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ABSTRACT

In-stent restenosis (ISR) is a common complication after renal artery stenting,
and stent design may influence the formation of ISR. This study aims to predict
the effect of stent design on the risk of ISR formation after renal artery stenting.
Using computer-aided design, a simplified renal artery model was modelled
and later assembled with stents similar to commercial stents. Computational
Fluid Mechanics (CFD) analysis was employed to simulate the blood flow in
these stented models. Stent 1 exhibited superior hemodynamic performance
with minimal low Wall Shear Stress (WSS) exposure in the stented region.
Additionally, the study found that the thinnest Stent 1 was the most effective in
reducing the risk of ISR formation. Thus, stent strut configuration with large
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spacing may reduce ISR risk, with the thinnest Stent 1 design showed
promising performance in mitigating ISR. Hence, it is worth further
investigation.

Keywords: Renal Artery; In-Stent Restenosis; Computational Fluid
Mechanics

Introduction

Stenosis of the renal artery is caused by two major factors which are
atherosclerosis or Fibromuscular Dysplasia (FMD) of the renal artery [1]. In
renovascular disease, atherosclerosis is often reported, which causes the
obstruction of blood flow that eventually leads to arterial stenosis [2]-[3].
Atherosclerotic Renal Artery Stenosis (ARAS) is often diagnosed in older
patients due to systemic atherosclerosis and atherosclerotic changes present in
the abdominal aorta [1], [4]. Stents were introduced to overcome the stenosis
problem that behaves as a scaffold to maintain the lumen size [5], lessening
blood flow restriction through it.

Previous studies in [6] and [7] found that around 30% occurrence of in-
stent restenosis in patients who received stent treatment for their arterial
stenosis. The modification of local hemodynamics properties due to stent
insertion at the arterial wall was one of the causes of the restenosis occurrence
[8]. The endothelial lining of the arterial lumen becomes damaged at the site
of stent placement hence causing platelet accumulation as it is attracted to the
injury site [5]. Hence, increasing the risk of in-stent restenosis.

Computational Fluid Dynamics (CFD) is a reliable tool for predicting
and visualizing hydrodynamic and transport properties [9]. Hence, CFD can
be used to simulate blood flow patterns and show areas of low wall shear stress
[10], which have been associated with restenosis occurrence. CFD has also
been utilized for in-silico studies for renal artery hemodynamics for patients
with Renal Artery Stenosis (RAS) [11] with reconstructed patient-specific data
from CT-scan images as the model [12]. It was supported by the findings that
physiological Wall Shear Stress (WSS) affects endothelial function therefore
instigating atherosclerosis which is also associated with ISR formation after
stenting [13].

This paper contributes to the investigation of In-Stent Restenosis (ISR)
which is a part of developing the most effective strategies for preventing and
treating ISR. With that, it is crucial to find a suitable stent design for decreasing
the rate of ISR. The aim of this paper is to predict and compare the occurrence
of ISR formation in renal artery model stented with current commercial stents
by CFD analysis and determining the stent parameters accountable. It is hoped
that this project will benefit medical practitioners, especially doctors, and
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surgeons, in the prognosis of treatment for patients with renal artery stenosis
to minimize the possibility of ISR formation after stent implantation.

Methodology

Geometry

A simplified renal artery, shown in Figure 1 and Figure 2 was modeled using
SOLIDWORKS and was used for the simulations. The dimensions of the
simplified renal artery are based on the studies made by Mohammed et al. [14]
and Stojadinovic et al. [15]. The renal artery diameter was set to 6 mm with
the abdominal aorta at 15 mm in diameter [15]. The angle of both The Right
Renal Artery (RRA) and Left Renal Artery (LRA) with respect to the
abdominal aorta was set to 64.1° and 67.3°, respectively [15].

Figure 1: Simplified renal artery model

Figure 2: Renal artery model with 70% occlusion

The renal artery model was later assembled with 7 types of stents similar
to commercial stents at the LRA region as explained by Taib et al. [16]. The
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stents selected are shown in Figure 3. All the stent design parameters are shown
in Table 1. Once the best stent design configuration is found, the thickness of
the stent is modified from the original thickness, which is 0.15 mm and 0.25
mm.

Table 1: Stent design parameters

Parameters Value (mm)
Length 8.0
Diameter 6.0
Thickness 0.2
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Figure 3: Selected stent designs for evaluation in this study [17]

Computational fluid dynamics modelling and simulation

In this study, the blood is defined to be a Newtonian fluid due to the inlet at
the abdominal aorta is sufficiently large for the assumption to be valid. The
blood is assumed to be incompressible with a density of 1050 kg/m? and
viscosity of 0.00345 Pa.s [17]. The flow is governed by the Navier-Stokes
equations (Equation (1) and Equation (2)):

V-u=0 1)

(a(pu)
p

P +u-V—f)+Vp—,uVu=0 2
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where u denotes the flow vector, pis the fluid density, p is the pressure and u
is the viscosity of the fluid. The model chosen for the simulation is the
turbulence model to observe the complex blood flow, which in nature is
susceptible to flow disturbance.

Figure 4 illustrates the boundary assigned to the stented renal artery
model. The inlet is set at the proximal of the abdominal aorta and the outlets
are set at the distal of the abdominal aorta, LRA, and RRA. The wall of the
model is set to be rigid with no-slip condition [11]-[12], [18]. A steady inlet
flow is defined at 0.2 m/s [19]-[20] at the descending aorta, with the outlet
boundaries set to be 1 atm for free flow condition at the renal artery.

ANSYS Fluent is used to perform the simulations with the k-
turbulence model was selected due to its k-omega model its suitability for near
the wall flow region, where an adverse pressure gradient is developed [21]-
[22].

Figure 4: Assigned boundaries for stented renal artery model

Figure 5 shows the grid independence test results performed to
determine the optimum mesh configuration for the simulation. A mesh face
size of 0.75 mm with approximately 1.5 million nodes was selected for the
simulation as the results indicated no significant difference with further
improvement of mesh size and quantity. The average orthogonal quality of the
mesh is observed to be around 0.8.

LaDisa et al. [23] suggested that arterial walls with shear stress of less
than 0.5 Pa would contribute to a higher risk of ISR formation as compared to
arterial walls with shear stress of higher than 0.5 Pa. This is due to higher
residence time and permeability of endothelial cells as compared to high WSS
regions [24], which resulted in blood-borne particle uptake on the arterial wall
[25]-[26].
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In this study, the blood is set to be Newtonian fluid, turbulent and
incompressible. Although recent studies stated that blood is non-Newtonian in
its physiology, the blood can be assumed as Newtonian as the focus was on
large arteries [2]. This is because the blood vessels can be considered bigger
compared to the hematocytes as stated by Hegde et al. [17]. A study conducted
by Liu et al. [27] found that the differences in WSS and pressure between
Newtonian and non-Newtonian fluid models were small in both virtual and
patient-specific models.
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Figure 5: Grid independence test result for stented renal artery model

Results and Discussions

Flow characteristics

The average Reynolds number for flow at the abdominal aorta was found to be
approximately 867, while at the renal artery, the Reynolds number is observed
to be around 55 at the left renal artery and 73 at the right renal artery.

The recirculation region is observed at the proximal region of the renal
artery, after the flow bifurcation region. The recirculation region indicates the
occurrence of flow separation [28] after the bifurcation and reattachment of
flow downstream of the renal artery. This is due to blood flow deceleration as
the blood flow enters the renal artery, indicated by the low-velocity region near
the wall [29]. The flow recirculation region especially after stent implantation
is undesirable due to the increased residence time of the platelet, lipids, and
white blood cells. This may lead to the formation of neointimal hyperplasia
near the stent wall, thus increasing the risk of in-stent restenosis formation
[30]-[31]. The flow characteristics are shown in Figure 6.

It is expected that the blood velocity for the stented renal artery model
in this study should be close to the blood velocity of the normal renal artery.
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Clinical measurements suggested that the normal blood velocity in a renal
artery should range between 0.6 m/s and 1 m/s [32]-[33]. All stented renal
artery models recorded blood flow velocity ranges between 0.65 m/s and 1.3
m/s which indicates that the simplified model used in this study is valid for the
representation of the renal artery.
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Figure 6: Flow behaviour in stented and unstented renal artery model

Analysing the flow behaviour alone does not clearly illustrate the effect
of stent design on in-stent restenosis formation. This is due to the flow
parameters, i.e. pressure, velocity, and flow direction, only partially
representing the potential of restenosis formation on the arterial wall.
Therefore, observing the behaviour of WSS on the arterial wall would be
beneficial in this effort.

Wall shear stress

Wall shear stress visualization caused by blood flow on the arterial wall for
stented and unstented renal arteries is shown in Figure 7. All stented arterial
walls in this study showed a significant reduction in WSS as compared to
unstented stenosed arteries. Unfortunately, all stent designs recorded low WSS
of less than 0.5 Pa on most of its surface area. This is undesirable as the risk
of blood-borne uptake at the arterial wall would increase due to flow stagnation
[5]. The reason behind this phenomenon could be due to the occurrence of flow
separation near the arterial wall caused by the separation of contact between
the fluid and the arterial wall by the stent.

Figure 8 shows the comparison of the percentage of area with low WSS
for all stent designs that were evaluated in this study. Stent 1 shows the lowest
area percentage with low WSS at 94.32% which was 1.76% below the average
area with low WSS across all stent designs. However, the area percentage was
not significantly different from Stent 4 which has the highest area percentage
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of low WSS area at 99.13%. The difference of 4.81% might not significantly

contribute to the reduction in risk of in-stent restenosis formation for Stent 1
as compared to Stent 4.

Wall Shear
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Figure 7: Wall shear stress on stented and unstented renal artery model

Although a small reduction in the area with low WSS by varying stents’
design configuration, the results show promising effects of the design
configuration on the reduction of the area with low WSS. This is believed
worth to be further explored. The reduction of low WSS area on the renal
arterial wall with Stent 1 could be due to the strut spacing closest to the
optimum design at that point of study, which of course requires further
improvement. This is supported by He et al. [34] study that suggests a larger
longitudinal distance between struts’ adjacent rows would increase WSS on
the arterial wall.
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Figure 8: Comparison of arterial wall area with low WSS for stented renal
artery
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Stent thickness

Variation of stent thickness was performed on Stent 1, which was selected
based on the results of the lowest area with low WSS, to evaluate the thickness
effect on the flow behaviour. WSS behaviour for three thicknesses of Stent 1
(0.15 mm, 0.20 mm, and 0.25 mm) is shown in Figure 9. Although there was
still a large area with low WSS on the stent, reduction of stent thickness has
shown promising results in reducing surface area with low WSS. This is
supported by the finding that thinner stent strut is associated with a lower risk
of stent thrombosis or restenosis [35].
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Figure 9: Low WSS area contour plot on renal artery wall for stents with
different strut thickness of Stent 1

Table 2 shows the percentage of area exposed to low WSS due to
different strut thickness. The strut thickness affects the percentage of area
covered by low WSS. Stent 1 with 0.15 mm strut thickness recorded the lowest
area with low WSS as compared to Stent 1 with 0.2 mm and 0.25 mm strut
thickness. This suggests that decreasing the stent’s strut thickness could
potentially improve the WSS on the arterial wall hence reducing the risk of in-
stent restenosis formation. Reducing the stent’s strut thickness by 0.05 mm
could potentially reduce the area with low WSS by about 3.3%. This directly
indicates that less thickness of the stent’s strut would contribute to the
reduction of in-stent restenosis formation risk.

Table 2: Low WSS area percentage for three different strut thicknesses of

Stent 1
Strut thickness (mm) Low WSS area percentage
0.15 90.97%
0.20 94.32%
0.25 95.11%
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Conclusion

The use of computational fluid dynamics to evaluate the contributing risk
factors to in-stent restenosis formation for renal artery in this study had shown
a promising method for that purpose. Out of the seven selected stent designs,
Stent 1 showed promising results with the least low WSS area of 1.49% below
the average low WSS area recorded in this study, contributed by its strut
configurations. Next, by reducing the Stent 1 strut thickness to 0.15 mm, the
low WSS area further dropped by 3.3%. However, as the reduction of low WSS
area was not yet up to the significant value to be claimed effective in
preventing in-stent restenosis occurrence, it is worth further pursuing the
development of this study. This is due to the promising combination of results
obtained in this study that shows possibilities of further positive findings.
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