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promotes the formation of thrombosis on the stented artery due to the presenting flow
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recirculation. However, the rate of thrombosis growth was reported to be different for
both genders. This is due to an increase in body surface area, body mass index, and
weight of the body. Thus, this study aims to investigate the effect of the physiological
and physical conditions of men and women with different hemodynamic parameters on
the strut configuration in FPA. Five different stent strut configurations were modelled
and inserted into the FPA. The computational fluid dynamic (CFD) method was
implemented to solve the continuity and N-S equations. The hemodynamic
performance of the stent was analyzed based on hemodynamic parameters consisting
of time- averaged wall shear stress (TAWSS), time-averaged wall shear stress gradient
(TAWSSG), oscillatory shear index (OSI), and relative residence time (RRT). According to
Keywords: the observations, the distal region of the stented FPA had more dominant flow re-
Hemodnamics; stent; Peripheral arterial ~ Circulation than the proximal region. The high void area contributed to less growth of
disease; CFD the thrombosis.

1. Introduction

The Femoral popliteal artery (FPA) is located at the limb of the lower extremity. The primary
function of this artery is to carry oxygenated blood from the heart to be supplied to superficial tissues
and thigh muscles [1]. The restriction of blood flow in the FPA will cause severe disease in patients
known as peripheral artery disease (PAD). PAD is intimately related to chronic inflammatory
processes resulting in the formation of lipid plaques or stenosis within arterial walls [2]. The standard
treatment of arterial stenosis is by stenting, which effectively props open the artery and thereby
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restores blood flow in the diseased vessel [3]. However, in the first month after stent implantation,
the restenosis or re-blockage in the artery has already occurred due to atherosclerosis and the
growth of thrombosis [4]. Atherosclerosis is the hardening of the arterial wall caused by a build-up
of fatty material, while thrombosis is the formation of a blood clot within the lining of an artery,
especially in a stented artery. This abnormality of blood movement makes the fatty materials deposit
near the stent strut configuration. An arterial injury causes the arterial wall to undergo an episodic
process of thrombus formation, arterial inflammation, neointimal hyperplasia, and stent remodeling
[5].

A previous study found that a different strut arrangement accelerated atherosclerosis and
thrombosis development significantly. The considerable advancement is owing to the fact that each
stent has its own strut configuration, which presents variable flow characteristics near the strut [6].
Thus, the significant progress allows the hemodynamic performance of the stent to be predicted.
However, Nordstrom et al mentioned that, the rate of thrombosis was different between men and
women due to increased body surface area, body mass index, and weight for men than women [7].
Furthermore, different vascular regions have presented different flow characteristics that highly
depend on the vascular physical condition. Hence, this study was aimed at determining the flow
phenomenon near the geometrical pattern of the stent strut configuration to predict the thrombosis
growth for different genders and physiological conditions.

The flow process of this research is divided into two sections; simulation and evaluation
procedures. In simulation, the simplified geometry of the FPA was developed using computer-aided
design (CAD) software to predict the hemodynamic effects of the different stent strut configurations.
The computational fluid dynamic (CFD) method was implemented in the modelling to predict the
flow behavior by solving the continuity and Nevier-Stokes equations. The computational fluid
dynamic (CFD) method could predict the potential risk of restenosis and WSS distribution in stented
arteries [8]. In the second process, this study proposed a detailed analysis and assessment to predict
the favorable hemodynamic stent performances among the stents by comparing the hemodynamic
variable effects on five different types of commercial stent strut configurations. The hemodynamic
variables considered were time-averaged wall shear stress (TAWSS), time-averaged wall shear stress
gradient (TAWSSG), oscillating shear index (OSl), and relative residence time (RRT).

2. Methodology
2.1 Simplified Geometry Model of Stented Femoral Popliteal Artery

The simplified geometry of the FPA artery was developed using the computer aided design (CAD)
software SOLIDWORK (Dassault Systémes SolidWorks Corporation, Waltham, Massachusetts, United
States). This model has a length (L) of 109 mm between of proximal and distal end and the diameter
(d) of 7.4 mm as shown in Figure 1. The simplified of the FPA was modelled based on the previous
finding by Kaha et al [9]. This simplification was made due consideration of the complexity of the
strut configuration being inserted at the arterial region. The simplification of the FPA model manage
to reduce the computational time which might difficult to reach the convergence if the patient
specific geometry is considered.
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Fig. 1. Simplified Femoral Popliteal Artery (FPA)

2.2 Meshing of stented femoral popliteal artery model

The stented FPA was meshed using the tetrahedron shapes of mesh and highlighted especially
near the strut region as shown in Figure 2. The concentration of the meshing at the strut
configuration was through the proximity and curvature methods in order to reach the data
accuracy. Patch conforming mesher under tetrahedrons were the most suitable as they captured
the curvatures more accurately as compared to other method such as multi zone, hexagonal
dominant and sweep. The meshing was generated from 400K to 800K number of nodes in order
to improve the quality of the meshing.

Fig. 2. Tetrahedral mesh of the computational domain

2.2 Parameter assumptions and boundary condition

In this study, several parameter assumptions were considered in the stented FPA simulation.
These assumptions were made to avoid the complexity of unnecessary data being applied on the
simulation which might be affected the accuracy of the data. The assumptions parameters were
considered as fluid having a constant density of 1060kg/m? and viscosity of 0.0035 kg/m-s [9]. The
Reynolds number is the ratio of inertial forces to viscous forces. The value of Reynolds number is
11357, therefore flow is assumed as turbulence only. Since the present study is turbulence,
Newtonian blood model is a reasonably good approximation when studying the wall shear stress
distribution. In general case, these equations are complex and non-linear, but with suitable
assumptions employed for the present study such as incompressibility, a simplified model of
equations is obtained. On the solid arterial walls, no-slip boundary condition is imposed. In order
to simplify the simulation, the walls of FPA models were assumed rigid as it do not affect the
output results significantly.
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Fig. 3. Boundary conditions of stented femoral popliteal artery model

2.3 Computational Model and Governing Equation
2.3.1 Time averaged wall shear stress (TAWSS)

The time averaged wall shear stress (TAWSS) was used to quantitatively evaluate the shear
stressexerted on the vessel wall around the pulsatile cycle, which can be represented as follows:

1 T
TAWSS =~ [ WSS dt (1)

where tis the time and T is the pulsatile cycle period. A low TAWSS value less than 1 Pa is typically
associated with disturbed flow regions, where the flow is slow and changes direction rapidly. A flow
with a high TAWSS more than 3 Pa can lead to endothelial trauma, hemolysis, plaque
destabilization and ulceration in stenosed vessel [10]. Thus, in this study, analyzed of the
TAWSS|ow and TAWSShigh for the value less than and higher than 1 Pa and 3 Pa respectively. Any
value in between 1 Pa and 3 Pa considered as TAWSSnormal.

2.3.2 Time Averaged Wall Shear Stress Gradient (TAWSSG)

WSSG indicates the formation of new layer of endothelial cells due to different magnitudes of
WSS. The desired WSSG value is equal to and less than 5000 Pa/m. Values higher than that could
lead to proliferation of endothelial cells and arterial stenosis [11]. Thus, this study has analyzed
the WSSG value less than and equal to 5000 N/m3 in predicting the endothelial cell growth. The
computation of WSSG involves WSS derivatives in two directions, which are blood flow direction
(o) and normal to the direction (8) as stated in equations (2), (3), (4), (5) and (6). Empirical
parameter nA denotes the normal to surface area while gradient operator V is the partial

derivative in coordinate direction [12].

a== (2)
B=n,xa (3)
Z=Vra (4)
=vp (5)
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WSSG = J(g_;)z + (2 (6)

Since this study is a pulsatile flow, WSSG was computed as TAWSSG as shown in equation

(7) [4].

1 (T2
TAWSSG = _ [ '|[WSSG|dt (7)
2.3.3 Oscillatory Shear Index (0Sl)

OSl provides an index describing the shear stress that acts in the directions other than that of
the temporal mean shear stress vector [13]. The range of OSI for stented artery is from 0 to 0.5. The
region with high OSI is predicted to have a high risk of atherosclerosis activity. Since the arterial
surfaces with OSI higher than 0.3 are prone to atherosclerosis, the desired value of OSI for better
stent performance is from 0.0 to 0.2 [14]. The formulation of the OSI was shown as follows:

0SI = %(1 — @> (8)

T —
fo [T ldt

2.4.4 Relative Residence Time (RRT)

RRT is a scalar-valued quantity that indirectly characterizes the time amount of atherogenic
particles to be in contact with arterial wall. Longer time of contact between atherogenic particles and
the arterial wall could cause a high prediction on atherosclerosis formation. The atherogenic activity
can be seen through RRT higher than 10 Pa1[15,16]. Therefore, the optimum value of RRT for stented
hemodynamic model should be less than or equal to 10 Pat. Thus, RRT was defined as follows [19]:

1
RRT = (1-2X0SI)XTAWSS (9)

3. Result
3.1 Grid Independence Test

In this study, five different numbers of nodes were generated as stated in Figure 4. This
figure shows the distributions of the velocity at the centerline of the stented FPA for different
numbers of nodes within 400k to 800k. From the observation, the suitable numbers of nodes were
found at the 532643 nodes. This is due to the smaller truncation error calculated within the range
of 400k to 600k. The calculated error was less than 5% the range of the nodes was acceptable.
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Fig. 4. Velocity distributions at the center of femoral popliteal artery for different number of nodes

3.2 Validation of Numerical Simulation

In this study, the validation was carried out by validating the streamline of flow velocity in

Femoral artery
location of the

between the present numerical and experimental data by Giurgea et al., [17]. The
streamline was taken in the same location. In order to compared the difference.

The present numerical study was considered acceptable due to the streamline result of present
numerical was almost the same with the streamline result of experimental data with 2% relative
error as seen in Figure 5. Thus, the practiced CFD method in numerical simulation setup was valid.

Fig. 5.
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3.3 Qualitative Hemodynamic Parameters Distribution on Different Stent Strut Configuration in
Femoral PoplitealArtery during Physical and Physiological Condition

The movement of the blood passing through the corrugated stented FPA caused the chaotic
flow characteristic especially near to strut configuration. This phenomenon is caused by WSS which
is theimportant hemodynamic parameter being used to predict the growth of thrombosis. The
time- averaged wall shear stress (TAWSS) was introduced to facilitate the quantification and finally
predictthe hemodynamic stent performance.

The desired WSSG value is equal to and less than 5000 Pa/m. Values higher than that could lead
to proliferation of endothelial cells and arterial stenosis. The high WSSG was identified located at
the stent strut and the clearest contour appear high WSSG at the stent strut was a man as
compared to a woman. In addition, for men case, among all the stents, Type IV stent visualize high
WSSG compared to the other stents. Elevated spatial WSSG have been associated with cellular
proliferation, and values of WSSG within simulated stents may exceed the threshold required to
trigger molecular events associated with neo-intimal hyperplasia [21]. OSI is recognized as a
temporal fluctuation of low and high average shear stress in the stentedFPA. The highest OSI
representing the high risk of the endothelial or wall shear stress affects the formation of plaque
[18]. From the observation, the concentration of percentages area of OSI was seen near to strut
configuration for both genders. However, the OSI percentage was seen slightly higher in men as
compared to women. The OSI value was also shown the highest at the distal regionas compared
to proximal region due to flow diversion occurred at corrugated stent. In general, the more
linkages in the stent strut configuration promotes higher percentages area of OSI.

Relative residence time (RRT) is one of the important hemodynamic parameters which the
changes of flow in the artery such as the flow velocity might be affected the growth of the
thrombosis after post-operation. In this study, the desired RRT was calculated through the
percentages area exposed to the RRT value less than 10 Pa™! [19]. Based on the observation,
regions of high RRT were mostly apparent at the location of the strut link.
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Fig. 6. TAWSS distribution at stent strut configuration for physical and physiological condition
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3.4 Quantitative Hemodynamic Parameters Distribution on Different Stent Strut Configuration in
Femoral PoplitealArtery during Physical and Physiological Condition

Table 1 shows the percentage of luminal surface area for all hemodynamic parameters. Based
on previous studies, the hemodynamic parameters have a specific threshold or range of values to
indicate the activity of atherosclerosis and thrombosis that reflect the restenosis development [20-
23]. Different critical hemodynamic parameters affect the different flow characteristics due to the
variety of stent strut configurations in the femoral popliteal artery and this was aligned with previous
studied by Razhali et al., [24]. Thus, the evaluation of restenosis development induced by the flow
recirculation due to the misaligned direction of blood flow for different genders and physiological
conditions is identified based on the quantitative hemodynamic parameter distribution of different
stent strut configuration.

Table 1
Percentage of luminal surface area for all parameters
TAWSSlow TAWSSnorm TAWSShigh TAWSSG oSl RRT
Stent TAWSS<1Pa | 1Pa<TAWSS<3Pa| 3Pa>TAWSS) | TAWSSG <5000 0.2<0SI | 10<RRT
Type | 7.62 85.88 5.07 89.93 98.51 98.33
Type ll 20.44 72.07 7.48 89.53 99.81 97.87
Type Il 11.69 83.52 5.28 76.48 99.50 99.61
c Type IV 28.60 62.43 8.95 80.73 99.51 97.46
©
| = Type V 12.9 12.9 5.28 84.09 99.56 99.66
e
[})
(=2
s
= Stent TAWSSlow TAWSSnorm TAWSShigh TAWSSG oSl RRT
c;’ TAWSS<1Pa | 1Pa<TAWSS<3Pa| 3Pa>TAWSS | TAWSSG <5000 0.2<0SI | 10<RRT
©
§ Type | 10.08 86.27 3.63 76.00 99.92 99.69
‘é Type Il 24.5 70.34 5.07 86.01 99.80 97.51
g S Type Il 14.42 82.10 3.46 84.99 99.49 97.51
38 CE> Type IV 34.02 59.70 5.04 83.33 99.48 96.92
E: = Type V 17.01 79.22 5.28 85.54 99.54 99.34
2
e}
(1)
3
<=E Stent TAWSSlow TAWSSnorm TAWSShigh TAWSSG oSl RRT
g TAWSS<1Pa | 1Pa<TAWSS<3Pa| 3Pa>TAWSS | TAWSSG <5000 0.2<0SI | 10<RRT
=
S Type | 9.17 86.46 4.35 89.93 99.93 98.33
(&)
= Type Il 23.65 70.33 6.00 85.72 99.81 97.87
(%]
i Type Il 13.42 83.14 4.02 86.10 99.48 99.61
o Type IV 30.53 61.69 7.76 80.26 99.43 97.46
Type V 15.56 79.90 4.52 84.08 99.58 99.66
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4. Conclusion

In conclusion, the research on investigating the analysis of hemodynamic effects on
different stent strut configuration in Femoral Popliteal artery has been successfully carried out.
The best stent performance configuration is Type I. Type | stent has high void area contributed to
less growth of the thrombosis as compared to the other stent. Thus, this study achieved the aims
to investigate the effect of the physiological and physical conditions of men and women with
different hemodynamic parameters on the strut configuration in femoral popliteal artery.
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