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Abstract. Stent deployment alters the geometric flow boundary conditions, due to the protrusion of 
stent struts into the flow stream. The flow field in the vicinity of the stent wires demonstrated the 
presence of the stagnation zones. The pressure falls rapidly both of the investigated geometries. 
Downstream to the stenosis throat and the stented segment respectively, there is a tendency for 
pressure recovery due to flow deceleration. The vascular deformations modify the flow velocity 
profiles and facilitate the development of the recirculation zone, defined by low values corresponding 
to the wall shear stress. 
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1. INTRODUCTION 

For the treatment of coronary atherosclerotic lesions, stenting is the most commonly performed 
procedure during the percutaneous interventions. 

Many strategies have been attempted to eliminate the acute artery response like neointimal hyperplasia 
(NH) and in-stent restenosis (ISR), developed after stent insertion [1]. Initialization of the NH is the result of 
the altered hemodynamics in stented artery. A presence of the stent causes abnormal shear stresses on the 
endothelial cells resulting an excessive growth of tissue in and around the implanted stent, resulting in a 
decreased blood flow through the vessel [2]. 

Stent deployment alters the geometric flow boundary conditions, due to the protrusion of stent struts 
into the flow stream, resulting alteration of the local blood flow patterns. Detailed and accurate quantification 
of the local hemodynamics requires computational methods. Computational fluid dynamics (CFD) can 
provide detailed information on critical flow parameters including information near the stent struts and the 
arterial wall respectively. Different CFD studies have been proposed in the literature, where researchers 
investigated an idealized model [3–5], or image-based stented artery models [6, 7]. 

The objective of the present paper is to quantify the flow field both in stenosed artery geometry and 
geometry obtained after stent implantation, taking into the geometric particularity of the investigated regions. 

2. NUMERICAL SETUP 

In the present study, the hemodynamic characteristics of the blood flow through the stented coronary 
artery model are investigated. Our results provide data regarding the hemodynamic parameters for the blood 
flow in the coronary stent under physiological conditions, namely wall shear stress and pressure drop. 

Stent geometry. Although the coronary circulation is extremely complex, but in present study a very 
simple model was chosen for initial studies contained a straight rigid tube with stenotic elements and 
respectively a rigid tube with simple stent struts geometry used for stented artery investigations. 
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The stent geometry used for flow analysis (particularly for the wall shear stress – WSS analysis around 
the strut, and across the bed of the host tube) are presented in Figs. 1 and 2. For numerical and experimental 
investigations, we used a simplified geometry model where the internal diameter of the coronary artery was 
taken to be D = 8 mm and the stent inner diameter was Di = 7.92 mm. The investigated geometry model was 
larger than the real artery (diameter of 4 mm), showing a ration of 2:1. Geometrical characteristics of both 
stenosed and stented artery are presented in Table 1. 

Fig. 1 – The experimental and computational domain used for stent hydrodynamics investigations. 

 

Fig. 2 – Stenosed artery and stented artery, computational domain. Fig. 3 – Time steps along the imposed cardiac 
cycle used in numerical simulations. 

Table 1 

Investigated geometry details 

Nr. L_u 
[mm] 

L_d 
[mm] 

L_st 
[mm] 

Di 
[mm] 

L_stenosis 
[mm] 

D 
[mm] 

Dmin 
[mm] 

Geometry 
length [mm] 

1 15 10 18 7.92 18 8 5 43 

Table 2 

Stent geometry descriptions 

Nr. S_h [mm] S_w [mm] IS [mm] No. of row 
1 0.4 = H 0.4 3.8 5 

Boundary Conditions. The present analysis was performed for a different moment at the velocity waveform 
obtained from a patient with severe coronary pathology where stent implantation would perform (Fig. 2). To simplify 
the analysis, fluid was assumed to be a homogeneous, incompressible and Newtonian. The simulations were done under 
steady flow condition corresponding to the different time steps along the imposed cardiac cycle (Fig. 3). The 
assumptions for the numerical simulation are the following: flow laminar, gravitational effects are negligible, and the 
physical properties remain constant. 

A plug flow velocity profile was imposed at the inlet of the vessel. Inlet section is long enough to allow 
the fully developed flow in the investigated stented artery section [8]. Consequently at the inlet: a uniform 
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inflow velocity profile for the axial velocity component and a zero transverse velocity component are used. 
Here Vinlet = 0.35 m/s (based on Reynolds number of 360). Outlet: the outlet pressure was defined to be 0 Pa. 
Wall: the vessel wall was assumed to be rigid and non-slip, considering that blood vessel prostheses usually 
deform little under pressure. The fluid is assumed incompressible having a dynamic viscosity (μ) of 0.00408 
Pa.s and a density (ρ) of 1050 kg/m3. The bypass walls are considered rigid and impermeable. The numerical 
simulation is performed using the commercial CFD software FLUENT 6.3 [9]. 

3. RESULTS AND DISCUSSION 

Flow visualization and analysis. We carried out flow visualizations both in the stented coronary artery and in the 
stenosed artery (Fig. 4) for different Reynolds numbers presented along the investigated cardiac cycle (T2 and T6 shown 
in Fig. 3). Velocity field and the corresponding recirculation zones around the stented area in the two-dimensional 
model are shown in Fig. 4a.  

 
 
 
 
 

 

a) 

 
 

 
b) 

Fig. 4 – Velocity magnitude (red line) and flow streamtrace (black line) corresponding to two different time steps, top row 
time = T6 and bottom row time = T2. a) stented geometry; b) stenosed geomtery – distal segment of the stenosed artery. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fluid perturbations start to appear at the tip of the strut. A clockwise vortex forms at the beginning of 
systole and reach the maximum size during the peak systolic time (time T2 – Fig. 4a bottom). Stagnation and 
recirculation areas are captured in Fig. 4 for both stenosed and stented artery.  

The flow field in the vicinity of the stent wires demonstrated the presence of the stagnation zones. This 
zone size is depended directly by the wire spacing. These stagnation zones contained vortices where the 
velocities represent a small fraction of the velocities observed above the stent wires (Fig. 4). For all 
investigated time steps, the stagnation zone upstream of the wires was smaller than the stagnation zone 
downstream of the wires. 

Figure 5 present comparisons between experimentally and numerically obtained flow fields in the 
stented artery. Similar flow patterns can be found and reported in some recent investigations [10–13]. Flow 
disturbances through these vessel segments were observed as the colored dye was released at a near wall 
position of the vessel proximal to the test section. Dye streamlines were recorded by the video camera as 
they passed through the stented segment of the artery. 
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Since the secondary flow caused by the presence of the struts is expected to be strongly dependent on 
the strut geometry characteristics (height and width). This geometric factor will influence the spatial and 
temporal variations of the velocity field. 

The absence of a recirculation region may be advantageous since this reduces the contact between 
blood and the artificial graft surface and consequently minimize the risk of the thrombosis. 

 
Fig. 5 –  a) Experimental flow visualizations in the stented segment (custom-built nonclinical stent used in experimental 

investigations); b) flow field around stent struts obtained using numerical simulation. Artery diameter of 8 mm, 5 row of struts, 
stent geometry of 43 mm length. Figure A is not a scale. 

These observations become particularly significant when coupled with clinical evidence concerning 
different rates of ISR attributed at various stent geometries [8]. For example, neointimal growth over the 
luminal aspect of the stented artery alters the flow boundary geometry and the local flow parameters. 
Therefore, CFD studies with fixed geometry are strictly only valid for the acute stage of implantation, i.e., in 
the first week [4, 8]. 

Pressure distribution 

To assess the effect of the stenosis in the distal artery section, pressure drop analysis across the stenosis 
is a crucial element. It is demonstrated that the pressure drop across a constricted area with a specified 
geometry is expressible in the following form: 
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where Δp is the pressure drop over the length Z (stenosis or stent), A1 and A0 are the unobstructed and 
obstructed areas respectively, L is stenosis/stent length, and D unobstructed artery diameter. Thus, the 
pressure drop is a function of the Reynolds number, area reduction and length of the stenosis or stented 
segment. As it follows from equation 1, the pressure drop is a result of energy dissipation in the stenosed or 
stented artery segment.  

The pressure falls rapidly in the investigated artery (both for stenosed and stented segment) primarily 
due to the Bernoulli effect as the flow accelerates. Downstream to the throat, there is a tendency for pressure 
recovery due to flow deceleration (Fig. 6). For the cases of stented artery pressure recovery was obtained in 
the vicinity of the last stent strut, but for the case of stenosed segment pressure recovery was downstream to 
the stenosis throat due to the flow deceleration. In such cases, the total pressure drop becomes primarily a 
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function of minimum stenosis area and relatively independent of the detailed geometry. For both geometries 
(stenosed and stented artery) at low Reynolds numbers, viscous effects dominate and no pressure recovery is 
observed (Fig. 6). 

(a) (b) 

Fig. 6 – Axial pressure distribution corresponding to different investigated time steps: a) pressure distribution in the stented 
artery; b) pressure distribution in the stenosed artery. 

In both geometries, we can find the pressure recovery tendency after restricted zone. 

Wall shear stress distribution. Wall shear stress (WSS) are the tangential stress derived from the 
friction of flowing blood on the endothelial surface, is determined by flow velocity and by the presence of 
geometry asymmetries or the obstructions [14]. Implantation of rigid stent frameworks imposes acute 
alterations to the 3-dimensional arterial geometry and creates focal irregularities related to the strut 
protrusion [15]. 

The threshold for comparing distributions of low WSS between simulations was established at 
5 dynes/cm2 for comparison to previous work [16]. Because vascular regions are subjected to WSS, below 
this value, have been shown a strong correlation with sites of intimal thickening [17]. 

Stent-induced changes in arterial geometry and, consequently, in flow and WSS patterns modify the 
arterial response to endothelial injury, thereby increasing the risk of in-stent restenosis (ISR) and stent 
thrombosis (ST). Low values of WSS have been recognized as critical for neointimal hyperplasia (NH). 
Endothelial cells subjected toWSS lower than 0.4 Pa or oscillatory WSS are circular in shape without any 
preferred flow alignment pattern. These cells, coupled with the blood stagnation usually observed in regions 
of low WSS, lead to increased uptake of blood-borne particles to the arterial wall, which is prevalent in 
atherosclerosis, as a result of increased residence time and increased permeability of the endothelial layer [4]. 
These vascular deformations modify the flow velocity profiles, reduce the post-implantation WSS along the 
entire length of the stent, and alter the focal in-stent WSS distribution [16]. The presence of a recirculation 
zone induces low values corresponding to the wall shear stress. Increasing the Reynolds number recirculation 
zone increase and reach the maximum length of 2 mm for the case of Re 4 (Figs. 4a and 7).  

A low wall shear stress zone (< 0.28 Pa, for the case of Re1) is seen downstream to each stent strut 
corresponding to the recirculation region create distal to the strut. The minimum wall shear stress value for 
investigated Reynolds number ranges between 0.28 Pa and 1.6 Pa (Fig. 7). The mean average wall shear 
stress between stent struts reaches the value of 2.1 Pa (Fig. 7). Cells in these pronounced areas of low WSS 
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are more likely to participate in the neointimal response [17]. As it can be seen in Fig. 7 the wall shear stress 
distribution for the rectangular designs used in our analysis has two peaks at the upstream and downstream 
corners of the struts, where the flow velocity increases significantly over a small distance. 

 
Fig. 7 –Comparison of the wall shear stress distributions between stented and stenosed artery corresponding 

to different investigated time steps. Wall shear stress threshold value definition used in disease quantification.  

Wall shear stress in stenosed and stented artery. To inhibit thrombogenesis the ideal surface 
consists of an intact endothelium in an atheroprotective flow environment. Due to the stent placement, is 
a high probability of partial endothelial denudation [18] that initiate a procoagulant surface environment. 
A high shear rate environment has identified as a condition for endothelialization, but shear stresses in 
excess of 38 Pa inhibit endothelial cell attachment [19]. Depending on the geometric characteristics of 
the stent strut cross-section, the local flow environment can promote, retard, or inhibit endothelialization 
[16, 19]. 

The areas, where small axial wall shear stress was observed, included: (1) the near wall just beyond 
of the each strut, (2) the proximal region of the each strut where almost stagnant zone was seen (Figs. 7 
and 8). Stenting creates regions with accelerated flow and high WSS on top of the struts and low WSS 
downstream of the struts. Activated platelets enter in the flow separation zones downstream of struts 
were reach high concentrations due to delayed flow and the low WSS-mediated attenuation of native 
anticoagulants may trigger the coagulation cascade. 
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Fig. 8 – Wall shear stress (WSS) evolution in both investigated cases: stenosed and stented artery: a) WSS distribution 

for two-time steps; b) WSS localization along the investigated geometries.WSS evolution in the vicinity of each stent strut. 

4. CONCLUSIONS 

In summary, these research studies can guide the development of stent geometry design to provide 
local flow conditions that minimize platelet adhesion while maximizing endothelial cells growth. The results 
of 2-D simulation provide the qualitative information on the nature of peak values of the significant 
parameters in both the time and space domains. They can also provide a solid qualitative understanding of 
the main centerline flow characteristics, and facilitate the flow parametric studies. Thereby, a more smooth 
fluid dynamic environment can be supplied, that promotes a more favorable tissue response during the acute 
stage of stent implantation, to minimize the possibility of the restenosis. As illustrated by these research 
studies, CFD can provide a critical role in the understanding of such issues. 

Thicker and non-streamlined stent designs, such as currently applied rectangular geometries, 
precipitate stent thrombosis by 1) magnifying high WSS-induced platelet activation on top of struts; and 2) 
impeding re-endothelialization, in low-WSS regions downstream of struts [14]. Our results presented in 
Figs. 7 and 8 are correlated well with results obtained by Chatzizisis [14]. Computational predictions 
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comparing clinically used stents affirm increased platelet deposition in nonstreamlined strut designs that 
produce complex flow patterns [9, 10]. 

The current results require interpretation within of several potential limitations. The stent is implanted in 
idealized computational geometry, and flow simulation in the stenosed artery was performed using a 
simplified axisymmetric stenosed coronary artery model. 
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