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such as femoropopliteal artery stenting is used as a treatment to overcome clotting.
Stent is a small structure that provides scaffolding to hold arterial lumen open and
allows blood flow through it. Therefore, many stents are developed to overcome the
disease. Many researchers claimed that different shapes of stent geometry influenced
the blood flow characteristics in the stented artery. This study aims to determine the
hemodynamic performances of femoropopliteal artery that are stented with different
commercial stents. Simulations are performed on stented femoropopliteal arteries to
determine hemodynamic parameter of velocity distribution, pressure drops and wall
shear stress (WSS) along the artery. From the results, the velocity and pressure
distributions of the stented artery showed variant blood flow with the range of 0-0.19
m/s and 14590-14730 Pa respectively. The pressure drops of the stented artery
presents acceptable values below than 100mmHg. The maximum of WSS is 2.52 Pa
whilst the minimum of WSS is 1.61 Pa. In summary, the Supera stent, Complete SE
stent and Absolute Pro are chosen as superior hemodynamic performances when they
represent stable low velocity, normal pressure including lowest pressure drops and
lowest maximum wall shear stress as compared to other stents.
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1. Introduction

Femoropopliteal artery is one of the largest arteries located at the limb of lower extremity. The
primary function of this arteryis to carry oxygenated blood from heart to be supplied to superficial
tissues and thigh muscles. The restriction of blood flow in femoropopliteal artery will cause severe
disease on patient known as peripheral arteries disease (PAD). The peripheral arteries disease such
as thrombosis is caused by formation of plaque and fat hardening known as thrombus which occur
in femoropopliteal artery. This disease will cause problems to the blood flow through the artery. The
thrombosis in the femoropopliteal will cause claudication, in which cramping pain occurs in leg
muscle due to the obstruction in the femoropopliteal artery. Other than that, Critical Limb Ischemia
might also happen due narrowing artery [1]. Ischemia will cause severe tissues damage and loss of
limb. Thus, coagulation of blood in the femoropopliteal artery needs to be treated at early stage in
order to avoid fatal diseases.

Today, endovascular approach of obstructive arterial disease in the femoropopliteal artery is used
as a treatment in stenosed artery. The treatment includes percutaneous transluminal angioplasty,
stenting and atherectomy [2]. In recent years, stenting is used in many developed countries as a
treatment to overcome clotting in the femoropopliteal artery. It was reported the range of technical
success between 98 - 100% of the endovascular treatment of stenotic disease in femoropopliteal
artery [3]. Numerous researchers studied various types of stent design such as bare metal nitinol
stent, drug eluting stent and covered stent in order to improve stents in the femoropopliteal artery.
In this study, simplified model geometry of common stenosed femoropopliteal artery will be
determined for the stents design to be assigned to the artery for the purpose of evaluating
hemodynamic differences using commercials Computational Fluid Dynamics (CFD) software.
Computational fluid dynamics (CFD) approach is an excellent tool to examine micro features involved
in the flow and it is widely used in flow analysis through stented arteries. Development of stenosis in
artery is affected by hemodynamic parameters such as wall shear stress, velocity distributions and
pressure drop. Hence, blood flow behavior in the artery is influenced by those parameters [4-5].

Over the past decades, endovascular technologies had been evolving rapidly, and innovative
revascularization strategies such as stenting had been proposed for peripheral artery disease of
femoropopliteal artery. However, it is still debatable about suitable design for the stenosed
femoropopliteal artery. Hence, this study will investigate hemodynamic behaviours of velocity
distribution, pressure drops and wall shear stress of different types of commercial stents design as
better hemodynamic performances to benefit the treatment of the peripheral artery disease.

2. Methodology
2.1 Simplified Geometry Model of Stented Femoropopliteal Artery

In this study, part of femoropopliteal artery tree is simplified into a straight cylindrical model as
shown in Figure 1. This femoropopliteal artery model is constructed based on the average size sought
from previous study [6]. The artery is designed with the length of 120 mm, having the outer and inner
diameter of 6mm and 5.8 mm respectively. Later, the model is stented with the length of 30 mm. The
stent is placed at 40 mm from inlet as the stenosis frequently identified there by Paisal et al., [7].
Simplified model is stimulated to study hemodynamic performance via different implantation of
commercial available stents.
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Fig. 1. Simplified stented
femoropopliteal artery

2.2 Stent Types and Designs

Nine different commercial available stents design are simulated in this study. The configuration
designs of selected stents are constructed based on the sizes available with the average length of 30
mm. The stented femoropopliteal artery has the inner diameter of 5.8 mm and the outer diameter
of 6mm [8-12]. Each stents are expandable, thus it is implanted in the femoropopliteal artery of the
inner diameter as highlighted in Figure 1. Detailed stent designs used in this study are illustrated in
Figure 2.

Stents type and designs

Absolute Pro stent Life stent Supera stent

Smart Flex stent Tigris stent Zilver PTX stent

Misago stent Smart Control stent | Complete SE stent

Fig. 2. Commercial available stents

2.3 Computational Fluid Dynamics (CFD)

A computational domain of simplified femoropopliteal artery model implanted with nine types
of commercially available stents is drawn by using CAD software SOLIDWORKS 2018 (Dassault
Systemes Solidworks Corporation, Waltham, MA).The models are transferred into ANSYS CFX 19.2
(Canonsburg, PA, USA) for discretization process of Navier-Stroke equation using finite volume
method. Each models of computational domain is generated into tetrahedral mesh as highlighted in
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Figure 3. The tetrahedral mesh is considered due to the complexity of stent model and it is required
to gain two points nodes between fluid domain and wall domain. To obtain the best result, finest
meshing is applied near to stent strut configuration.

Stented area

Fig. 3. Mesh of computational domain

The blood flow of femoropopliteal artery with stenting is assumed as incompressible and
Newtonian fluid as the femoropopliteal artery is claimed to be one of the large artery [7]. As cited in
numerous studies, Newtonian blood model is a suitable approximation blood model that can be used
for numerical simulation pertinent blood flow in the artery. The density and viscosity of blood are
1050 kg/m3 and 0.0035 Pa.s within the condition of the vessel to be considered as rigid and no slip
between the vessel and stent [13-14]. Steady flow is assumed in the analysis of hemodynamic effect
on all models of stent designs. The mean inlet velocity and outlet pressure placed as shown in Figure
4 are taken with the value of 0.10 m/s and 14590 Pa respectively [7].

Quilet

=

Inlet

Fig. 4. Boundary condition of the stented
femoropopliteal artery

The continuity and the Navier-Stokes equation are solved by computing velocity inlet and
pressure outlet. Under the assumption of incompressibility, homogeneity and Newtonian blood, the
Navier-Strokes equations are defined as illustrated in Eq. (1) and Eq. (2) [15-16].

pZ—Z +pw.V)u = —VP + uViu (1)
Vu=0 (2)
Where u is the primary vector u= [u, v, w], and P is the pressure that vary in space x, y, z and time, t.

Wall shear stress estimation is common analysis in predicting performance of medical devices
towards vascular wall. Wall shear stress (WSS) can be defined as shown in Eq. (3).

v

WSS, = = (3)
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Where u is the fluid viscosity, v is the velocity along the vessel axis, and r is the perpendicular to and
away from the wall [17].

3. Results
3.1 Grid Independence Test

Grid independence is a term used to describe improvement of results by using successive smaller
cell sizes for calculations. The calculation should approach similar results as the mesh becomes finer,
hence the term grid independence is derived. Figure 5 shows the velocity distributions of one stent
model which is Complete SE stent with different number of nodes. This model is chosen to be the
benchmark of the stent as this model comes with stable low velocity, normal pressure and lowest
maximum wall shear stress among other stents. The size of the mesh is increased gradually from 300k
to 400k nodes in order to observe significant changes of the velocity distribution. Based on the grid
independence test, it can be seen that there are no significant changes of the velocity distribution
with average relative error below 1 percent in velocity from the node of 350k to 400k nodes. Thus,
subsequent simulations are set approximately greater or equal to 350k nodes. As this model achieves
grid independence, the cell size should be successively smaller to minimize error due to
discretization, and utilizing the same mesh setting on other models.

3.2 Velocity Distribution

The range of blood velocity distribution across the stented femoropopliteal artery is shown in
Figure 6 with enlarged view of stented region. The results indicate that the highest maximum
simulation goes to the Zilver PTX stent with the value of 0.457 m/s whilst Tigris stent has the
maximum velocity value of 0.390 m/s. Both stents exhibit slightly different maximum velocity as
compared to other seven stent designs which depict the maximum velocity below than 0.19 m/s.
Therefore, the maximum range velocity distribution of blood flow along the artery of 0.19 m/s is
chosen for this study. It can be seen that the flow region of all models near the strut of the stent
decreases as compared to the core region. Slow movement can be seen clearly from the enlarged
view of the stent region as shown in Figure 6. As expected, the velocity across the stent becomes
slower as compared to the other regions. This happens because the design of the stent reduces the
blood flow when the design and stent configuration play major role in determining suitable stent for
the hemodynamic performance [13].

0.200

0.180

0.140
<, 0120

- e 300k
em— 350k

Velocity/ms

o o
j=] =
2 B
(=] [=]

400k

o
o
il
S

0.040

0.020

0.000
-0.003 -0.002 -0.002 -0.001 0.000 0.000 0.001 0.002 0.002 0.003

Distance/m

Fig. 5. Grid Independence test results of Complete SE stent with three
difference node numbers
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3.3 Pressure Drops

Another factor that affects the hemodynamic performances is the pressure drops. Blood damage
is likely to occur when there is large pressure drops in the artery. This is due to the high shear rate
and outflow velocity from the inlet of the artery. Previous study has reported that hemolysis occurs
when the blood flow pressure drops exceeding 100 mmHg at flow rate of 4 L/min. Hence, the
pressure drops below 100 mmHg is used as a reference in this study [18]. Based on Figure 7, it is
observed that each stented femoropopliteal artery has different pressure distribution. The inlet
pressure for all stents are higher as compared to the outlet pressure. This is because when the
velocity at the inlet issmaller, the pressure in each arteries will be larger. Two types of stents, namely
Tigris stent and Misago stent exhibited the highest average of maximum pressure distribution of
14726 Pa amongother stented artery. However, there is no differences in regards with the average
maximum pressure of other stented artery as the range is 14715-14722 Pa. Moreover, there is also
regions where higher pressure is produced on several stents configuration such as Life stent, Smart
Flex stent, Tigris stent, Misago stent and Smart Control stent where red spots appear in Figure 7. This
is possibly due to the effect of different strut configuration of the stents where irregular shape traps
more pressure, thus increase resistance of the stents towards the blood flow and pressure
distribution [7]. As expected, the highest pressure drops goes to the same stent which shows the
maximum average of pressure as mentioned above. The pressure drops for the Tigris stent and the
Misago stent are 1.02 mmHg whilist the pressure drops of other stents depict Absolute Pro= 0.983
mmHg, Life stent=1.005 mmHg, Supera stent=0.938 mmHg, Smart Flex=0.953 mmHg, Zilver PTX
stent=0.975 mmHg, Smart Control=0.990 mmHg and complete SE= 0.938 mmHg.

In summary, all stented arteries exhibit pressure drops in which do not exceed beyond 100
mmHg, suitable for clinical use as it can prevents hemolysis. Whilst the Supera stent and the
Complete SE stent present the lowest pressure drops as compared to other stents. This findings are
parallel with previous study that annotated lowest pressure drops can avoid hemolysis. However,
selecting the best stent is needed as a precaution to determine hemodynamic performance.
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3.4 Wall Shear Stress

Wall shear stress plays an important role in determining blood flow to prevent thrombosis and
atherosclerosis [14, 19-20]. Besides that, the design of the stent, or the stent configurations also
influence the formation of the stenosis. Previous study has stated that the low shear stress has the
value of lower than 4 dynes/cm? whereas the maximum shear stress should be greater than 15
dynes/cm? [21]. However, when the shear stress exceeds 70 dynes/cm?, the formation of the
thrombosis will likely to occur. Gogineni, further narrated in his study that the maximum shear stress
in the bifurcated stented region of femoral artery is 12 Pa [22]. The simulation of the wall shear stress
distributions along the stented artery with nine different stents design in this study simulates average
arterial pressure.

Wall shear stress for nine stents design that have been stented in the femoropopliteal artery are
observed as illustrated in Figure 8. Based from the observation, only two stents are beyond 70
dynes/cm? which corresponds to 7 Pa. The stents mentioned belongs to the Supera stent and the
Complete Se stent that show the lowest value of the wall shear stress of 3.832 Pa and 4.265 Pa
respectively. Nevertheless, other stents present the maximum shear stress above 7 Pa which can lead
to the formation of thrombosis. However, the range value of wall shear stress is set to 0-7 Pa in this
study. This is because the percentage count of the area that has wall shear stress exceeding 7 Pa is
smaller than 2%. It is proven in the study as the percentage count of wall shear stress exceeding 7 Pa
for the Absolute Pro stent=0.11 percent, the Life stent= 0.17 percent, the Smart Flex stent=0.27
percent, the Tigris stent=0.63 percent, the Zilver PTX stent=0.15 percent, the Misago stent=0.14
percent, the Smart Control stent=0.24 percent. Therefore, the value of wall shear stress exceeding 7
Pa can be neglected.
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Fig. 8. Wall shear stress distribution
on stented femoropopliteal artery

From the result, the maximum wall shear stress value can exceeds the percentage count of 2
percent. The Supera stent yields the lowest value of wall shear stress at 1.61 Pa with 2.4 percent of
the count area. Other than that, the maximum wall shear stress value of 2.52 Pa belongs to the Life
stent (2.2 percent), the Misago stent (2.2 percent) and the Smart Control stent (2 percent). The most
suitable stent is the Supera stent as it exhibits the lowest wall shear stress as compared to other
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stents considering the parameter of wall shear stress. This is because hemodynamic parameter of
wall shear stress distribution is influenced by the design and configurations of the stent. Paisal
reported in his study that the design will have wall shear stress near to zero when the blood flow is
stagnant due to the high wall shear stress. As a result, chances for the formation of atherosclerosis
to happen in this condition is high. Therefore, blood flow should not be stagnant in the artery [7].

4, Conclusions

In conclusion, the comparison of hemodynamic performances between available commercial
stents on stenosed femoropopliteal artery has been investigated in the present study. Computational
fluid dynamic (CFD) analysis is performed on the stented femoropopliteal artery by using ANSYS
software to analyse hemodynamic performances of velocity distribution, pressure drops and wall
shear stress. Simulation is performed on stenosed artery with different available stent designs.
Variant blood flow in all stented arteries are found in this study especially in velocity and pressure
distributions along the stented artery. The findings also indicated that the maximum wall shear stress
of all models of stented artery are acceptable as the percentages count areas of wall shear stress and
pressure exceed 7 dynes/cm? are less than 2 percent. The Supera stent, the Complete SE stent and
the Absolute Pro are chosen as superior hemodynamic performances when they represent stable low
velocity, normal pressure including lowest pressure drops and lowest maximum wall shear stress as
compared to other stents. Thus, essential shapes, configurations and design of the stents should be
acknowledged in order to lower the risk of atherosclerosis formation due to the growth of
thrombosis.
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