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Velocity hemodynamic patterns in aortic valve stenosis:
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This work highlighted a close-up version of the aortic valve that provide
detail parameter and clearer graphics compared to the 3D version. Therefore,
four simplified models are designed and simulated by using computational
fluid dynamics (CFD) which are one healthy valve model (100%) and three
stenotic models with varying valve opening (70%, 50%, and 30%). The
model dimensions and setup parameters are determined by comparing the
healthy aortic valve with the previous data. The analysis focused on two
different views, which are the view on a targeting line velocity along the
x-axis, and the view at the y-axis around the aortic valve. Results on the
evaluation graph at the x-axis and y-axis show significant differences in flow
patterns between healthy and aortic valve stenosis. The healthy model of
100% valve opening depicted a lower velocity (m/s) at 1.5m/s compared to
the stenotic model of 70%, 50%, and 30% valve opening that showed higher
velocities of 3.24 m/s, 6.09 m/s, and 14.57 m/s, respectively, due to the
narrowing of the valve opening. Thus, the smallest orifice of the valve
produced a higher velocity. This finding highlights the importance of
hemodynamic assessment in aortic valve stenosis by providing valuable
insight for clinicians in pre-surgical evaluation.
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1. INTRODUCTION

Coronary artery disease (CAD) is a subset of cardiovascular disease (CVD) that accounts for 32% of
these deaths with heart attacks, where strokes being the primary causes [1], [2]. In Malaysia, CAD is the
leading cause of death that was placed on 64™ world rank in 2018 in the population of coronary heart disease
[3]. Unhealthy lifestyles are one of the causes that contribute to the growing sudden cardiac arrest in CAD
which can raise the death rate among Malaysians [4], [5]. According to the CAD disease, it is caused by the
narrowing and blockage of coronary arteries due to plaque build-up which can lead to cardiac arrest [6]-[8].

In cardiovascular system, there are four valves known as pulmonary valve, tricuspid valve, mitral
valve and aortic valve at the right and left ventricles [9], [10]. Aortic valve is made up of three leaflet that
open during the systolic phase (contraction) of the left ventricle which allowing the blood to be pumped into
the aorta [11], [12]. The primary role of aortic valve is to prevent backflow during the resting phase in left
ventricle [13]. Furthermore, there is a severe condition of heart valve disease known as aortic valve stenosis
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that reported as one the most important cardiovascular defect [14], [15]. The stenosis occurred when the
aortic valve narrows, and blood cannot flow normally [16], [17]. Overtime, this may cause left ventricle to
pump harder to allow blood through the narrowed aortic valve. Evenmore, a formation of the plaque at aortic
valve may lead to the sudden rupture at the valve and may progressively weaken aortic wall [18], [19].
Recently, sternotomy procedure that is an open surgical of aortic valve repair is one of the standard
treatments. To reduce the uncomfortable to the patients, transcatheter aortic valve (TAV) implantation that is
one of the invasive methods has been carried [18]. There is a non-invasive method that physician can applied
to overcome and observed the stenotic disease by using computational method known as computational fluid
dynamic (CFD). By combining the echocardiogram image and CFD simulation, the visualisation of the blood
flow could be observed clearly and physician would able to predict the condition prior to the surgery. Thus,
this study focuses on the simulation of simplified model of a healthy aortic valve and three models for the
intensity of stenotic aortic valve. The four models will be varied for difference orifice sizes, inlet velocity and
valve cups thickness.

2. METHOD

There are two conditions of the valve considered in this study that are normal aortic valve and
stenotic aortic valve. The simplified models were designed in Solidwork. Since the aim of this study is to
evaluate the simulation of aortic valve stenosis using different size of valve orifice, valve cusps thickness and
inlet velocity, the observation on blood flow mechanism along the aortic root at different valve orifice is
made by comparing the velocity of the blood ejected right after the valve region.

2.1. Pre-Computational Setup Parameter

The analysis of developed simplified models was comprehensively conducted to examine the blood
flow velocities behavior at several stages of normal and stenotic aortic valve. The process begins with the
discretization technique that utilized Navier-Stokes equation describing the motion of viscous fluid
substances and the conservation of mass in the fluid flow, as follows [20].

p% +p(u.V)u) = —Vp + uV?u (1)

Vu=0 2

Here, u represents velocity, p is pressure, p denotes density and x stands for viscosity, each variable
plays a crucial role in capturing the dynamics of blood flow through the aortic valve [20], [21]. These
equations collectively enable the detailed exploration of blood flow patterns and the assessment of
hemodynamic parameter within the normal and stenotic aortic valve.

Later, the inlet velocity profile for the aortic valve models was established over six cardiac points
during systole phase, as shown in Figure 1. The points are middle acceleration (MA), three-quarters
acceleration (3QA), peak flow (PF), quarter-deceleration (QD), mid-deceleration (MD), and end systole (ES)
[22]. Based on PlotDigitizer system, the specific time intervals and inlet velocities were selected randomly
depending on the PF point, to monitor the behaviour of the blood flow along aortic root, thus, to observe the
velocities profile right after the blood passes through the valve in different stages of normal and stenotic
aortic valve. Table 1 shows the indicator of the setup velocity profile at difference time according to Figure 1.
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Figure 1. Six targeting points of inlet velocity profile used in this study
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Table 1. Indicator of the velocity profile used in simulation
Cycles of the heart Time (s)  Velocity (m/s)

| MA 0.02 0.26
1l 30A 0.06 0.76
11 PF 0.12 1.00
v QD 0.22 0.62
V  Mid-deceleration (MD) 0.32 0.08
VI End systole (ES) 0.34 0

2.2. Design simulation of aortic valve model

The simulation starts with the design of simplified aortic valve model using Solidwork where the
dimension for each of these simplified models were derived from echocardiogram image obtained in the
previous study Amindari et al. [23] as the way to ensure the geometrical representation closely aligns with
physiological conditions. Figure 2 depicted the boundary conditions applied to a simplified model of normal
and stenotic aortic valve. Three boundaries of inlet, wall and outlet were involved in the model. Inlet is
located at the beginning of the aortic root vessel where the initial velocity or pressure of the blood enters the
blood vessel during systole. This is the condition where blood is forcefully pumped from the left ventricle
into aorta. Meanwhile, the wall boundary is the coordination of contact between the surface and the blood.
Here, the wall was set as a rigid wall and not deform under the pressure of the blood flow. The outlet
boundary condition was positioned at the end of the simulated blood vessel (aorta). It represents the blood
exits after passing through the valve. This boundary typically specifies the pressure or blood flow rate
leaving the aortic root model. Additionally, the density of the blood is constant with 1,060 kg/m3 and the
viscosity of the blood was setup at 0.0035Pa. Moreover, this model was also setup in the realizable k-epsilon
(2eqn) and the solution method was used second order discretization.

To observe the blood characteristics, two views condition were considered as shown Table 2. Those
views involved at a healthy aortic valve and three stages of stenotic aortic valves. View A was measured
from inlet to the outlet at the center of aortic root. Meanwhile, view B was measured cross-sectionally from
wall to wall around the valve region. By observing the line from inlet to outlet and also from wall to wall
around the valve region, the velocity of the blood flow could be visualized clearly along the aortic root in
difference stages of valve orifice opening degree of 100%, 70%, 50%, and 30% as show in Table 3.

Wall I

Figure 2. Boundary condition of aortic root

Table 2. Two setup views to analyse blood characteristics along aortic root
View A View B
Y (mm) Y (mm)
ry s

'%X (mm) T X (mm)
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Table 3. View conditions B indicating target line around valve region at different valve orifice
Model Model of aortic valve

V (m/s)

100% valve orifice

V (m/s)

70% valve orifice

I(mm)

50% valve orifice

I(mm)
V (m/s)

30% valve orifice

L(mm)

3. RESULTS AND DISCUSSION
This study considered two views A and B to observe the blood flow velocity changes.
Those results showed the evaluation of the velocity in different opening degree of aortic valve models.

3.1. View A

Figure 3 shows the velocity profile for view A that represents a relationship between velocity of the
blood flow (m/s) and length along the aortic root (m) during six points of the systole phase. The stenotic 30%
valve orifice model (blue curve) indicated the highest peak velocity compared to other models. It reached to
1.85 m/s during the PF cycle where it depicts the most stenotic aortic valve model. Due to the narrowest of
valve orifice, a higher jet velocity in the central region of aortic root is produced and the velocity of the blood
is affected when it reached the outlet region. Furthermore, in the stenotic 50% valve orifice model (green
curve), there was a slightly less velocity compared to the stenotic 30% valve orifice model with a peak
velocity at 0.61 m/s. Meanwhile, the stenotic 70% valve orifice model (pink curve) shows a milder stenosis
and having greater valve orifice compared to the stenotic model of 30% and 50% valve orifice. The peak
velocity occurred in this model is 0.30 m/s. The healthy 100% valve orifice model indicating the fully open
valve condition where the velocity remains low across the length of aortic root with a peak flow during PF at
0.16 m/s. The flow presented smooth line with no significant jet formation or higher speed flow in the center
interpreting the healthy and normal hemodynamic condition without having a stenosis. In fact, the results
summarized that when the degree of stenosis meet increment pattern (moving from 100% to 30% valve
orifice models), the velocity proportionally increased especially around valve region. Theoretically, the high
velocity capable to cause turbulent flow and produce higher shear stress that potentially leads a damage of
aortic root as shown in previous study [24], [25]. In addition, when the blood passes through the smaller
valve orifice, it accelerates the blood flow to the highest velocities due to restricted opening at the valve.
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Relationship between velocity and length of aortic root, Y (m)
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Figure 3. Relationship between velocity and length of aortic root during the six cardiac cycles

3.2. ViewB

Table 4 tabulates a velocity profile at various stages of six points during systole phase for the
healthy and three stenotic aortic valves. The results of the velocity profile were obtained through the
targeting line from wall to wall of aortic valve models where the line has been configured in the region
immediately downstream of the valve. This line is to observe the velocity that passed through the valve at
different stages of healthy and stenotic models. In fact, the line at x-axis is the length (m) of the wall vessel,
meanwhile 0 m is the central of the length.

During MA, the inlet velocity obtained at 0.02s is 0.26 m/s. The healthy 100% valve orifice model
showed the blood flow is evenly distributed with moderate velocities along the central part of the wall vessel.
Meanwhile, the stenotic 70% valve orifice model visualized slightly high velocity profile in the center and
indicated higher peak compared to that of the healthy 100% valve orifice model. The velocity occurred at this
stage is 0.30 m/s. Furthermore, the stenotic 50% valve orifice model depicted that at the central peak, a
sharper shape is produced indicating the increment of velocity due to the narrowing of the valve.
Quantitatively, the blood velocity that passed through the stenotic 50% valve orifice model reached the peak
at 0.83 m/s, higher than that of the healthy 100% and stenotic 70% valve orifice models. For the stenotic 30%
valve orificie model, the velocity increased significantly showing a jet-like flow of stenosis. The highest peak
value of the velocity was 3.02 m/s.

During 3QA, the inlet velocity was setup with 0.76 m/s at 0.06s. The healthy 100% valve orifice
model shows a similar pattern with MA that has a slightly high velocity at 0.93 m/s. This is due to the
condition that 3QA is the duration point of acceleration of the blood flow increment prior to the PF.
Meanwhile, for stenotic valve orifice model of 70%, 50% and 30%, the trend continues significantly at 2.26
m/s, 4.38 m/s and 10.54 m/s, respectively, indicating the increment of flow acceleration.

PF marked the highest inlet velocity that was setup of 1.00 m/s at 0.12s. Similar to the MA and
3QA, the healthy 100% valve orifice model depicted the slowest velocity at 1.5 m/s when compared to the
other models. This is due to the fully opening valve without any obstacle during the flowing of blood. Thus,
the velocity shows a smooth distribution at the center of the vessel. In contrast to the stenotic models of 70%,
50%, and 30%, the narrowing of the valve is the factor that leads to a significant increment in velocity, where
the peak velocity of those models is 3.24 m/s, 6.09 m/s, and 14.57 m/s, respectively. Meanwhile,
the 30% stenotic aortic valve model shows the most peak and sharp due to the smallest valve orifice.

QD had lower inlet velocity of 0.62 m/s than the PF, in 0.22s. The healthy 100% valve orifice model
presents a flatten velocity profile as the blood is slowly flow but it still depicted a smooth distribution in the
graph. The velocity produced at the region after the blood passes through the valve is 1.06 m/s. Meanwhile,
for the stenotic valve orifice of 70%, 50% and 30% models, the velocity profile similarly shows a significant
of velocity peaks with the overall flow decelerating at 2.18 m/s, 4.09 m/s, and 9.58 m/s, respectively. Here,
the highest peak value of blood velocity is for the case of the stenotic 30% valve orifice model.

During the MD, the inlet velocity that was setup at 0.32s. is 0.08 m/s. MD is the second point of
degradation during systole phase before going to the ES point. Here, healthy 100% valve orifice model
produced the velocity of 0.33 m/s lower compared to the others three stenotic models. The maximum velocity
reached at stenotic valve orifice model of 70%, 50%, and 30% is 0.59 m/s, 0.97 m/s, and 1.93 m/s,
respectively, where the 30% model indicated the highest velocity. The last point was observed during ES
phase with the inlet velocity of 0 m/s at 0.34s. The healthy 100% valve orifice model depicted the velocity
value of 0.2 m/s, meanwhile the stenotic 70%, 50%, and 30% valve orifice models show the velocity of 0.35
m/s, 0.46 m/s, and 0.58 m/s, respectively.
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In summary, the velocity profile along the targeting line shows the blood velocity behavior that
focused on the downstream region of the valve. Through this observation, the acceleration of the velocity
with varies orifice could predict the severe level and damage in vessel that affected from the high blood flow.
Furthermore, the results highlighted the strong relationship between valve orifice reduction and flow velocity
increment, that may contribute to the development of abnormal hemodynamic forces such as elevated at wall
shear stress [24], [26]. The finding of this study emphasizes the importance of accurately assessing valve
narrowing in clinical setting as the severe stenosis level would lead to substantial disruption in normal blood
flow, thus has potentially to disrupt a cardiovascular condition.

Table 4. Velocity profile at various stages of six points of systole phase

Cardiac cycle 100% 70% 50% 30%
A
£ s £ z i s
MA i _ { ; , i /,/ o\
] * - h
) e ;
: P A
PF § § ; [+
H E 3 A/f\A s / \
'.
z 5 3 E £
QD f ; o
: : : i /\
§ M ¢ N z :
MD § t i . i : :

4. CONCLUSION

Four models aortic valve have been evaluated based on the velocity profile that occurred along
aortic root from inlet to the outlet, and from wall-to-wall diameter length of the vessel. Those two limitation
views were determined to visualize and analyze the velocity of the blood flow when it reached the targeting
lines. By using an echocardiogram image and CFD Ansys simulation, the velocity at ascending aorta can be
observed at difference stages of stenosis. Even though the simulated view is a non-real structure of aorta,
both simulated view A and view B started with different time of the velocity inlet and varied valve orifice as
presenting the stenosis stages. The results summarized that the smaller valve orifice significantly impact the
blood velocity before and after the valve region. During the PF phase, the stenotic models show the higher
blood velocity compared to the healthy 100% valve orifice model. The stenotic 30% valve orifice model that
is the smallest valve orifice yielded the highest velocity at view A and view B compared to the stenotic 50%
and 70% valve orifice model.

The future recommendation of this study is building a particle image velocimetry (P1V) which is
known as an experiment using a particle seed as a blood and building a model aortic valve with different
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sizing of valve orifice and thickness. This method will provide details information about the fluid flow by
tracking the movement of the particles suspended in the fluid. By using PIV, it can help researchers
understand more about the complex flow patterns in aortic valve stenosis. Furthermore, by visualizing it,
the researcher also can help physicians to predict a condition of the blood flow when patients have various
stenotic stages.
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