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regurgitation and aortic valve stenosis are known to occur in the aortic valve. However,
aortic valve stenosis is gaining attention due to its severe impact on the patient. The
malfunction of the aortic valve might be affected by blood flow, which leads to
stenosis. This study aims to investigate the blood flow re-circulation on the aortic valve
in different stenotic regions when the blood’s velocity reaches the pick flow of the time
in the systole phases. Four different models of aortic valve stenotic are designed using
computer-aided design (CAD) software. The computational fluid dynamics (CFD)
approach governed by the Navier-Stokes equation is imposed to identify the
characteristics of the blood backflow at the left ventricle. Several hemodynamic factors
are considered, such as time-averaged wall shear stress (TAWSS), oscillatory shear
index (OSI) and relative residence time (RRT). The blood flow characteristicis expected
Keywords: to be chaotic, especially at the highest percentages of aortic valve stenosis, presenting
Aortic valve stenosis; computational fluid the worst condition to the heart. This finding supports healthcare providers in
dynamics (CFD); Navier-Stokes equation;  foreseeing the deterioration of the patient’s condition and opting for aorta valve
hemodynamic parameters surgery replacement.

1. Introduction

Nowadays, the global population is exposed to the danger of cardiovascular disease (CVD),
regardless of age. The population at risk for CVD includes individuals who are ageing, as this disease
is a leading cause of death globally [1]. According to the World Health Organization (2019), coronary
artery disease is a type of cardiovascular disease (CVD) that contributes to 32% of global deaths, with
heart attack and stroke accounting for 85% of these fatalities [2]. Furthermore, in 2018, Malaysia
reported coronary artery disease as the top cause of mortality within the 100,000 population and is
ranked 64t worldwide [3]. Aortic valve stenosis is one of the most common and serious aortic valve
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diseases in CVD because of progressive fibrocalcification and thickening of aortic valve cusps that
lead to the narrowing of valve opening [4]. It is reported in other studies that aortic valve disease
cases are most likely to develop high blood pressure and lead to heart failure [5]. Echocardiogram,
cardiac magnetic resonance imaging (MRI), and cardiac CT scan are the diagnostic tools used in
hospitals to detect aortic valve complications [6]. Patients who are financially burdened may view
these methods ascostly, causing them to lose motivation in addressing their aortic valve stenosis and
increasing the risk of a fatal outcome [5].

Brown et al., stated that two prevailing treatment options used to determine the long-term
survival and reoperation necessity in patients with an asymptomatic aortic valve are surgical aortic
valve replacement (SAVR) and transcatheter aortic valve replacement (TAVR) [7]. Instead of SAVR
and TAVR, medical officers typically rely on computational analysis methods to assess the condition
of asymptotic aortic valves through echocardiogramimages. This study collected the geometry of the
normal and asymptotic aortic root that consists of sinotubular junction (STJ), leaflet thickness, valve
height, leaflet length and aortoventricular junction (AVJ) from the previous study. Five asymptotic
aortic valve models have been designed using computer-aided design (CAD) based on valve thickness
and valve orifice differences. Besides modelling on the CAD software, the analysis was carried out
using computational fluid dynamics (CFD) simulation. Mokhtar and Aizat utilised CFD software to
simulate a blood flow pattern, velocity and vorticity using the continuity equation and Navier-Stokes
equations [8]. Based on the findings from the previous paper, Zhu et al., found that the data are
accurate and convenient to practise in simulation [9]. Meanwhile, Basri et al., employed the
combination of MRI and CFD as a powerful method for discerning the valve opening and its influence
on hemodynamics in the blood flow of the aortic valve [10]. Thus, this study will use the CFD
simulation to analyse the velocity and pressure of the blood flow in the peak flow of systole phases.
Three hemodynamic factors were implemented in this study, which consists of time average wall
shear stress (TAWSS), oscillatory shear index (OSI), and relative residence time (RRT).

2. Methodology

This study proposes the mechanism and behaviour of aortic valve stenosis through numerical
simulation. This method assesses aortic valve mechanism and behaviour in two conditions: normal
aortic valve and asymptotic aortic valve. Firstly, the valve’s geometry is designed via SOLIDWORKS.
Here, several geometries of the aortic valve in different stenotic areasare developed by setting up
the variables collected from the literature. Subsequently, an investigation is carried out to analyse
and observe the blood flow pattern simulation on different stenotic regions of the aorticvalve,aiming
to explore the potential stages that may occur in aortic valve stenosis disease. The blood flow
characteristics are then analysed by providing statistical calculations on flow re-circulation or
backflow signs for the stenotic aortic valve.

2.1 Development of The Simulation Aortic Valve in CFD Simulation

Figure 1 shows a block diagram illustrating the aortic valve simulation in CFD. Initially, simplifying
a geometry model is necessary before initiating the meshing process. Figure 2 shows the boundary
condition of the inlet, wall and outlet (Canonsburg, Pennsylvania, United States). The element size of
the mesh s set up based on the parameter that was decided earlier. Figure 3 shows the tetrahedrons
method that was applied due to the accuracy of mesh quality during the evaluation of the elements
and nodes on the meshing model. The nodes from the tetrahedral meshing reported a mesh size of
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99782, with 550640 elements. The skewness of the model is 0.8. The blood density and viscosity
values are 1060 kg/m3 and 0.0035 Pa.s, respectively.
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Fig. 1. Block diagram in fluid flow
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Fig. 3. Meshing process

2.2 The Geometry of Normal and Asymptotic Aortic Valve
2.2.1 Schematic diagram of the aortic root

Figure 4 shows the schematic diagram of the aortic valve. Three variable parameters are to be
considered to visualise the blood flow in normal and asymptotic aortic valves: valve orifice, valve
cusps thickness, and inlet velocity, as shown in Figure 4. In addition, those parameters were
calculated by 100%, 70%, 50%, and 30% based on a normal aortic valve.
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Fig. 4. Schematic diagram of aortic valve
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2.2.2 Geometry of the 2D simplified model in the condition of normal and asymptotic aortic valve

Table 1 shows the simplified geometry of the valve orifice and the valve thickness of the aortic
valve, where the smaller valve orifice would produce a larger plaque built at the valve leaflet. In this
study, the parameters of the aortoventricular junction, sinus of valsava, the height of the valve, and
leaflet length are fixed at 17mm, 22mm, 17mm, and 17mm, respectively. Meanwhile, the valve
orifice’s opening is varied at 100%, 70%, 50% and 30% while its corresponding thickness is set at
14mm and 0.5mm, 9.8mm and 0.9mm, 7mm and 1.5mm, and 4.2 mm and 1.8 mm, respectively.

Table 1
Difference percentage of valve orifice and valve thickness of normal and asymptotic aortic valve
Normal aortic valve  Asymptotic aortic valve (Stenosis)

The percentage of the 100% 70% 50% 30%

aortic valve when
opening (Systole Phases)
Model design focusing
on aortic valve location

[

Various valve orifice and
the valve thickness

2.2.3 Grid independence test (GIT) on the simplified model in the condition of normal and asymptotic
aortic valve

Grid independence test (GIT) was conducted to identify the influence of grid size on the accuracy
and reliability of their simulation result on aortic valve stenosis could be accessed [11]. GIT was
performed in these four simplified models where only tetrahedron meshes were considered due to
their ability to conform to complex geometries, such as aortic valves, which are more effective than
other meshes [10]. Based on Table 2, there are 9 GIT that have been done during the simulation. It
involved total nodes, total elements, and element sizes. The element size of this study is 0.8 mm.
Figure 5 shows a graph of nine GIT calculated before conducting the simulation in Ansys. The graph
shows that the velocity differences between git6, git7, git8, and git9 diminish to zero, signifying
higher reliability when utilising these amount of elements in the four simplified models.

Table 2
List of nodes, elements and the size of element of 9 GIT

Nodes Elements Size of element
GIT1 101715 560322 3.5
GIT2 102861 565607 2.0
GIT3 117337 638876 1.0
GIT4 123033 668161 0.9
GITS 126896 688385 0.85
GIT6 129231 700687 0.82
GIT7 131422 712180 0.8
GIT8 133498 723109 0.78
GIT9 137113 742155 0.75
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Fig. 5. The graph of the grid independence of the relationship between velocity
(m/s) and the length of aortic root (m) that have been stimulated and calculated to
get the stable data for determining the mesh value

2.3 Governing Equation

Computational fluid dynamics (CFD) simulation involves the Navier-Stokes equations, which
include the conservation of momentum (see Eq. (1)), and the Continuity equation, which ensures the
mass conservation principle (see Eq. (2)). These two equations are fundamental for modelling a blood
flow through aortic valve [13,14]. Assuming the blood behaves as a Newtonian and incompressible
fluid, the Navier-Stokes equation can be described as

pi—ltl+ p(u.V)u) = —Vp + uv2u (1)
Vu=0 (2)

where u represents velocity, p is pressure, p denotes density, and p stands for viscosity. Each variable
plays a crucial role in capturing blood flow dynamics through the aortic valve [13].

2.4 Boundary Condition and Parameter Assumption

In this study, the identification of blood flow as laminar or turbulent was achieved by checking its
Reynold number, as defined in Eq. (3). Moreover, the flow is classified as laminar when the Reynold
number Re < 2000 and it is deemed turbulent when the Reynold number Re > 3000 [13].

Re = P2
e== (3)
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p represents the blood density, V stands for velocity, D denotes the diameter of the aortic root, and
U represents viscosity. In this context, the blood density and viscosity are constants, remaining
unchanged throughout the calculations. At the peak velocity (0.12s), the Reynold number is
5148.5714, greater than 3000, generating a turbulent flow. Furthermore, the simulated blood was
considered an incompressible Newtonian fluid [12] with constant viscosity and blood density values
of 0.0035 Pa and 1060kg/m?3, respectively. The aortic root wall was considered rigid, and a non-slip
boundary condition was applied along its surface.

Three boundary conditions have been set up in the aortic valve model: inlet, wall and outlet. The
selection of inlet and outlet is important to avoid the backflow of blood in the region of the aortic
valve. Figure 6 shows a diagram of boundary conditions in the aortic valve being set up before the
analysis in CFD simulation. Meanwhile, Table 3 describes the boundary conditions used in these
simplified models.

Outlet

Wall

1

Inlet

Fig. 6. Diagram of
boundary condition in

Aortic valve
Table 3
Boundary conditions in the modelling
Inlet Outlet Walls
Boundary Physiological velocity inlet in  Physiological pressure outlet Solid walls for aortic root and sinuses
condition aortic valve from the velocity inlet of Valsalva (surrounded at aortic valve)

2.5 The Hemodynamic Parameters of Aortic Valve Model

There are two phases involved in a cardiac cycle: systolic and diastolic [14]. This study focuses on
the systole phases in the peak-flow time of inlet velocity, where the aortic valve condition is fully
open to ensure the oxygenated blood passes through from the left ventricle to the whole body. This
study used Ansys software to measure the velocity, pressure, and hemodynamic parameters of
normal and asymptotic aortic valves with stenosis. The hemodynamic parameters involved are Wall
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Shear Stress (WSS), Oscillatory Shear Index (OSI) and Relative Residence Time (RRT) that focus the
blood flow on the vessel wall, oscillating shear forces and duration of the blood spent to pass through
the valve, respectively. Thus, CFD software assesses all the parameters to observe the visualisation
of the blood flow between normal and asymptotic aortic valves.

3. Result and Discussion
3.1 Visualisation of The Blood Flow Characteristic Effect Geometry of Normal and Asymptotic Aortic
Valve in Terms of Velocity and Pressure

The velocity and pressure in the aortic valve are important parameters in assessing the functional
state of the valve and determining the severity of aortic valve disease. It also shows the blood flow
and pressure in the blood vessel due to different percentages of the stage level thickness of the valve
and valve orifice. Besides that, there are several hemodynamic parameters, including Time-averaged
Wall Sheer Stress (TAWSS), Oscillatory Sheer Index (OSI) and Relative Residence Time (RRT), which
were used to determine the flow of blood through the wall and predict the risk condition of the Aortic
Root. Here, the Velocity, Pressure, Time-averaged Wall Sheer Stress (TAWSS), Oscillatory Sheer Index
(OSl) and Relative Residence Time (RRT) of the blood flow are presented.

a) Velocity

All normal and stenotic conditions of the aortic valve have been set up in the same inlet velocity.
This study focused on the peak velocity during the systole phase. The peak hours that occur in the
aortic root is in 0.12s. Table 4 shows the velocity contour in the designated aortic valve at different
stenotic valve openings of 100%, 70%, 50% and 30%. The normal aortic valve’s flow is more stable
than the other three conditions due to the absence of plaque at the valve. Meanwhile, for 70%, 50%
and 30% of the stenotic valve, the velocity shows instability and fluctuates after the blood flow from
the aortic valve. The instability is contributed by the formation of plaque at the valve cusps and the
orifice of the valve. In addition, 30% of stenotic aortic valves manifest the highest blood flow velocity
through the aortic valve compared to 50% and 70% of stenotic aortic valves. The velocity hike is due
to its smallest diameter of valve orifice and thickness at 4.2mm and 1.8mm, respectively.

Figure 7(a) shows the relationship between the AB line distance, and Figure 7(b) shows the
velocity graph of the blood flow through the aortic root. The graph shows the effect of the aortic
valve opening percentage on the flow velocity at 0.12s of peak systole. The resulting graph was
obtained along the line AB (from the inlet to the outlet). The 100% opening valve model shows a
stable graph, which means that the blood flow through the aortic valve did not have any obstacles,
such as a plaque or the smallest orifice. Meanwhile, the velocity fluctuates for 70%, 50%, and 30% of
the stenotic valves in the wake of the stenotic valve. As a result, the velocity fluctuation was higher
in 30% compared to 70% and 50% due to plaque build-up, resulting in a smaller valve orifice and
increased blood velocity after the aortic valve.
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Table 4
The velocity of the blood flow through the aorticrootin different sizes of the valve
orifice and the thickness of the valve
100% 70% 50% 30%
5.000e-01

{
I
. !
l I l l
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Velocity
Contour 2

5.000e+00
4.500e+00
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1.000e+00
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Fig. 7. (a) ABline is a line along the centre of the aortic root (b) The velocity that occurs in the peak
value of inlet velocity when the time is in 0.12s that occur in four difference percentage of stenotic
aortic valve

b) Pressure

The pressure contours for the simplified aortic valve model are shown in Table 5, comparing the
normal condition to the condition with stenosis. Calcification of the plaque results in a higher
pressure as expected, and the pressure between the inlet and outlet of the aortic valve is different
[15]. The contour result showed that a smaller valve orifice would produce higher pressure at the
aortic valve. The elevation in pressure is caused by the heart working harder when the opening
narrows and the plaque thickens. Due to the absence of plague on the aortic valve wall, the pressure
remains low for the normal valve with a wide opening. Meanwhile, as the valve orifice becomes
smaller, there is a gradual increase in pressure at the blood inlet due to the plague becoming
increasingly high at 70%, 50%, and 30%.
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Table 5
Pressure flowing in aortic root on difference percentage valve stenotic
100% 70% 50% 30%

Pressure

Contour 2
1.500e+04
1.350e+04
1.200e+04
1.050e+04
9.000e+03
7.500e+03
6.000e+03
4.500e+03
3.000e+03
1.500e+03
0.000e+00

[Pa]

3.2 Hemodynamic Effect on Different Percentages of Aortic Valve During Systolic Phase
a) Time average wall shear stress (TAWSS)

Wall shear stress and time-averaged wall shear stress (TAWSS) are essential parameters to
consider in the context of aortic valve stenosis [16]. It refers to the tangential force per unit surface
area exerted by flowing blood on the vessel wall [17]. Endothelial cells positioned at the interface of
the blood vessel wall are responsible for detecting this force, which has the potential to be utilised
as a biomarker for cardiovascular disorders like atherosclerosis, aneurysm, and aortic valve stenosis
[18]. A malfunctioning aortic valve causes altered blood flow patterns and higher wall shear stress in
the proximal aorta in aortic valve stenosis patients [18]. TAWSS, on the other hand, represents the
average wall shear stress magnitude over an entire cardiac cycle. The calculation and analysis of
TAWSS in the aortic valve can provide valuable insight into hemodynamic changes occurring in the
disease’s aorta and their potential impact on vascular function and wall progression [15]. The time-
averaged wall shear stress (TAWSS) can be estimated as shown in Eq. (4). TAWSS can be calculated
by integrating the instantaneous wall sheer stress values over one cardiac cycle [19].

_1(T
TAWSS = - Jy IWSS;| dt (4)

where WSS is wall shear stress, WSS; is the instantaneous wall shear stress, and T donates the
duration of one cardiac cycle [19].

By analysing TAWSS, the impact of the blood flow at the wall at the aorticroot, as shown in Table
6, could be visualised. The outcome demonstrates the effect of blood flow through the aortic valve
on the wall, ranging from a healthy to the most severe model of the aortic root. Here, the blue
contour defines the lowest value of TAWSS, and the red one represents the highest value. When the
blood flow velocity increases during the decrease of the valve orifice size, TAWSS produces high
stress, indicating that the vessel wall region is experiencing sustained elevated shear force. This
TAWSS spike led to the risk of aortic valve stenosis progression and complications.
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Table 6
Contour of the impact at the wall shear stress in time average (TAWSS) after the aortic valve
segment in difference percentage of stenotic

100% 70% 50% 30%

Wall Shear.Trnavg
Contour 2

7.000e+00
6.300e+00
5.600e+00
4.900e+00
4.200e+00
3.500e+00
2.800e+00
2.100e+00
1.400e+00
7.000e-01

0.000e+00
[Pa]

b) Oscillatory shear index (0OSl)

The oscillating shear index (OSI) at the wall is calculated based on the wall shear stress vector and
represents the magnitude of the oscillating shear forces experienced by the aortic valve [20]. These
forces can play a role in the progression of aortic valve disease, affecting the valve’s structural
integrity and overall function [21]. Thus, OSI of the aortic valve is one of the crucial indexes for
assessing its health and function. High OSI values imply increased oscillatory shear forces, which can
contribute to endothelial dysfunction. Meanwhile, unidirectional flow was assigned with a low OSI
value [22]. Table 7 shows the OSI occurring at the wall in the different conditions of the aortic valve.
High OSl is observed in the wall when the percentage of aortic valve opening is low, as indicated by
the OSI contour. Therefore, monitoring and evaluating the OSI of aortic can provide valuable insights
into its hemodynamics and potential risk for developing cardiovascular complications. The equation
applied in estimating the OSl is presented as follows

T
1 J5 WSS dt
OSI = —<1 —u> (5)
2 TAWSS
Table 7
Contour of oscillating shear index (OSl) at the wall of aortic root that occur at the wall of aortic valve
100% 70% 50% 30%

|-

83110ur 1
l 5.000e-01
4.500e-01
4.000e-01
r 3.500e-01
3.000e-01 y » -\
2.500e-01 I N A7)
r 2.000e-01 ' /|
1.500e-01 . ¥/ % 3
9.999e-02
I 5.000e-02
0.000e+00

c) Relative residence time (RRT)

The relative residence time (RRT) at the aortic root of the aortic valve is another essential factor
in understanding the progression and consequences of various conditions affecting the valve [23]. It
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is influenced by factors such as the degree of the valve narrowing, the resistance to blood flow and
hemodynamic changes caused by increased wall shear stress (WSS) [24]. RRT also refers to the
duration of the blood spent to pass through the valve during each cardiac cycle. When the aortic
valve becomes stenosed, the RRT increases, leading to prolonged exposure to the worst condition,
while low RRT is associated with a healthier functioning valve. The equation used in RRT is shown in
Eqg. (6). Based on the calculation, the RRT becomes low when TAWSS and OSl are at higher values, as
shown in Table 8. In addition, the diameter of the valve orifice is proportional to the RRT. This is due
to the high pressure affected before the valve orifice that makes the resident time of blood leaving
the area low. As a result, the blood’s backflow and plague formation at the valve occur. In this case,
the 30% stenotic valve model shows the lowest RRT that forms more plaque around the valve.

1
R~ sstzom ©)

Table 8
Contour of relative residence time (RRT) at the wall of aortic root that occur at the wall of aortic valve
100% 70% 50% 30%

RRT

Contour 2
1.000e+01
9.000e+00
8.000e+00
7.000e+00
6.000e+00
5.000e+00
4.000e+00
3.000e+00
2.000e+00
1.000e+00
0.000e+00

[Pa™1]

4. Conclusion

The purpose of this study is to visualise the normal and stenotic aortic valve condition using the
CFD program. Four conditions in this study involve the aortic valve opening of 100%, 70%, 50%, and
30%. The geometry of this study is obtained from the previous work on the normal condition of the
aortic valve, and the percentage of the worst conditions (containing stenosis) is calculated from the
healthy condition. The results discussed the velocity, pressure, and hemodynamic parameters of the
blood flow characteristic effect geometry of aortic valve in different valve thicknesses and valve
orifice. The contour scale of the velocity across the four models of the aortic valve shows an
increment in colour and fluctuation in the velocity graph as the valve orifice became smaller and the
plaque became thicker. In addition, the opening of the valve orifice plays a crucial role in causing
fluctuations in blood flow, particularly in patients with aortic valve stenosis. Regarding the pressure
parameter in the stenotic aortic valve model, pressure rises as blood force occurs in the inlet aortic
root, but subsequently drops after the blood passes through the region of the aortic valve, leading
to increased velocity. Moreover, the observation of TAWSS, OSI and RRT could assist the physician in
predicting early diagnosis of the heart condition.

To conclude, the study provided valuable insights into the complex nature of blood flow in the
aortic valve and visualisation of the blood flow patterns on the aortic valve. This visual data of the
contour serves as a valuable resource for further analysis and can aid in the diagnosis and prediction
treatment of the aortic valve.
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