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ABSTRACT

Introduction: Functional mitral regurgitation (Type 1) could occur due to leaflet perforation or cleft. There are risks
of functional mitral regurgitation might worsen to degenerative regurgitation and ultimately mitral valve failure.
Computational fluid dynamics (CFD), an in-silico method, is proven to have the capability of modeling blood flow
in cardiovascular system, particularly in this case for regurgitation flow behaviour. Materials and Methods: This
paper presented the application of computational fluid dynamics to evaluate the mitral regurgitation due to mitral
valve leaflet perforation by simulating the hypertensive conditions and mitral valve perforation severities. Results:
The results show that the amount of blood flow to the left atrium increased with the increased perforation severity
and hypertension severity. The increase of perforation severity has caused the average reduction of blood flow per-
centage of up to approximately 8.01% for severe perforation.Conclusion: Hence, the more severe the hypertension
and perforation, the more complications a person may experience. With more blood flow back to the left atrium, it
may lead to several complications including hypoxemia and cyanosis.
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Previously, degenerative heart valve disease affected
about 18.1 million people globally with estimated 0.2%
mortality due to the disease (5). While sudden death due
to valvular heart disease in native valves ranges between
1% to 5% on yearly basis (6). Degenerative heart valve

INTRODUCTION

The global burden of mitral regurgitation has been
increasing worldwide (1) indicating that mitral
regurgitation is still a major concern in medicine. There
are two major categories related to mitral regurgitation
(2); a) degenerative mitral regurgitation, where the mitral
valve is defective, and b) functional mitral regurgitation,
where the mitral valve is normal, both categories are not
less important than the other (3). Degenerative mitral
regurgitation, however, is clearly related to the failure of
the mitral valve structure itself (4) and significant to the
assessment of the mitral valve failure progression.

disease has been defined on a wide context depending
on the valve types and specific point of view of various
authors (7). In general, the definition of degenerative
heart valve often includes the symptoms of valve
dysfunctions mainly stenosis and regurgitation.

Mitral regurgitation severities are classified in four types
of Carpentier classifications; Type |, Type Il, Type llla
and Type Illb (8) with Type | being the least severe and
Type Il as the most severe occurrence of regurgitation.
Major classification on mitral regurgitation conditions is
also referred as primary (degenerative) regurgitation and
secondary (functional) (9) regurgitation which indicate
the need for valve repair or replacement based on the
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current stage of the regurgitation.

Functional mitral regurgitation (Type I) could occur
due to leaflet perforation or cleft (10). There are risks
of functional mitral regurgitation might worsen to
degenerative regurgitation and ultimately mitral valve
failure (2). While having a risk assessment model for
mitral valve failure has been long desired by medical
practitioners (11), the development of assessment model
for risk mitral valve failure is still not readily available
(12). This has left the medical practitioners to rely mostly
on their observation and experiences for their decision
making on the patients’ treatment (13).

Computational fluid dynamics (CFD), an in-silico
method, is proven to have the capability of modeling
blood flow in cardiovascular system (14), particularly in
this case for regurgitation flow behaviour (15). Therefore,
this provides an insight on the effect of different
perforation size with different peak systolic pressure
to the regugitation severity. Through an analysis of the
effects of particular parameters on blood flow, such as
peak systolic pressure and perforation size, this paper is
hopefully will provide an opening to an option for non-
invasive technique on visualizing the mitral valve while
giving insight on the pathophysiology of the disease.

MATERIALS AND METHODS

Simplified mitral valve geometry

Simplified mitral valve geometry was created with a
commercial CAD software to represent healthy and
perforated mitral valve leaflet. A one side of bileaflet
valve that mimics the shape of mitral valve was created
with thickness of 3 mm (16) and length from anterior and
posterior annular midpoints to coaptation of 20 mm and
15 mm respectively as shown in Figure 1 (a) (17). Figure
1 (b) shows the top view of the mitral valve model, with
semi-lunar shape for each of the mitral valve leaflet.

Figure 1: Simulation model and mesh generation

Flow channel for simulation

Enclosure or flow channel is a requirement for flow
simulation with computational fluid dynamics,
Therefore, simplified left ventricle, left atrium and aorta
model was created for the enclosure of the mitral valve
to represent the position of mitral valve in between
of the left ventricle and left atrium. Left ventricle and
aorta was created with the radius of 12 mm (18) and
10 mm (19) respectively. The aortic valve was excluded
in this model as the aortic valve will remain fully open
during peak systole to allow blood flow from the left
ventricle. This condition mimics the scenario of fully
closed mitral valve at peak systole when the pressure
differential between left ventricle and left atrium is at the
highest. Hence, the purpose of this simplified simulation
model to reduce to the most critical scenario of mitral
regurgitation which is a criteria for regurgitation
severity assessment (20). This study evaluate the mitral
regurgitation condition at mitral valve closure during
peak systole only. Therefore, steady state simulation is
sufficient to represent the scenario. Figure 2(a) shows
the details of the flow channel and Figure 2(b) shows the
position of the mitral valve in the flow channel.
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Figure 2: Simplified mitral valve geometry for simulation

Mitral valve leaflet perforation

Perforated mitral valve was represented by the area of
holes on the mitral valve leaflet. The effect of perforation
size to the regurgitation severity was simulated based
on the size of perforated area. The size of perforation
was varied to simulate the perforation severity that was
expected to affect the severity of mitral regurgitation
as well. The perforation sizes that represent different
perforation severities were determined based on the
previous study by (21). Perforation sizes based on mitral
regurgitation severity were 10 mm? for mild, 20 mm?
for moderate and 40 mm? for severe. The simplified

171 Mal J Med Health Sci 21(SUPP11): 170-176, Nov 2025



peforation is modeled as circular perforations (holes)
based on the specified sizes of cross sectional area
imposed on the mitral valve leaflet. Similar simulations
setup for all perforated mitral valve models to simulate
the flow behaviour of mitral regurgitation at mitral valve
closure.

Governing equations

Accurate simulation and analysis of fluid flow with
computational fluid dynamics require an understanding
on the governing parameters and behaviors. The
Navier-Stokes energy equations is the basis of this
understanding, which efficiently model and predict flow
dynamics across diverse fluid systems (22).

Fluid dynamics within the left ventricle are modeled
using the incompressible Navier-Stokes equations,
relating the velocity field and pressure field, with the
blood that is assumed as Newtonian fluid with density,
p and viscosity, p within a defined region (23). The
analysis are governed by the following continuity and
Navier-Stokes Equations (1) and (2):

V-V=0 (D
Sv
st +V-VV=-Vp+uv?v (2)

where V is the velocity, p is the pressure field and p is
the dynamic viscosity of blood.

The governing equations is solved by finite volume
method within the comercially available ANSYS Fluent.
Convergence criteria for the solution was set at 1x107
for the absolute value of the residual parameters or up to
1000 iterations. All simulations converged in less than
1000 interations.

Mesh of computational domain

Mesh was generated by ANSYS meshing with specific
tune to ANSYS Fluent. Grid independence test was
performed to find the optimum mesh configuration.
Tetrahedral mesh was selected with optimum mesh
elements of at 3x10* mm based on the results of grid
independence test as in Figure 2(d). Figure 2(c) shows
a sample of generated computation mesh for the
simulation. Number of elements for the optimized mesh
was at around 4x10° elements.

Properties and boundary conditions

The simulation was perfomed with k-epsilon turbulent
model in ANSYS Fluent. K-epsilon model was selected
due to the focus of this study that is on the overall flow
behavior instead of the near wall flow behavior (24).
Distinct materials were assigned to represent both
healthy and perforated valve conditions which can
accurately predict flow characteristics within the fluid

domain, enabling the analysis of flow rate effects for
each state. The fluid type was assigned as blood with
density of 1060 kg/m3 and dynamic viscosity of 0.0035
Pa.s (25). While non-Newtonian effects exist in all
fluids, the influence of it diminishes in scenarios with
large diameters and steady flow (26). So, Newtonian
behavior was safely assumed. Blood was also assumed
to be incompressible to maintain the fluid density (26).
The simulation was set to be steady flow simulation to
evaluate the flow characteristics at peak systolic. Inlet
and outlets that are defined as the boundary condition of
the model are shown in Figure 2(a). The inlet boundary
was set at left ventricle while the outlets were set to be
the left atrium and the aorta.

(27) specify the velocity of blood flow through the aorta
at peak systolic at different hypertension level which
were no hypertension, at risk of hypertension and
hypertension. According to the conservation of mass,
the flow rate of inlet is equal to the flow rate of outlet
as in Equation (3). The velocity of blood at inlet are
calculated using Equation (4).

anlet: QOutlet (3)

Vlnlet Alnlet: VOutlet AOutlet (4)
where Q is the volumetric flow rate, V is the velocity
and A is the cross sectional area. Thus, velocity of blood
flowing through left ventricle can be calculated and
used as the inlet boundary for steady state simulation.
Peak systolic pressures were set to 122.5 mmHg for No
Hypertension, 135 mmHg for At Risk and 157.5 mmHg
for Hypertension. Inlet velocity at the left ventricle
for No Hypertension, At Risk and Hypertension were
set to 0.077083 m/s, 0.79861 m/s and 0.82639 m/s
respectively. The pressure was set at 0 Pa of gauge
pressure with reference to atmospheric pressure for both
atrium and ventricle outlets in the simulation model
(28). This is a simplified estimation to create common
pressure differential across the inlet and outlet of the
simulation model.

Evaluation of flow behaviour

The flow rate of blood through the mitral valve is
considered with the condition of flow rate of inlet is
equal to the flow rate of outlet as in Equation (3), based
on conservation of mass. Thus, the total flow rate of
blood from left ventricle is equal to the total of blood
flow through the aorta and left atrium as in Equation (5).

(5)

Q-LeftVentricle= QAorta+ QLeftAtrium

where Qi 15 the flow rate of blood from left
ventricle, Q, s the flow rate of blood to the aorta, and
Q_eiaviunm 18 the flow rate of blood to the left atrium.

The total flow rate of blood through the mitral valve can
be calculated using total flow rate of blood to the left
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atrium as in Equation (6). Flow rate of blood flow to the
left atrium is equal to the product of velocity of blood
through mitral valve and the area of perforation of mitral
valve as in Equation (7).

QLefAtrium= QValve (6)
QLefAtrium= VVa\lve AValve (7)
Where Q,,  is the flow rate of blood through the mitral

valve, V,_ is the velocity of blood through the mitral
valve, and A, is the area of perforation size on mitral
valve. To analyse the effect of pressure difference to the
regurgitation severity, pressure difference between left
ventricle and left atrium is calculated by using Equation
(8).

APZ PLV-PLA (8)
where P is the pressure of the left ventricle, P, is
the pressure of the left atrium and AP is the pressure
difference between left ventricle and left atrium.

The percentage of blood flow reduction to the aorta can
be calculated by the ratio between velocity of blood
flow to the left atrium and velocity of blood flow from
left ventricle is calculated using Equation (9).

v
PR%= <14 .100%
TV, ° 9

here PR% is the percentage of reduction of blood flow to
the aorta, V, is the velocity of blood to the left atrium,
and V, is the velocity of blood from the left ventricle.

RESULTS

Behavior of Blood Flow due to Hypertension Severity
Figure 3 shows the distribution of the blood flow
at different perforation severities with different
hypertension severities. The red streaks indicate the
highest velocity of blood flow. It differs with each model
due to the different initial blood velocity set to mimic
different stages of hypertension. For example, blood
velocity to the aorta for mitral valve without perforation
recorded the values of 1.145 m/s, 1.185 m/s and 1.235
m/s for No Hypertension, At Risk and Hypertension
conditions. The outlet velocity of blood flow increases
with the inlet velocity of blood flow. Thus, person with
hypertension have the highest velocity of blood flow out
of left ventricle.

At mild perforated mitral valve, there are blood flow
back to the left atrium. However, due to the small size
of perforation, the velocity of blood flow back to the left
atrium is small compared to the moderate and severe
perforated valve. Due to the nature of the simulation
that was performed with steady state condition, the
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Figure 3: Blood flow distribution for mitral valve at different

perforation severities )
accumulation of flow at the left atrium seems to be

significant. However, if the flow is considered as an
instantenous flow, the amount of blood flow at the
perforation opening was considerable low. But with the
increase of systolic pressure due to hypertension, the
regurgitation flow amount might significantly increased,
hence reducing the cardiac output.

Figure 4 illustrates the velocity of blood flow through
the perforated mitral valves across varying hypertension
severities (No Hypertension, At Risk, Hypertension)
and perforation severities (Mild, Moderate, Severe).
Blood flow velocity increases with both the severity
of hypertension and mitral valve perforation. The
highest velocity of 2.365 m/s is recorded in the severely
perforated valve under hypertensive conditions. On the
other hand, the lowest velocity of 0.133 m/s is recorded
in the mildly perforated valve with hypertension. These
findings provide relationships between hypertension
and mitral valve perforation in determining blood flow
dynamics, with implications for cardiac function and
potential clinical outcomes.

Effects of Pressure Difference to the Regurgitation
Severity

The pressure difference between left ventricle and left
atrium can be calculated using Equation (6). Left atrial
flow rate increases from 0.730 L/min in no hypertension
condition to 0.881 L/min with hypertension condition,
with AP rise from 5.452 mmHg to 6.184 mmHg
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Velocity of Blood Through the Perforated Mitral Valve
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Figure 4: Velocity of blood through the perforated mitral
valve against the hypertension severity

respectively. A similar pattern is observed in moderate
regurgitation, where flow rate increases from 1.005
L/min to 1.084 L/min, and AP increases from 5.269
mmHg to 6.075 mmHg. Highest regurgitation flow
rates were recorded in severe regurgitation condition,
with left atrial flow rates increasing from 1.687 L/min
in normotensive patients to 1.77 L/min in hypertensive
patients. However, the AP in severe regurgitation shows
a slight decrease from 4.515 mmHg to 5.090 mmHg,
possibly due to reduced resistance to flow. These
results represent hemodynamic burden imposed by
the combination of regurgitation and hypertension,
highlighting the potential for significant left atrial
volume overload and increased ventricular afterload,
particularly in severe regurgitation condition.

Regurgitation flow is evaluated based on the plot in
Figure 5. Severe perforation records the smallest pressure
difference between left ventricle and left atrium with the
highest flow rate of blood to the left atrium compared
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Figure 5: Flow rate of blood against pressure difference at
left atrium

to mild perforation which has the lowest flow rate of
blood to the left atrium but larger pressure difference
between left ventricle and left atrium. However, mild
perforation and moderate perforation has almost the
same value of flow rate and pressure difference between
left ventricle and left atrium which may resulted from the
perforation size of both severity where mild perforation

area and moderate perforation area is 10 mm? and 20
mm? respectively with only 10 mm? of difference. Thus,
it explains the close values for both perforation severity.
A direct correlation exists between perforation severity
and both regurgitant flow and pressure difference, where
severe perforated valve has the highest flow rate at low
pressure difference.

Figure 6 shows the average percentage of reduction
of blood flow rate to the aorta. With the increased of
perforation severity, the average reduction of blood flow
percentage increased up to approximately 3.73% for
mild perforation, 4.83% for moderate perforation and
8.01% for severe perforation. This indicates that when
perforation severity increased, the average percentage of
reduction of blood to the aorta also increased, making
less blood will flow to the aorta which may lead to less
oxygenated blood flowing to the systemic circulation.
This may lead to several complications including
hypoxemia and cyanosis (29). However, at moderate
perforation and severe perforation, the percentage of
reduction decreased at hypertension. This is due to the
velocity from the left ventricle and velocity of blood at
the left atrium has little significance difference making
the percentage of reduction lower than the one at at risk
of hypertension.

Average Percentage of Reduction of Blood Flow Rate to the Aorta
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Figure 6: Average percentage of reduction of blood flow rate
to the aorta

DISCUSSION

In the healthy mitral valve model, all blood from the
left ventricle were delivered to the aorta as the mitral
valve was performing well to prevent backflow of
blood during peak systolic. As for defected mitral valve
model (perforated mitral valve), most of the blood were
delivered to the aorta. However, there were presence of
blood backflow (regurgitation) to the left atrium due to
the perforation in the mitral valve model.

Mitral valve perforation with hypertension records the
highest velocity of blood flow to the left atrium due
to high velocity (caused by high blood pressure) at
the left ventricle inlet. When in combination with the
severe perforation, hypertension condition worsen the
regurgitation severity. This is due to the combination of
high pressure and large orifice area for the regurgitation
flow to take place. However, the bigger the size of
perforation, does not contribute to the increased of the
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velocity of blood passing through the perforation orifice.
This is highly likely due to the increased cross sectional
area would decrease the flow velocity but doesn’t
necessarily decreased the regurgitation volume.

In healthy mitral valve model, there is no presence of
blood backflow (regurgitation) to the left atrium as the
mitral valve is closed tightly, preventing regurgitation
as expected. This allows fully functionality of blood
delivery from left ventricle to the aorta. However, mitral
regurgitation disrupts healthy mitral valve function,
allowing backflow from the left ventricle to the left atrium
during peak systole. This regurgitant volume elevates left
atrium pressure which impacts the usual left ventricle
filling. The elevated left atrium pressure increases left
ventricle end-diastolic pressure and preload causing left
ventricle to contracts more forcefully. However, the net
forward stroke volume is ultimately lowered due to the
left ventricle stroke volume bypassing the aorta and re-
entering the left atrium (30).

According to a study by Rausch et al. (31), greater
pressure differential between left ventricle and left
atrium causes mitral valve to close tightly, restricting
blood to backflow. From the results, pressure difference
at severe perforation is the lowest followed by moderate
perforation and mild perforation. As we compared the
flow rate of blood to the left atrium as in Fig. 10, mild
perforation records lower flow rate of blood to the left
atrium compared to the moderate perforation and severe
perforation which were represented by the velocity of
blood flow to the left atrium and cross sectional area
of the perforation. This justifies that higher pressure
difference between left ventricle and left atrium makes it
harder for blood to flow to the left atrium, thus restricts
it from backflowing.

Recirculation of blood flow was presence at most of the
simulated conditions mainly at the left atrium and left
ventricle near the mitral valve. This flow behaviour most
likely due to stagnation region at the left atrium and
sudden drop of flow velocity from the left ventricle to
the left atrium through the perforated mitral valve (32).
As the valve is perfectly sealed due to the perforation,
the recirculation zones are more obvious on perforated
mitral valve as compared to normal mitral valve. This
scenario is worth to be futher assessed on the wall shear
stress imposed by the flow to the ventricle and atrial
walls.

CONCLUSION

The flow rate of blood flow to the left atrium against
the pressure difference between left ventricle and left
atrium exhibits a nonlinear trend. Severe perforation
shows smaller pressure difference between left ventricle
and left atrium but at higher flow rate of blood to the left
atrium compared to the other perforation severity.

The volume of blood that does not flow to the aorta is
determined from the percentage of reduction of blood
flow to the aorta. With the increase of perforation severity,
the reduction of blood flow percentage increased up
to approximately 3.73% in mild perforation, 4.83% in
moderate perforation and 8.01% in severe perforation.

Through the computational fluid dynamics analysis of
flow behaviour of blood through the different size of
perforation at different severity of hypertension, this
project can help identify patients who are more likely to
experience complications. Early detection may prevent
heart disease and other serious complications and allow
more focused treatment. Personalised treatments for
patients with perforated mitral valve may be developed
by gaining an understanding on how flow behaviour of
blood may be influenced by the severity of hypertension.
This may involve in adjusting hypertension medication
dosage or choosing the best time for surgery depending
on a patient’s own risk factors.
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