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Impact of bileaflet mechanical heart valve implantation angle
on left ventricular hemodynamics and blood cell damage
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Purpose: The implantation angle of Bileaflet Mechanical Heart Valve (BMHYV) is critical issue in valve replacement surgery. Investi-
gating the local hemodynamic characteristics and analyzing the postoperative flow dynamics can provide valuable insights for determining
the optimal implantation angle, thereby offering clinical guidance for improved surgical outcomes. Methods: Three-dimensional anatomical
model of the Left Ventricle (LV) and BMHYV was reconstructed based on patient-specific medical imaging data and anatomical parameters.
The hemodynamic effects of varying implantation angles were investigated using Computational Fluid Dynamics (CFD) integrated with
a Fluid-Structure Interaction (FSI) framework. Results: The key analyses focused on the downstream shear stress distribution, vortex dy-
namics, clinically relevant hemodynamic indicators. When the valve was implanted along the axis of the aortic outflow tract (referred to as
the AO angle), several benefits were observed. Blood flow penetrability improved, high shear stress regions were reduced, mechanical
trauma to blood cells was significantly lessened. Quantitative metrics further demonstrated that the AO angle minimized values of Time-
Averaged Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSI) and Relative Residence Time (RRT). These metrics indicate more
stable hemodynamics and a lower risk of ventricular wall inflammation and thrombosis. Furthermore, the Hemolysis Index (HI) reached its
lowest level under the AO angle, suggesting optimal mitigation of hemolysis. This study systematically examines how the orientation of
BMHY implantation affects LV hemodynamics. It identifies the AO angle as the most effective strategy for positioning. Conclusions: These
findings provide quantitative evidence that can inform preoperative planning and support the advancement of precision-guided cardiac valve
interventions based on hemodynamics considerations.
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reduce flow turbulence, enhance the forward flow of
blood, and lessen the workland on the LV [16].
Current investigations used a combination of Com-

1. Introduction

The implantation of Bileaflet Mechanical Heart
Valve (BMHYV) is one of the main treatments for se-
vere heart valve diseases, as BMHVs are widely util-
ized in clinical practice, with over 80% of mitral valve
(MV) replacement procedures involving their use [4],
[31]. Researches indicates that the angle at which
BMHVs are implanted can significantly affect the
hemodynamic characteristics within the Left Ventricle
(LV), including vortex formation, shear stress distri-
bution, and energy loss, all of which influence cardiac
function [11], [22]. Correctly positional the valve can

putational Fluid Dynamics (CFD), in vitro experiments
and clinical data to clarify how different implantation
angles affect LV blood flow. Choi [6] applied CFD
simulations to investigate intraventricular flow at differ-
ent implantation angles, their findings indicated that an
optimal orientation promotes smoother blood flow while
minimizing regurgitation and turbulence. Machler [18]
found that aligning the angle of the BMHV with the
natural direction of blood flow at the MV significantly
improves blood flow efficiency and reduces pressure and
load on the LV [34]. Murty [20] examined the blood
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flow characteristics of BMHYV at different angles us-
ing animal models. They found that even minor an-
gular deviations could significantly affect the heart’s
pumping efficiency. These findings have been sup-
ported by clinical studies showing that patients with
ideal implantation orientations consistently demon-
strated better cardiac function compared to those with
suboptimal placements [14], [32].

These studies collectively indicated that variations
in angle of valve implantation can alter intraventricular
flow patterns within the LV, thereby affecting the dis-
tribution of blood flow and potentially inducing blood
cell damage. Studies have shown that mechanical he-
molysis is not only related to the absolute level of shear
stress but also closely associated with the cumulative
effect of stress duration [26], [29], [35]. Qiang et al.
[23], [24] conducted a combination of numerical simu-
lations and in vitro experiments to investigate the dis-
tribution characteristics of shear stress, Time-Averaged
Wall Shear Stress (TAWSS), Oscillatory Shear Index
(OSI) and Relative Residence Time (RRT) downstream
of BMHV. They found that the shapes and opening-
closing modes of BMHYV significantly impact cell dam-
age within the ventricle, contributing to hemolysis,
thrombosis, and other pathological issues.

In the studies mentioned, most of the implantation
angles examined were either AO or AAO (Anti-Anatom-
ical position), which do not represent the full range of
clinically observed implantation scenarios. Additionally,
existing research has primarily concentrated on how
valve orientation affects flow patterns, without ade-
quately addressing how implantation angle impacts
blood damage and related hemocompatibility issues.
This paper primarily employs CFD, specifically to in-
vestigate the impact of four different valve implantation
angles on key medical evaluation indices. This study
not only offers a high-precision prediction tool for pre-
operative planning but also aims to reduce the risk of
thrombosis caused by abnormal shear forces. Ulti-
mately, this may decrease postoperative anticoagulation
treatment dependence, improve patient outcomes, and
alleviate the economic burden on healthcare systems.

2. Materials and methods

2.1. Left ventricle
and BMHY implantation angle model

Based on the patient’s Computed Tomography (CT)
images, a high-precision 3D model of the LV was con-

structed using multi-region masking segmentation tech-
nology. This method enables accurate segmentation
and labeling of different anatomical structures such as
the left atrium, left ventricle and aorta, followed by
geometric optimization through trimming, wrapping,
smoothing, and Boolean operations [36]. In this paper,
the impact of leaflet implantation angles on the blood
flow characteristics within the LV was primarily in-
vestigated. Physiological parameters of the human body
were controlled by inlet and outlet boundary condi-
tions, and the models of the left atrium and aorta were
simplified, as shown in Fig. la—c. The leaflet model
selected is one of the most commonly used BMHV
models in clinical practice, with an annular inner di-
ameter of 21.6 mm, a leaflet thickness of 1 mm, and
rotation angles O, and O,.x of 25°and 85°, respec-
tively. In Figure 1d, the positions of BMHV in both
closed and open states are shown, with different im-
plantation angles. The AO direction represents the ana-
tomical direction, and Anterior Leaflet (AL) and Poste-
rior Leaflet (PL) refer to the anterior and posterior
leaflets, respectively. The early diastolic (E-wave) and
atrial systolic (A-wave) waveforms are based on a sim-
ple harmonic oscillator (SHO) model that was validated
by Doppler echocardiographic data [7], [9], [10] with
the E/A ratio (EAR) set to 1.5. A heart rate of 75 beats
per minute (BPM) and flow through the LV, O(¢), were
assumed (Fig. 1f). O(¢)) represents an idealized left
ventricular inflow function, validated by echocardio-
graphic data, and was used as one of the hemodynamic
driving conditions to ensure that the model reflects the
clinical processes of filling and ejection.

2.2. Computational fluid
dynamics modelling

During the LV contraction process, the blood flow
from the MV into the LV and then out through the aortic
valve satisfies the laws of mass conservation and mo-
mentum conservation.

The continuity equation is as follows:

P19 (p=0, (1)

where v represents the fluid velocity vector.
The momentum equation is as follows:
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where: p is the fluid density; ¢ is time; u;, u; are the
three-dimensional velocity components in the i and j
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Fig. 1. Left Ventricular Model with BMHV Implantation Angles. (a) Contrast CT scan data of the normal human heart.
The left heart is highlighted, (b) LV model reconstructed from contrast CT scan data, LA: left atrium, AO: aorta,
(c) simplified computational model, LVOT: LV outflow tract, BMHV: bileaflet mechanical heart valve,
(d) BMHYV in the closed and open positions (angles 6,,;, and 6., respectively), and four valve orientations investigated
in this study and how the axes of the anterior and posterior leaflets (AL and PL, respectively) are rotated,
(e) axial view of the left atrium and LV

directions (i = 1, 2, 3;j =1, 2, 3); p is pressure; u is
the dynamic viscosity coefficient of the fluid; f; is the
body force in the i direction.

Blood flow within the LV exhibits typical turbulent
characteristics, with flow patterns that include vortex
structures, high complexity, and three-dimensional un-
steady features [28]. In this study, numerical simula-
tions were performed using ANSYS Fluent software,
with pressure boundary conditions applied at both the
inlet and outlet. The inlet pressure was prescribed based
on Doppler echocardiography data, while the outlet
pressure waveform was defined according to the physio-
logical variation of aortic pressure, thereby ensuring
consistency between the simulation results and clinical
conditions. The opening and closing sequence of the
LV inlet was controlled through events: during dias-
tole, the LV wall expands, the inlet opens, and blood
enters the LV, acting on the BMHV and causing it to
open. During systole, the LV wall contracts, the outlet
opens, blood flow drives the closure of the BMHYV,
and blood is ejected into the aorta, thus ensuring uni-
directional flow. In this study, the Reynolds-averaged
simulation method was employed to solve the trans-
port equations for turbulent kinetic energy k& and spe-

cific dissipation rate w, ensuring simulation accuracy
while controlling computational costs. Specifically, the
SST k-w turbulence model was selected, as it accu-
rately represents the turbulent shear stress transport
mechanism within the left ventricle’s reverse pressure
gradient boundary layer, particularly suitable for pre-
dicting flow separation phenomena caused by reverse
pressure gradients, thus precisely describing hemody-
namic behavior [1].

This paper develops a numerical model for simu-
lating incompressible blood flow within the LV using
a pressure-based solver. To address mesh distortion
caused by the high-frequency opening and closing of the
valve as well as pulsatile flow effects, the Pressure Im-
plicit with Splitting of Operators (PISO) decoupled it-
erative algorithm was employed, combined with a node-
based Green—Gauss gradient discretization scheme [1],
[27]. Given the rapid periodic motion of the BMHYV,
the PRESTO! pressure interpolation scheme was adopted
to improve interface capturing accuracy [21]. When
analyzing intraventricular hemodynamics influenced by
BMHYV, it is essential to manage the complex coupling
between dynamic deformation and flow. Therefore,
a bidirectional Fluid—Structure Interaction (FSI) frame-
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work was established to simultaneously solve the leaflet
kinematics and the systolic-diastolic motion of the ven-
tricular wall, ensuring that dynamic parameters at the
inlet and outlet boundaries strictly comply with physio-
logical standards of the human body.

2.3. Data analysis methods

Several metrics were used to quantitatively analyze
the blood flow patterns within the LV. The velocity
gradient tensor can be decomposed into the following
two components.

. . Ou; . Ou,
Ou _1jdw Ow| 110w Wi 3
ox; 2| ox; oOx; | 2|0x; o
The symmetric part, denoted as Sy, is often referred

to as the strain rate tensor, and the antisymmetric part,
denoted as (2, is often referred to as the rotation rate

or vortex tensor.
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The second invariant QO of the velocity gradient
tensor was defined to analyze vortex structures [15].
0 is a mathematical quantity commonly used in fluid
dynamics to identify and extract vortex structures.
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Studies have shown that when the Wall Shear Stress
(WSS) is too low, it may trigger inflammatory responses
in endothelial cells and promote platelet deposition,
while excessively high WSS may induce platelet acti-
vation, thereby damaging the ventricular wall [19].
TAWSS represents the average WSS over the entire
cardiac cycle and is used to comprehensively assess
the overall hemodynamic force exerted on the vessel
wall. When the value of TAWSS falls below the nor-
mal range, it indicates that the endothelium has been
subjected to prolonged low shear stress, which can
lead to endothelial cell injury.

T
TAWSS =+ j 7| dt, (6)
T 0

where |7, | is the WSS vector, and 7 is the cardiac cycle
duration.

OSI is used to quantify the instability of blood flow.
It reflects the degree of turbulence and oscillation in
WSS within the bloodstream. A high OSI value indi-
cates pronounced disturbances and WSS fluctuations
in a given region, suggesting unstable blood flow. This
instability may lead to inflammation and damage of the
vessel wall.

(7
j| 7 |dt

0

RRT characterizes the duration of blood residence
near the vessel wall during its interaction with it. It
reflects how flow direction changes — especially around
vascular stenoses or abnormal wall regions — affect the
inner vascular layer. An increased RRT wvalue indi-
cates prolonged blood residence in these critical re-
gions, which can alter both the number and activity of
receptors on endothelial cell surfaces. This may ulti-
mately trigger various physiological and pathological
responses, such as endothelial cell proliferation, apopto-
sis, or migration [33].

1

RRT(s) = .
)= 1 20SDTAWSS
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Hemolysis refers to the phenomenon where red blood
cells release hemoglobin into the plasma due to me-
chanical damage to their membranes. Hemolysis occurs
when the shear stress acting on red blood cells and the
exposure time exceed certain thresholds. Studies have
shown that the degree of hemolysis follows a power-
law relationship with both shear stress and exposure
duration [8]. The Hemolysis Index (HI) is a dimension-
less parameter commonly used to quantify the amount of
hemolysis, and it is defined by the following equation
[12]:

HI(%) =1.80x107° x "' x A£%76 | 9)
where: 7 represents the scalar shear stress, and Az de-

notes the exposure time of red blood cells under the
shear stress .

1 1/2
3 {gz(% —7;)° +27y2} .

where: 7; represents the shear stress tensor, and HI is
calculated over a complete cardiac cycle.

(10)
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3. Results

In summary, the study on different implantation an-
gles of BMHV demonstrates that the implantation angle
significantly alters the intraventricular flow patterns of
the LV. When the valve is implanted at the AO angle,
vortex evolution within the LV consumes less energy,
thereby reducing myocardial oxygen consumption and
mechanical load. The blood flow penetration capabil-
ity is enhanced, transport efficiency is improved, and
regions of high WSS concentration are narrower and
of lower intensity, which reduces the risk of blood cell
damage.

Based on medical evaluation metrics, AO-angle im-
plantation results in lower TAWSS at the annulus, more
stable flow, smaller values of RRT and a lower risk of
thrombosis. The HI is also the lowest, indicating mini-
mal blood cell damage and the lowest risk of hemoly-
sis. Therefore, AO-angle implantation is recommended
as the optimal approach for patients undergoing me-
chanical valve replacement.

4. Discussion

A comparative analysis was conducted on the im-
pact of different mechanical valve implantation angles
on LV blood flow characteristics. All data were de-
rived from four characteristic instants within a com-
plete cardiac cycle. These include: (i) End of the dia-
stolic phase E-wave acceleration at 0.105 s, (ii) Peak
of the E-wave during diastole at 0.2 s, (iii) End of the
E-wave during diastole at 0.3 s, (iv) Interval between
the E-wave and A-wave at 0.45 s.

4.1. The law of vortex evolution

Vorticity refers to the curl of the fluid velocity vector
and is used to quantify the magnitude and direction
of vortices. As shown in Fig. 2, the vorticity field
within the left ventricular cavity is visualized using
the Q-criterion, which enables the extraction of three-
dimensional vortex features. Through this method, the
generation, growth, breakdown, and dissipation of vor-
tex rings can be clearly observed.

During the acceleration phase of the E-wave in dias-
tole (Fig. 2i), numerous vortical structures are observed
at the left ventricular outflow tract (LVOT) in the AO
anatomical orientation, indicating that residual vortices
from systole persist into early diastole. In contrast, other

implantation angles show minimal or no vortices in early
diastole, suggesting that systolic vortices have com-
pletely dissipated, resulting in greater energy loss. At the
peak of the E-wave (Fig. 2ii), a “front vortex” forms
below the anterior leaflet, mainly near the aortic sinus,
and a “rear vortex” forms below the posterior leaflet.
As the central orifice widens, its jet stream strengthens,
and the central vortex elongates. The figure clearly
shows that the vortex motion direction at peak E-wave
varies significantly depending on the implantation
angle. In the AO orientation, the front vortex moves
in line with the outflow direction, which helps reduce
blood-wall collisions, leading to lower energy loss. By
the end of the E-wave (Fig. 2iii), the rear vortex grows
faster and evolves into a rotational vortex. This rota-
tional structure drives blood from the apex upward,
which increases flow turbulence near the apex, thereby
reducing blood residence time and lowering thrombosis
risk. Notably, in the AO orientation, the rotational vortex
aligns with the aortic direction, more effectively pro-
pelling blood toward the outflow, resulting in higher
pumping efficiency than other implantation directions.
During the interval between the E-wave and A-wave
(Fig. 2iv), the inlet flow through the mechanical valve
drops to zero. At this stage, the large-scale vortices gen-
erated during the E-wave begin to dissipate and break
down. Notably, under the AO implantation orienta-
tion, fewer residual vortical structures are observed in
the LV compared to other orientations, indicating more
efficient vortex clearance. Analyzing the entire diastolic
filling process, it becomes evident that the AO im-
plantation angle offers hemodynamic characteristics
more aligned with physiological flow patterns. In con-
trast, non-AO orientations are more likely to cause
flow stagnation near the ventricular apex, which in turn
elevates the risk of thrombus formation due to pro-
longed blood residence time in low-shear regions.

4.2. Hemodynamic medical
evaluation metrics

Prolonged exposure of ventricular endothelial cells
to abnormal shear stress can lead to dysfunction and
trigger inflammatory diseases [17]. To better differ-
entiate the effects of various valve implantation angles
on the ventricular wall, this paper employs several
hemodynamic medical evaluation metrics, including
TAWSS, OS], and RRT.

As shown in Fig. 3, the TAWSS distribution on the
left ventricular surface is analyzed under four different
BMHYV implantation angles. Existing studies define
regions with TAWSS values below 0.4 Pa as low WSS
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Fig. 2. The vorticity at characteristic moments of a cardiac cycle is identified using the isosurface Q criterion (Q > 1000).
The second row shows four different implantation angles of the BMHV. (i) The accelerated phase of the E wave
during diastole at 0.105 s, (ii) the peak of the E wave during diastole at 0.2 s, (iii) the end of the E wave
during diastole at 0.3 s, (iv) the interval between the E wave and A wave at 0.45 s

zones and those above 5 Pa as high WSS zones [5],
[25]. A comparative analysis across the four conditions
reveals that the low shear stress zones are mainly lo-
cated in the middle and lower parts of the LV. For the
AOQ direction, influenced by the jet flow from the two
lateral orifices and the evolution of left and right vor-
tices within the ventricle, the high WSS zone is pri-
marily found in the middle of the septal side and the
upper part of the lateral wall. The shear stress value
exceeds 5 Pa at the inlet valve ring, with the highest

shear stress occurring at the hinge of the leaflet and be-
low the leaflet. For the AAO direction, due to the effect
of jet flow and abnormal vortices, a large high WSS
area appears in the upper sections of the inferior and
anterior walls, with a peak value above 5 Pa. The shear
stress at the valve ring shows abnormal extreme values,
which can easily induce platelet activation and cause
significant blood cell damage, thereby increasing the
risk of thrombosis [2]. For the 45° and —45° directions,
the high shear stress regions are mainly concentrated
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Fig. 3. TAWSS distributions are presented with the ventricular wall rendered semi-transparent.
The first row illustrates the four different BMHV implantation angles.
The third row shows the TAWSS distribution under different implantation angles

in the lower lateral wall and the middle-upper part of the
anterior septal side, with similar findings to the AAO
direction. At the valve ring, shear stress again presents
abnormal extreme values. These findings suggest that
different implantation angles of the mechanical valve
lead to different distributions of high shear stress zones.
The AO direction presents a lower risk of thrombosis
formation at the valve ring compared to other implanta-
tion angles.

OSI reflects the instability of blood flow and is
commonly used to evaluate the axial variation of shear
stress. As shown in Fig. 4, the OSI distribution on the
left ventricular wall for different implantation angles
of the valve leaflets is presented. When the OSI ap-
proaches 0, blood flow tends to be unidirectional shear

AL PL

flow; when the OSI approaches 0.5, the blood flow os-
cillates more significantly [13]. Comparing the OSI dis-
tribution on the ventricular wall under the four im-
plantation conditions, it is observed that due to the
complex blood flow patterns within the ventricle, the
blood flow is highly unstable, with high OSI regions
showing irregular patterns and wide distribution, al-
most covering all areas of the left ventricular wall. In
the AO direction, the OSI at the apex is close to 0, and
the low OSI region at the apex is noticeably larger than
those in other implantation angles. This is because the
different implantation angles of the valve change the
motion pattern of the ventricular jet, increasing the in-
stability of the blood flow and raising the possibility of
inflammation and damage to the ventricular wall [3].

AL PL

Fig. 4. The OSI evaluation metric with the ventricular wall surface rendered transparent.
The first row presents the four different implantation angles of the BMHV.
The third row shows the OSI distribution for each implantation angle
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AL PL

Fig. 5. The RRT evaluation metric, with the ventricular wall processed for transparency.
The first row represents the four different implant angles of BMHV.
The third row shows the RRT distribution for different implant angles

In the study of left ventricular blood flow charac-
teristics at different valve implant angles, RRT repre-
sents the residence time of blood near the ventricular
wall, reflecting the impact of changes in blood flow
direction on the ventricular wall. RRT can be used to
assess the risk of thrombosis formation [36]. As shown
in Fig. 5a, the RRT distribution on the left ventricular
wall for different implant angles is presented, with
regions of higher RRT corresponding to areas of low
shear stress and high OSI. Analyzing the RRT distribu-
tion on the left ventricular wall for the four implant an-
gles, and influenced by jet vortices, the RRT values in
the middle of the LV are relatively low, indicating bet-
ter blood flow. High RRT regions are primarily con-
centrated near the aortic sinus and at the apex. This is
because, during diastole, the jet blood moves downward,
forming anterior and posterior vortices with opposite
motion directions. The anterior vortex drives blood to-
ward the outlet, and at the narrowing shape near the
aortic sinus, the blood flow pattern becomes more com-
plex, leading to an increased distribution of high RRT.
Due to the weak blood penetration ability downstream of
the bileaflet mechanical valve, the blood struggles to
reach the apex, leading to blood stagnation at the apex
and a higher distribution of RRT values there. For the
AO direction, the high RRT regions are mainly concen-
trated on the posterior septal side in the middle-lower
part. When the mechanical valve is implanted at a 45°
angle, an abnormally high RRT region appears at the
apex, which can easily lead to endothelial cell damage
and increase the risk of thrombosis formation.

The downstream blood flow pattern of the bileaflet
mechanical valve tends to generate higher shear stress,
increasing the risk of red blood cell destruction. HI is

selected as the evaluation indicator for hemolysis risk
for different valve implantation models [30]. As shown
in Fig. 6, the implantation orientation of the mechani-
cal valve affects the HI in the ventricle. The HI value
is the smallest when the valve is implanted at the AO
orientation, while the HI value is the largest at the
AAQO orientation. The HI values for the 45° and —45°
orientations are relatively close. This indicates that the
implantation orientation of the mechanical valve af-
fects the blood flow transport pattern in the ventricle,
and abnormal flow increases the risk of hemolysis,
with the lowest risk occurring at the AO orientation.

8.0E-5
6.0E-5 1 6.05E-5
E 4.0E-5
2.41E-5 2.56E-5
20E-5 | 1.91E-5
0.0E+0 L .
AO AAO 45° -45°
Orientation

Fig. 6. Hemolysis index under different implantation orientations
of mechanical heart valves

5. Conclusions

This study reconstructed a three-dimensional model
of the LV based on clinical CT medical imaging and
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designed a bileaflet mechanical valve configuration ac-
cording to cardiovascular fluid dynamics parameters.
Using a multimodal fluid dynamics analysis approach,
the study focused on revealing the vortex evolution
characteristics of the flow field downstream of the bil-
eaflet mechanical valve under different implantation
angles. It systematically explained typical hemodynamic
phenomena and their mechanisms under the valve-blood
flow coupling effect. The results provide an important
theoretical basis for optimizing clinical valve implanta-
tion plans and postoperative hemodynamic assessments.

The evolution of vortices reflects critical physio-
logical changes in the left ventricle. When the valve is
implanted at the AO angle, the energy consumption
during the generation, growth, collapse, and dissipation
of vortices in the LV is relatively low. However, when
implanted at other angles, abnormal vortices alter the
blood flow pattern in the ventricle, increasing myocar-
dial oxygen consumption and mechanical load. There-
fore, the treatment effect is better when the valve is
implanted at the AO angle.

Medical evaluation indices are crucial in analyzing
the hemodynamics within the LV. When analyzing the
TAWSS distribution, the mechanical valve implanta-
tion angle influences the distribution of high shear stress
regions. When the valve is implanted at the AO angle,
the average value and variation range of TAWSS data on
the left ventricular wall are smaller, resulting in a lower
risk of thrombosis at the valve ring. From the OSI dis-
tribution, blood flow is more stable when implanted at
the AO angle, while other implantation angles alter the
blood flow pattern within the ventricle, increasing the
instability of the blood flow and raising the possibility
of inflammation and damage to the ventricle wall. Ana-
lyzing the RRT data characteristics, the RRT distribution
in the mid-left ventricle is low, indicating good blood
flow, influenced by jet vortices. Due to the weak blood
flow penetration of the mechanical valve, the RRT
distribution is higher at the apex. When analyzing the
RRT distribution at different angles across various sec-
tions, the AO angle shows smaller averages and standard
deviations. When the valve is implanted at a 45° angle,
an abnormally high RRT region appears at the apex,
which easily leads to damage to the endothelial cells
within the ventricle and thrombosis formation. The valve
implantation angle affects the hemolysis risk within the
ventricle, with the AO angle implantation resulting in the
lowest HI value, indicating the minimal hemolysis risk.
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