing strut-connector and strut radius of curvature on local hemodynamic which
demonstrated that stent geometry and its subsequent effects on localized fluid dynamics is an
important factor on restenosis[12-16]. In previous studies the effect of cross sectional
geometry on hemodynamic is not well established so it is vital to assess this effect. On the
other hands the vast majority of studies concerning stents [17-20] have considered blood as a
Newtonian fluid with a viscosity equal to blood’s viscosity at very high shear strain rates (i.e.,
3.45 cp). But this assumption recently is in doubt [21].

The present study is dedicated to evaluate the effect of cross sectional geometry of stent on
hemodynamic and the restenosis of treated arteries. Besides, the wall shear stress and
separation distance are compared for Non-Newtonian and Newtonian models.

2. Materials and Methods

To evaluate the effect of stent geometry on restenosis, six different cross-sectional stent
strut geometries with different aspect ratio are used. The width of each struts (w) remain
constant equal to 0.2mm while the height (h) changes in each case (Figure 1). Each stent
includes six struts which are set along each other with specified distance (i.e., 2mm).
Additionally, all cases have length of 19.2mm and 3mm diameter (Figure 2).

An axisymmetric steady state fluid flow solved numerically with control volume approach.
The governing equations were solved using a commercial computational fluid dynamics
(CFD) software package (Fluent). A no-slip boundary condition is set at all walls, the inlet
boundary conditions correspond to a fully developed circular duct profile .Inlet mean velocity
assessed base on Reynolds number (Re=pVvD/u) of 350 that predominates in stented vessel, at
the exit boundary, zero value was specified for the pressure and a symmetry condition was
applied to the centerline of the vessel. It also should be noted that vessel is assumed to be
rigid and the rigidity assumption is reasonable [22].
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Figure 1: Cross-sectional stent strut - w "
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Figure 2: Stented coronary artery with six
independent rings representing the stent
struts
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2.1. Governing Equations
The following mass conservation (1) and momentum conservation (2 and 3) equations
were solved using Fluent Computational Fluid Dynamics (CFD) software.
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In above equations, u and v are the axial and radial velocity components; p, i and P
represent blood density, dynamic viscosity, and pressure, respectively. Blood flow is assumed
to be pulsatile , axisymmetric, incompressible and laminar with a density of 1060 kg/m3.
Dynamic viscosity is assumed 3.45cp for Newtonian model. The Carreau-Yasuda model with
the following equation is utilized to simulate Non-Newtonian behavior of blood.

n—1
1= oo + (o — o) (1 + (AY)*) 2 (4)

Where u, is zero shear rate viscosity, ., IS infinite shear rate viscosity, A is time constant,
v is shear rate, and n is power index. The Carreau-Yasuda model coefficients for real blood
are o =56 cP, A = 3.313, u,=3.45 cP, n = 0.3568 [23].
The wall shear stress is defined by equation (5) where y is the shear strain rate.
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2.1. Mesh Generation

The mesh generated by quadrilateral elements for rectangular strut geometries while
quadrilateral and triangular element is used for circular strut geometries. Figure 3 shows the
mesh density in area of the third strut. Mesh independence is a necessary condition for the
validity of the velocity and wall shear stress. Mesh independence was obtained for a mesh
density of 525000 elements for rectangular and 250000 elements for circular strut geometries.
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Figure 3: Grid spacing meshes in the vicinity of a 2:1 aspect ratio rectangular and circular stents strut.
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3. Results and Discussion

Six different strut geometries for Newtonian and Non-Newtonian models are considered in
stented coronary artery to report the following result. For each case of study, pressure field,
separation distance, wall shear stress and shear rate are reported, and the effects of Non-
Newtonian rheology on the results are studied. All the results in this study belong to the third
strut. Besides, axes corresponding to distance are nondimensionalized by w and the location
of the leading edge of the third strut is set to zero.

3.1. Pressure field
The nondimensional pressure field has been showed in figure 4. The pressure is non

dimensiolized by dividing the static pressure by the dynamic pressure p* = p/pz—U . Higher

pressure is observed on the upstream side of the strut and it is decreased by increasing the
x/w. For rectangular struts the maximum of pressure was found in the upstream tip of the
strut, but for circular struts this effect just only exists on 2:1 aspect ratio due to its
nonstreamlined geometry. Pressure gradient has the greatest value in 2:1 AR rectangular strut
and it decreases by decreasing the height of rectangular struts. The lowest pressure gradient
was found in 8:1 circular struts.
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Figure 4: Nondimensional pressure field and stream line corresponding to: (a) rectangular AR=2:1, (b)
rectangular AR=4:1, (c) rectangular AR=8:1, (d) circular AR=2:1, (e) circular AR=4:1,and (f) circular AR=8:1
for Non-Newtonian model

3.2. Separation distance and zone

Table 1 shows the separation distance which it nondimensionalized by the width of the
strut. Newtonian model exhibits longer upstream and downstream separation length in
comparison with Non-Newtonian model, so Newtonian model evaluates the vessel condition
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worse than its reality. In addition it is found that stream lined geometry such as circular 4:1
and circular 8:1 prevent separation zone in vicinity of the strut, which may leads to lower risk
of restenosis. Result comparison indicates that rectangular strut with 2:1 aspect ratio has the
longest separation length, which causes accumulation of plaques in the vicinity of strut and
increases the rate of restenosis.

Table 1: Nondimensional separation length upstream and downstream

Newtonian model non-Newtonian model
Geometry Upstream | Downstream Upstream Downstream
distance distance distance distance
Rectangular 2:1 0.245 0.795 0.190 0.540
Rectangular 4:1 0.155 0.250 0.140 0.225
Rectangular 8:1 0.075 0.090 0.065 0.075
Circular 2:1 0.100 0.420 0.080 0.305

3.3. Wall shear stress

Wall shear stress and shear rate of strain are plotted along the stented region in figures 5
and 6 for Newtonian and Non-Newtonian models, respectively. For different geometries,
results show that high value of WSS is observed on the top of the struts. The highest value of
WSS for rectangular strut was in the upstream near the strut and for circular struts it was
around the middle of the strut. Figure 5 shows that the struts with higher aspect ratio result in
lower values for wall shear stress. Generally, it should be noted that nonstreamlined stent
struts geometries such as rectangular cross-sectional geometries can reach higher levels of
WSS in comparison to streamlined geometries
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Figure 5: WSS and shear rate distribution for (a) circular and (b) rectangular stent struts for different aspect
ratio in Newtonian model
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Figure 6: WSS distribution for (a) circular and (b) rectangular stent struts for different aspect ratio in
Non-Newtonian model

Comparison of WSS plots for Newtonian and Non-Newtonian models confirmed that they
are very similar to each other except in the region where WSS is less than critical value of
1.26 Pa. Results show that on the downstream of the strut, especially in circular and
rectangular struts with 2:1 aspect ratio, the Newtonian model exhibits longer region which the
WSS is below than its critical value. In Newtonian model the critical distance, which WSS is
below than 1.26 Pa, is 5% and 26% more than the Non-Newtonian model for rectangular and
circular struts, respectively. It demonstrated that Newtonian model evaluates the condition of
the stented vessel more critical than reality which is in agreement with Mejia et al study [21].

4. Conclusions

Present study shows that non-streamlined geometry such as rectangular stent strut can
minimize the circulation area by decreasing the height of struts. Rectangular strut experiences
very high wall shear stress gradient at the beginning and ending of the strut which can speed
up restenosis. On the other hand, streamlined cross section geometry can minimize or
eliminates circulation area and prevents high wall shear stress gradient in the vicinity of the
strut. Results demonstrated that Newtonian model exhibits larger separation distance and also
greater region exposed to low shear stress. It means that Newtonian model shows the
condition of stented vessel more critical in compare with Non-Newtonian model.
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