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ARTICLE INFO ABSTRACT

Article history: Patients after mechanical heart valve implantation are prone to complications.
Received 16 February 2022 Mechanical heart valve obstruction is a rare but life-threatening complication.
Received in revised form 30 April 2022 Obstruction may include thrombosis, pannus formation around the valve, or both.
Accepted 3 May 2022 However, the relationship between thrombus and pannus and mechanical heart valve

Available online 3 June 2022 hemodynamics has not been thoroughly studied. We studied the fluid dynamics of

thrombus and pannus formation through numerical simulations and provided detailed
information about the interaction between complications and related prosthetic valves
so that complications can be detected early. Studies have shown that the formation of
thrombus and pannus leads to significant changes in the peak transvalvular velocity of
the artificial valve, the transvalvular pressure gradient, and the corresponding
hemodynamic indicators. As the height of the thrombus and pannus increases, the jet
velocity and transvalvular pressure gradient will increase accordingly. When obstruction
exceeds 20%, the impact increases significantly under the same percentage of obstacles.
When the obstruction percentage is over 30%, the rest at least doubled. The results also
indicate that SAS obstruction has the most significant impact on the blood flow of MHV.

Keywords: At the same time, it should be noted that when SAS and pannus are combined, the ring
Mechanical heart valve; CFD; heart form vortex in front of the pannus has a potential risk of accelerating the deterioration
valve disease; thrombus; pannus of the pannus.

1. Introduction

Mechanical heart valve (MHV) is the best choice for patients with heart valve diseases because
of its durability [1]. However, obstruction after the MHV replacement surgery is not uncommon. A
single jet generated by the unnatural flow of MHV forms three highly turbulent jets through the valve.
The reflux volume of MHYV is higher than that of a bioprosthetic valve. The non-physiological flow
pattern around MHYV is caused by its mechanical leaflet geometry, implantation direction and angle.
Those are important causes of artificial heart valve dysfunction, higher wall shear stress formed on
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the aortic [19], which can cause severe hemodynamic damage and some complications from the
growth of abnormal tissues around the MHV.

Sub-valvular aortic stenosis (SAS), also known as subaortic stenosis (SAS). Described as the
membrane (usually the sarcolemma) in front of the aortic valve at some distance that can obstruct
blood flow through the left ventricular outflow tract [2]. Therefore, the outflow gradient through the
valve becomes higher. According to the shape of obstacles, SAS is divided into three types. The first
type of thin crescent-shaped membrane. The second type is thick fibrous muscle ridges. The third
type is a tunnel or tube [9]. The presence of SAS may add extra load to the left ventricle, thereby
increasing the risk of sudden death from ventricular fibrillation. The recurrence rate of SAS after
surgery is as high as 37% [10]. Previous numerical studies focus on the regular and dysfunctional MHV
with the velocity field, vortex dynamics, turbulence characteristics, leaflet dynamics, and its
relationship with platelet activation and/or hemolysis. Numerical results show that pressure changes
are also significantly affected by stenosis [18], and WSS is relatively high in stenosis [16].

Pannus formation is an important cause of leaflet dysfunction after artificial heart valve
replacement [3]. Pannus is an abnormal layer of fibrovascular tissue or granulation tissue, usually
located in the ring position, growing from the sewing ring to the center of the MHV on the left
ventricle side. Pannus formation will disrupt the transvalvular blood flow and cause valve dysfunction
or stenosis, which is considered the source of high transvalvular pressure drop. These high-pressure
drops and reflux are dangerous because they can cause irreversible damage to the left ventricular
muscles [8]. Valve insufficiency and intermittent valvular regurgitation can occur in patients with the
valvular disease even when there is no physical valve-to-valve contact [11]. This indicates that the
flow disturbance caused by the pannus should be the main reason for the incomplete movement of
the blade. Some studies suggest better engraftment of MHVs based on hemodynamic characteristics,
such as MHV pressure drop, regurgitation, and damage to red blood cells and plates.

Symptoms vary depending on the severity of the valve blockage. SAS can lead to severe heart
failure or embolism. In hyperproliferation of the pannus, the MHV leaflets may become obstructed.
Leaflet dysfunction is a rare but life-threatening complication [4]. However, SAS must be
distinguished from pannus. These two mechanisms are often misdiagnosed and confused. They have
a typical outcome leading to obstruction of the mitral valve prosthesis [5]. Mechanical prosthesis
partial thrombosis, overgrowth of peripheral pannus, and transesophageal echocardiography
showed mechanical prosthesis occlusion.

Although echocardiography is the method of choice for evaluating prosthetic valve occlusion, its
usefulness is limited by metal artifacts in MHV and is not suitable for detecting the exact cause of
valve occlusion, such as SAS, pannus, or others [6]. Numerical simulation of blood has become an
effective method to study blood flow in mechanical heart valves. Suspected prosthetic valve
obstruction requires rapid diagnostic evaluation. The treatment strategy will be affected by the
position of the prosthesis, the severity of the valve obstruction, and the patient's clinical condition.
In cases of mechanical valve obstruction, repeated surgery is the first-line treatment. In non-
obstructive cases, thrombolysis or fibrinolysis is a viable alternative, but the other complications must
be considered [7].

In this study, we aimed to investigate the influence of MHV obstruction formation on the
mechanical function of MHV and its hemodynamic characteristics, then compare the flow
characteristics caused by the formation of subaortic stenosis, pannus, and both combinations.
Although the simulations simplify the geometry of the aorta and cannot fully reproduce in vivo
conditions, they can provide a preliminary study of the effect of MHV occlusion formation on
hemodynamic properties. Finally, the relationship between the obstruction of the MHV and the
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percentage of SAS and pannus was investigated, and the minimum vascular obstruction range
required to induce severe aortic valve stenosis in patients with the MHV was determined.

2. Methodology

The construction of the MHV model will be demonstrated in this part. In addition, the numerical
method, boundary conditions, and governing equations are also discussed.

2.1 Geometry

This study used the 23mm On-X heart valve, which is one of the most promising MHV. The model
was created with SolidWorks software, and the structural data was generated from Mirkhani N et al.,
[12]. Show as in Figure 1 the simulation includes four main parts: front aortic, MHV, Valsalva sinus,
and back aortic.

Three case models are built to compare with the healthy mechanical heart valve, casel is SAS,
case 2 is pannus, and case 3 is combined with both SAS and pannus. Each case has four groups with
different obstruction percentages, 10%, 20%, 30%, and 40%, depending on the high obstruction.

Health MHV

(a)

Front Aortic

Case 1: Subaortic Stenosis (SAS) Case 2: Pannus Case 3: SAS & Pannus

Fig. 1. MHV structure and Obstruction (casel: SAS, case2: pannus, case3: both combine)
2.2 Boundary Conditions

The fluid boundary conditions were derived from previous numerical simulations of the flow
through the MHV in an aortic physical environment [13]. The simulation was performed under
pulsatile conditions with an experimental pulsatile flow as an inlet condition. It enforced typical
physical flow conditions of about 25 L/min peak flow rate, 0.86s cardiac cycle, one-third of which is
the systolic length shown in Figure 2. There are two important phases, T1 (0.1s) is the mid-
accelerated phase, and T2 (0.2s) is the peak phase. In addition, the outlet condition was at the
ambient pressure for all cases, and a no-slip condition at the walls was adopted.
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Fig. 2. Flow rate pulse of the aorta inlet and Leaflet open angel
changes. Points T1 and T2 indicate critical instances of time at
which the flow characteristics

2.3 Governing Equation

OpenFOAM open-source toolbox with the pimpleFoam unsteady incompressible solver is used in
this study. The pimpleFoam is the combination of PISO (Pressure Implicit with Splitting of Operator)
and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithms [14]. The blood is
assumed to be incompressible fluid with the equation of continuity and momentum as follows

V-u=20 (1)
T2 AV (puw) =V (uVu) ~ (V) -V = ~Vp 2)

where u is velocity vector, p is pressure, W is viscosity, andp is density. The density value is considered
as1060kg/.m3. The NS equations are combined with an appropriate non-Newtonian constitutive
model of dynamic viscosity to simulate blood shear thinning behavior. Well known Carreau model
was used [15]. The equation shows as follows

n-—1

NW) =Ne + (Mo — Neo)[1 + (A7)4] @ (3)

where: ny = 0.56 Pas 1, = 0.0035Pas 1 =82n =0.2128a =2
Compared with the Newtonian model, the verification in terms of shear rate, streamlines,
vorticity, and other parameters, the non-Newtonian model is necessary [17].

2.4 Simulation method

In this study cfMesh tools used to generate mesh, cfMesh is a library for mesh generation
implemented within the OpenFOAM framework. In meshDict can be divided into mandatory settings
(surfaceFile and maxCellsize) and local refinement (boundaryCellsize and localRefinement), and the
mesh results are shown in Figure 3. The grid independence is verified by five groups of different grid
numbers, compared by the maximum WSS obtained on the wall as shown in Figure 4. When the
number of grids reaches about three million, the WSS reaches stability. No significant change in WSS
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as the number of grids continues to increase. Each case requires about 18h per simulation on a
workstation with two Intel Platinum 8171M 3Ghz-processors and 128GB of RAM.

Fig. 3. Mesh quality of MHV model
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Fig. 4. Mesh independence verification (WSS)

3. Results
3.1 Velocity Contours

Figure 5 below shows the MHV center-cut view velocity contour in three cases compared with
HMHYV at two different time instants (T1 at 0.1s (acceleration phase) and T2 at 0.2s (peak phase))
during the systole phase, for SAS, pannus, and combustion at different percentage obstruction (10%,
20%, 30%, and 40%). The velocity field at the mechanical heart valve changes significantly depending
on pannus and subaortic stenosis severity. Under normal MHV, the flow field at the exit of the MHV
has three independent jets from both sides and a central hole. SAS, pannus, and both combustions
will lead to the velocity change. The peak velocity magnitude was proportional to the severity. Peak
velocity change with the dysfunction percentage is shown in Figure 6. The maximum velocity of
Severe subaortic stenosis was increased from 1.87m/s to 3.96m/s (+112%) at 40% obstruction, and
in the case of pannus was increased from 1.87 to 4.81(+157%) at 40% obstruction, in the combined
of subaortic stenosis and pannus case was increased from 1.87 to 4.57(+144%). As the percentage of
blockage increases, the pannus has the greatest impact on velocity, resulting in the most significant
acceleration.
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Figure 7 shows the velocity distribution over the centerline. The velocity shows a significant
acceleration when blood flows through the pannus and SAS obstruction. After the SAS accelerates,
the blood flow velocity decreases, and a secondary acceleration occurs when passing through the
MHV entrance. In the case of pannus, due to the overlap of pannus and MHV entrances, only one
significant acceleration occurs here in the case of subaortic stenosis and pannus both combined, the
velocity contour similarly to casel, blood flow velocity slightly decreases after passing through the
subaortic stenosis, and a second acceleration occurs when passing through the pannus. However,

the overall acceleration is lower than the speed increase in the case of the pannus alone.
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Fig. 7. Velocity over the center line of MHV at T2

3.2 Vortex Dynamic

Figure 8 shows the vortex formation for SAS, pannus, and both combustion cases at T2. Vortex
structure was dependent on the severity of subaortic stenosis and pannus. A dominant vortex is
formed in the Valsalva sinus area behind the valve. The vortex shedding mechanism (V-shaped on
the Karman vortex street) is observed in all models, and its intensity is proportional to the severity of
subaortic stenosis and pannus. In subaortic stenosis cases, the vortex structure forms complex
vortices in the Valsalva sinus. In the pannus case, the complex vortices move backward, mainly
around the back sinus region. However, when SAS and pannus are combined, vortices are not only
formed downstream of pannus. Moreover, a vortex structure is also formed upstream of the pannus.

The intensity, coverage area, and vortex structures have significantly increased regardless of the
condition.
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The magnitude of the vorticity is proportional to the degree of LVOT blockage and the eddy
current shedding mechanism at the trailing edge of the BMHV. The location of the sinus area and the
recirculation area downstream of the valve is related to the obstruction.
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Fig. 8. Vorticity distributions downstream at peak time (T2)

3.3 Pressure Drop

Figure 9 shows the pressure along the centerline of the flow direction without obstruction.
The pressure before the anterior edge of the valve leaflet drops rapidly. That's due to the installation
of the MHV, passing through the MHV and the Valsalva sinus almost constant, and ascending in the
aorta. The pressure is nearly constant, passed through the MHV and sinus of Valsalva, and recovers
in the ascending aorta. The presence of SAS and pannus significantly increases the pressure drop and
increases with the increase in the percentage of obstruction. Among the three types of obstruction,
the pressure drop of the pannus is the largest, and the obstruction surface of the pannus overlaps
with the aortic ring, resulting in only a large-area annular obstruction in the entire fluid channel. The
increase in occlusion percentage resulted in a parabolic increase in TPG, mainly due to increased
maximum velocity at the prosthetic valve exit. At 40% obstruction in Figure 10, the TGP of pannus
was approximately 8-fold higher than that of non-obstructed TGP, and the TGP of SAS was
approximately 6-fold higher. The increase is also obvious, but the TGP caused by pannus is higher
under the same obstruction percentage.
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3.4 Wass Shear Stress

When there is no obstruction in MHV, there is a lower maximum wall shear stress (WSS)
(approximately 225Pa) on the walls and leaflets during the peak phase. As the obstruction percentage
increases, the maximum WSS value shows a parabolic increase. As shown in Figure 11, the largest
increase in WSS is caused by the Pannus obstruction. When the obstruction percentage increases to
40%, the maximum WSS is 3.14 times that without obstruction. The maximum WSS increases the
slowest under the SAS barrier and is about 2.5 times. The average WSS has a similar trend. However,
at 10% obstacles, the average WSS will be slightly lower than the average WSS when there are no
obstacles. That is due to the obstruction blockage of the blood flow; the velocity decreased and
showed laminar flow when passing through the 10% obstruction, lower velocity and without vortex
formated at the obstruction back region lead to lower WSS. Eventually, the average WSS at 10%
obstruction is lower than the MHV without obstruction. When the obstruction exceeded 20%, pannus
caused the largest increase in WSS and the smallest change in SAS for the same percentage of
obstruction, and when the two were combined, the change was in the middle.
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4. Conclusions

This study investigates the effect of MHV obstruction (SAS, pannus, and combined) on MHV
mechanical function and its hemodynamic properties. The results showed that obstruction in the
three cases would significantly impact hemodynamics, manifested by increased flow velocity,
pressure drop, WSS, and vorticity. Especially when SAS and pannus are combined, they form an
apparent vortex structure before pannus, increasing the risks of platelet activation and/or hemolysis.
When obstruction exceeds 20%, the impact increases significantly under the same percentage of
obstacles. Starting from 30% obstruction, all values at least doubled. Pannus has the greatest impact,
with a maximum velocity increase of 157% at 40% obstruction, a maximum WSS increase of 3.14
times, SAS has the least impact, a maximum velocity increase of 112%, and a maximum WSS increase
of 2.5 times. When the two coexist, the impact is in the middle of the two, the maximum velocity
increases by 144%, and the maximum WSS increases by 2.85 times. The results also indicate that SAS
obstruction has the greatest impact on the blood flow of MHV. At the same time, it should be noted
that when SAS and pannus are both combined, the vortex in front of the pannus has a potential risk
of accelerating the deterioration of the pannus.
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