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Abstract: The formation of vortex rings at valve leaflets during ventricular inflow has been a topic of
interest for many years. It is generally accepted nowadays that the purpose of vortex rings is to conserve
energy, reduce the workload on the heart, and minimize particle residence time. We investigated these
claims by testing three different levels of annulus angle for the mitral valve: a healthy case, a slightly
angled case (20°), and a highly angled case (46°). Circulation was determined to be reversed in the
non-healthy case, with a dominant counterclockwise rotation instead of clockwise. Viscous energy
dissipation was highest in the slightly angled case, followed by the healthy case and then the highly
angled case. A Lagrangian analysis demonstrated that the healthy case resulted in the least amount
of stasis, requiring eight cardiac cycles to evacuate 99% of initial ventricle volume compared to the 16
and 13 cardiac cycles required by the slightly angled and highly angled cases, respectively.

Keywords: mitral valve; left ventricular flow; cardiac flow; transmitral flow; mitral valve replacement;

vortex rings

1. Introduction

The heart is the organ with the crucial role of pumping blood throughout our body,
allowing our cells to properly perform their functions, making life possible. From a practical
point of view, the heart is quite impressive, given its ability to accommodate different levels
of activities requiring increased blood flow. One of the key components of the heart is the
left ventricle. During the filling phase of the ventricle (diastole), the chamber begins filling
with freshly oxygenated blood. The filling phase is characterized by an asymmetric jet
that smoothly propagates towards the outflow tract [1,2]. The jet is not continuous; rather,
it is characterized by two phases—the E wave (ventricular dilation) and the A wave (atrial
contraction) [3-5]. The formation of a vortex ring surrounding the central jet is due to the
boundary layer separation from the mitral valve leaflet, and the observed asymmetry in
the ring sizes occurs because of the asymmetric nature of the mitral valve leaflets. It is now
generally accepted that the purpose of this mechanism of fluid transport is to minimize
the amount of energy dissipation, reduce the workload on the ventricle, and minimize the
residence time of blood in the ventricle [1].

Multiple pathologies have been identified to affect the dynamics in the left ventricle.
For instance, aortic regurgitation causes a regurgitant jet to form in the ventricle from the
aortic valve (AV) [6]. This regurgitant jet collides with the inflow jet, altering the flow
dynamics [6]. Dilated cardiomyopathy is characterized by an enlarged chamber, which
results in a more spherical jet that is not fully dissipated nor ejected during systole [7,8].
Replacing the mitral valve (MV), whether with a mechanical or bioprosthetic valve, has
also been identified as a primary cause for an alteration in the mitral flow [9,10]. Bileaflet
mechanical valves will result in different flow patterns depending on their orientation; for
instance, placing the valve in an anatomical position will conserve the vortex flow pattern
direction, whereas the anti-anatomical position will result in a reversal in the direction [10].
Additionally, the bileaflet mechanical valves generate side jets [7]. Of particular interest,
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bioprosthetic valves have been shown to cause a reversal in the flow rotation, even in
cases where the annulus angle is within the range of the annulus angle for patients that
underwent valve repair [9]. In fact, due to the symmetry of the trileaflet bioprosthetic valve,
the asymmetry of the jet is lost, which causes the flow path to deviate from its normal
path [11]. This deviation has been observed to result in a cross-flow pattern with a rotation
in the reversed direction at the apex [11]. As a consequence, an increase in energy loss
occurs because of the collision of the inflow jet with the anteroseptal wall during the filling
phase and the mitral valve during the ejection phase [9].

With these findings in mind, using an in vitro model, we investigated the effects that
three mitral valve annulus angles have on the flow dynamics. Quantification of the viscous
energy dissipation, the circulation, and the particle residence time was of particular interest
considering the findings previously mentioned.

2. Methodology

The effect of different orientations of the mitral valve was investigated using a custom-
made in vitro heart simulator (see Figure 1 for a schematic of the heart simulator). Trans-
parent silicone (Silastic T4) was the material of choice for manufacturing of the left ventricle,
aorta, and left atrium due to its desirable mechanical property and extensive use in similar
research [6,12-15]. Modeling of the left ventricle for this study was symmetrically shaped
with an angle of 28° between the inflow and outflow tract (see Figure 2) and with geometric
properties as described in [3]. Changing the mitral valve orientation was achieved by
sowing the valve to a 3D printed part with different angles. We tested a total of three differ-
ent valve orientations, the first case being our control (i.e., properly positioned position).
An angle of 20° for the smallest misoriented angle was used, measured from the center of
the jet using the line that joins the center of the mitral valve with the apex as a reference
axis (see Figure 3). For the most severe case, an angle of 46° was used.

Ball valve
Magnetic flow meter

LabVIEW |,
Reservoir
Aortic valve / \
Acrylic tank
Aorta ;
filled with water DAQ card |
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3D printed

part for valve Linear motor
positioning 2

|

Figure 1. Schematic of the heart simulator used. Ball valves are used to regulate the pressure and flow rate throughout the

system. Actuation of the system is done hydraulically via the linear motor. The camera is placed out of the page, orthogonal

to the laser sheet, with the recording window being into the page.
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SECTION B-B
SECTION A-A

Figure 2. Internal dimensions of the left ventricle used in the simulator. The thickness and outer
dimensions will vary depending on the number of layers of silicone applied.

Healthy Slightly Angled Highly Angled

AV MV
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Figure 3. Mitral inflow for the healthy, slightly angled, and highly angled cases. The healthy inflow
corresponds to a jet that is aligned with the apex such that the clockwise vortex swirls around the
apex. The least severe case is oriented at an angle of 20°, using the orientation of the healthy case as a
reference axis. The most severe case is tilted at an angle of 46°.

The working fluid to mimic blood was a mixture of water—glycerol with a volumetric
ratio of 60:40, giving it a refractive index of n = 1.39, density of p = 1100 kg/m?, and
dynamic viscosity of y = 4.2 cP at a temperature T ~ 23.0 °C. A biological tricuspid valve
of a 25 mm diameter was used for both the aortic and mitral valves.

Actuation of the heart simulator was performed using a magnetic linear motor
(PS01-37 x 120) controllable through LabVIEW (National Instruments, Austin, TX, USA)
with variable heart rate, stroke length, and position waveform (see Figure 4). Use of the
motor was to hydraulically contract and relax the left ventricle, located inside an acrylic
tank filled with the water—glycerol mixture, which generated a flow profile depending on
the waveform used. Duration of systole and diastole was set according to the equations in [16].
The A wave was integrated into the motor waveform, which is more physiologically correct,
compared to having a direct contraction at the left atrium. Filling the tank with the working
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fluid was performed to prevent image distortion from the change of refraction index. A small
air gap, closed to atmosphere, was kept in the tank to adjust the left ventricle compliance.
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Figure 4. Position waveform used to actuate the linear motor in the heart simulator. The position
and time are normalized so that different stroke lengths and heart rates can be selected. The A wave
is integrated in the waveform.

Calibration of the system was achieved by tuning ball valves, which affects the flowrate
and pressure (see Figure 1). The first ball valve is located upstream from the left atrium,
whereas the second valve is downstream from the aorta. Instantaneous pressure was
measured using a fiber-optic sensor (FISO FOP-M260, Québec, QC, Canada with FISO FPI
HR-2 module, sampling rate of 125 Hz, working range of —300 mmHg to 300 mmHg with
an accuracy of & 3 mmHg). Recording of the pressure and any other measurement followed
after about 20 cardiac cycles to allow the system to stabilize. The average flow rate was
measured by a magnetic inflow flow meter (ProSense® FMM75-1002, Miinchen, Germany,
accuracy £0.31 L/min, resolution of 0.076 L/min). A summary of all the experimental
parameters can be found under Table 1.

Table 1. Summary of experimental conditions.

Working Fluid Conditions Simulator Conditions
Water-glycerol ratio 60:40 Heart rate 80 bpm
Density (p) 1100 kg/m3 Cardiac cycle period 0.75s
Dynamic viscosity (i) 0.0042 Pa-s Systole duration 0.28s
Mitral valve diameter 25 mm
Aortic valve diameter 25 mm
Cardiac output 3.1 £0.31 L/min
Mitral inflow Womersley number (Wo) 2 18.52
Mitral inflow mean Reynolds number (Re) ? 689.17

2 The nominal diameter of the mitral valve is used for the calculations of the Womersley and Reynolds number.

Particle image velocimetry (PIV) was the method of choice for measuring the vector
field following the guidelines in [17,18]. Tracer particles made of polyamide with a diameter
of 50 £ 20 pm were used for measurements. A LDY301 Nd:YLF dual-pulsed laser (Litron
Lasers Ltd., Rugby, England) with a wavelength of 527 nm was used to illuminate the
tracers. Image capture was performed using a Phantom V9.1 (Vision Research, Inc., Wayne,
NJ, USA) high-speed camera with a recording frequency of 600 Hz for the healthy and
slightly angled cases and 450 Hz for the highly angled case. The field of vision was
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readjusted whenever the angle of the mitral valve was repositioned so that the image
could be calibrated. Post-processing of the PIV recordings was performed using Davis
7.2 (LaVISION GmbH, Goéttingen, Germany). A multi-pass algorithm was used for post-
processing; the first pass utilizes a 64 x 64 interrogation window, followed by a 32 x 32
interrogation window, and then three passes were made using a 16 x 16 window. This
resulted in a spatial resolution of approximately 0.55 mm. Filtering of the spurious vectors
outside the boundaries was performed by using an in-house edge-detection software,
which recognizes the boundaries of the ventricle. The velocity field measurements have an
uncertainty less than 5%. Recording of each case was repeated at least three times.

3. Results and Discussion
3.1. Effects of Misalignment

One of the most notable observations in altering the natural orientation of the mitral
valve is the change in the trajectory of the transmitral jet (Figure 5). In the healthy case
(i.e., properly positioned, see Video S1 “Healthy” in Supplementary Materials), we note that
the jet propagates towards the apex along the lateral wall. Due to the wall interaction, the
counterclockwise (CCW) vortex ring dissipates rapidly, leaving the clockwise (CW) vortex
ring to dominate in the flow. This dissipation of the CCW ring results in an optimized
flow because of the smooth redirection of the jet along the apex into the outflow tract,
supposedly to minimize the amount of energy loss and to minimize stasis. Adding a slight
tilt to the mitral valve (see Video S2 “Slightly Angled” in Supplementary Materials) results
in a jet that propagates away from the lateral wall; this new trajectory causes the CCW
vortex ring to remain in existence throughout its propagation. Eventually, the jet will hit
the interventricular septum, causing the two vortex rings to separate from the central jet.
This causes the ventricle to encapsulate a new recirculation region. There now exist two
regions, each region having a dominant rotation in the direction of a vortex ring. This
altered trajectory was also noted in Kheradvar et al. [7] and Pedrizzetti et al. [11]. Increasing
the severity of the tilt (see Video S3 “Highly Angled” in Supplementary Materials) causes
the jet to hit the interventricular septum, but this time closer to the outflow tract. This
altered trajectory also results in a recirculation region.

Healthy Slightly Angled Highly Angled

Figure 5. Vector field portraying the different inlet jet for the different orientation of the mitral valve. The corresponding

time of the cycle at which this occurs is t* = 0.5.

3.2. Circulation

Figure 6 displays the temporal evolution of the circulation. A properly positioned
mitral valve results in a dominant clockwise circulation, which is illustrated by the negative
sign of the circulation. The dominance of this clockwise direction in this particular flow
is because of the dissipation that occurs from the wall interactions with the CCW vortex
ring, leaving only the CW vortex ring to contribute to the rotation of the flow. In contrast,
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Circulation (s_1)

when the mitral valve is tilted, the circulation is no longer negative. Instead, the flow has a
dominant counterclockwise direction, characterized by the positive sign of the circulation.

Healthy Slightly Angled Highly Angled I
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Figure 6. Circulation per unit area (s~!) of the flow. Adding a tilt to the mitral valve results in the flow to have a dominant

counterclockwise direction. The vertical line separates the time period between systole and diastole.

This phenomenon is caused by the lack of dissipation of the CCW vortex ring from
the wall interactions. Incidentally, once the jet collides with the interventricular septum,
the two vortex rings separate from the central jet. The CCW vortex ring propagates into
the more open apical area, resulting in the recirculation area previously described. In the
case of the CW vortex, it is now subject to interactions with the wall of the interventricular
septum as it propagates towards the outflow tract, resulting in a reduction of its strength.
This ultimately causes the flow to have a dominant CCW direction. The highly angled case
also results in the circulation reversing in direction. Interestingly, increasing the severity
of the valve tilt seems to have little effect on the strength of the circulation. We verify this
observation by computing the mean circulation throughout the entire cardiac cycle, as
seen in Figure 7. The average circulation in the properly positioned valve has a higher
magnitude than the two other cases in the averaging period (p << 0.05). On the other hand,
the slightly angled and the highly angled cases both have similar magnitudes (p = 0.12).
This observation would suggest that slightly tilting the valve would cause the circulation
to reverse in direction but increasing its severity would not lead to a significant increase in
the magnitude.
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Figure 7. Temporal average circulation per unit area of the flow over the entire cardiac cycle. The p-values between the
healthy case and slightly angled case, between the healthy case and highly angled case, and between the slightly angled and
highly angled case are p < 0.01, p < 0.01, and p = 0.12, respectively. Note that the absolute value of the circulation was used.

Reversal of the vortex direction has been previously observed by Pedrizzetti et al. [11],
Akiyama et al. [9], and Nakashima et al. [10]. Faludi et al. [19] also observed this reversal
and quantified the relative pulsatile vorticity strength (RS) and vortex relative pulsatile
vorticity strength (VRS) (refer to Reference [19] for definitions). Ultimately, their results
indicate that the VRS itself is not statistically different following the implantation of a
bioprosthetic valve compared to the healthy case, but there was a statistical difference in
the RS value, which they attribute to higher energy loss in the flow. However, their metric
focuses more on the pulsatility aspect of the vortices rather than the strength.

3.3. Viscous Energy Dissipation

Viscous energy dissipation (VED) is a metric that has been extensively used to char-
acterize the energy loss due to the viscous effects in the flow [4,6,9,20]. This quantity
can be described as one that quantifies the efficiency of the flow to preserve kinetic en-
ergy. Pedrizzetti et al. [11] have noted that viscous energy dissipation is minimized in
an optimally positioned mitral valve. Surprisingly, our results do not lead to the same
straightforward conclusion (see Figure 8). Throughout systole, the healthy case has a lower
VED than the slightly angled case until a certain time instance (t'~0.1), at which point
the healthy case becomes more dissipative than the latter. The highly angled case is less
dissipative throughout systole compared to the two other cases. Following the beginning
of the filling phase, the VED increases as the mitral valve opens and the transmitral jet
begins propagating. In the healthy case, the VED increases rapidly, peaks shortly after the
beginning of the filling phase, and then remains relatively steady before experiencing a
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drop. The VED then steadily increases until a second peak and then gradually decreases
until the end of the cycle. In the slightly angled case, the VED increases more steadily until
a peak is reached, followed by a gradual decline until the end of the cycle. Similarly, the
highly angled case portrays a similar pattern, except that the peak of the VED is higher and
is reached sooner. Additionally, the decrease in the VED following the peak is more drastic.

Healthy Slightly Angled Highly Angled I

| J
Diastole

Systole

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t*=t/T

Figure 8. Temporal evolution of viscous energy dissipation (W/m) per cardiac cycle. Note that the vertical line separates
the ejection phase (left) and filling phase (right).

We summarized the VED by computing the temporal average values (Figure 9) for
the entire cycle. The highly angled case appears to be the least dissipative, followed by the
healthy case and then the slightly angled case when averaging throughout the cardiac cycle
and diastole (p < 0.05 between each case). Hence, our evidence suggests that simply altering
the trajectory will not necessarily increase the viscous energy dissipation. The in vivo study
of Akiyama et al. [9] quantified the energy loss change in patients pre- and post-valve
replacement and repair surgery. Their results indicate that the valve replacement, which
leads to the altered flow trajectory, would result in more energy loss compared to the repair
group, which maintains the physiological flow for most cases. A more relatable study
are the findings of Watanabe et al. [21], who have shown that for a severe deviation in
the flow trajectory, the increased workload of the heart is not undoubtedly higher in the
non-physiological flow. This was the case in their 100 bpm case, but not for the 60 bpm
case. Regardless, they argued that the workload difference was negligible, and that the
formation of vortex rings serves as a primary mechanism to minimize particle residence
time. Seo et al. [22] also suggested that the energy dissipation in the flow is negligible
compared to the workload of the ventricle.
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Figure 9. Average viscous energy dissipation (W/m) throughout a cardiac cycle, systole, and diastole. The p-values between
the healthy case and slightly angled case, between the healthy case and highly angled case, and between the slightly angled
and highly angled case are p < 0.01, p < 0.01, and p < 0.01, respectively.

3.4. Ventricular Washout

Residence time is another underlying consequence in altered flow patterns that has
led to various research on it and different techniques to quantify it [23-28]. The importance
of minimizing the residence time of blood in the ventricle is to reduce the formation of
clots due to flow stagnation [29,30], which can lead to stroke. We investigated blood stasis
by using a metric known as ventricular washout (Figure 10), which was described by
Seo et al. [22]. This metric quantifies how many cycles are required to eject 99% of the initial
blood volume. Ventricular washout is computed as:

log(0.01)

koo = log(RR)

The parameter RR is known as the residual volume ratio, which is the ratio of the resid-
ual ventricular volume after a cardiac beat over the total initial ventricular volume prior
to the ejection. Our results seem to favor the normal flow pattern in terms of minimizing
stasis, with a ventricular washout requiring approximately 7.25 cycles. The slightly angled
case promotes more stasis than the highly angled case, each requiring 16 and 13 cycles,
respectively, meaning that the most severe case is not necessarily the least optimal for
particle stasis. Seo et al. [22] noted that the ventricular washout was also higher in their
case with an altered trajectory (synonymous with our slightly angled case); however, it is
also worth mentioning that their testing conditions were not similar to their healthy case.

Pathlines using virtual particles for each case are plotted to better understand why
one case might be superior to one another for particle ejection. As seen in Figure 11, the
healthy case, which minimizes stasis, has a tendency to push particles towards the outflow
tract. In contrast, the flow generated in the slightly angled case and in the highly angled
case tends to trap the particles in the ventricle for longer periods close to the apex.
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Figure 10. Residual volume ratio and the ventricular washout (kj,).
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Figure 11. Pathlines over a cardiac cycle for some virtual particles. The green dot represents the initial position. Particles
that leave the domain are considered ejected and are no longer tracked.

3.5. Discussion

The flow patterns that we observed seem to be in line with those observed in the
literature. Pedrizzetti et al. [11] noted, with a bileaflet mechanical prosthetic heart valve,
that there is a crossed flow pattern appearing in the left ventricle. They simulated this
flow by adding a slight tilt to the mitral inflow in their numerical solver, which resulted in
an inlet jet that hit the interventricular septum at a location similar to our slightly angled
case. The numerical study by Watanabe et al. [21] also observed a similar flow pattern;
their mitral valve was angled at a more severe angle, similar to our highly angled case.
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Similar observations were also noted in clinical studies. Nakashima et al. [10] distinguished
two overall flow directions: clockwise and counterclockwise. The counterclockwise flow
occurred with a mechanical heart valve placed in the anti-anatomical position and with a
bioprosthetic valve. Akiyama et al. [9] instead described the flow as normal (physiological
flow) or abnormal (crossed flow pattern).

While the previous references all noted the altered flow dynamics, there is a lack
in the quantification of this observation. The computation of circulation addresses this.
Indeed, what the circulation has revealed is that there is an overall counterclockwise flow
in a physiological flow when taken from our field of view. By altering the annulus angle
of the mitral valve, the circulation reverses in direction, resulting in an overall clockwise
direction; this was observed in the slightly angled and highly angled case. This agrees
with the observations noted in the literature. Interestingly, the circulation between the two
misaligned cases is not statistically different.

The analysis of viscous energy dissipation showed some discrepancies with the lit-
erature. It is well accepted that the vortex ring in the mitral inflow aids in minimizing
the energy dissipation in the flow, reducing the workload of the heart. This idea was
supported by Pedrizzetti and Domenichini [4], which demonstrated that the flow patterns
in a physiological flow are optimized to reduce energy dissipation. However, their study
was criticized by Seo and Mittal [22], who argued that their study is not conclusive for an
adult heart because the study of Pedrizzetti and Domenichini [4] modeled an infant’s heart,
which has a lower Reynolds number. Later on, Pedrizzetti et al. [11] performed a numerical
simulation study by adding a slight tilt to the mitral valve after observing a crossed flow
pattern in patients with mechanical heart valves. Their study led to the conclusion that,
indeed, the physiological flow reduces the amount of energy loss compared to the altered
flow. We obtained a similar conclusion when comparing the healthy case and slightly
angled case, that is, the slightly angled case is more dissipative than the healthy case. Seo
and Mittal [22] also performed a numerical simulation study and their results led to a
different conclusion. They studied four different flows: three of them had a normal flow
pattern but with different inputs (i.e., E/A ratio and Reynolds number). The fourth case
(which they denoted as Case D) had a crossed flow pattern and was less dissipative than
their case C, which had a normal flow and similar inputs. However, they argued that the
difference in viscous energy dissipation was negligible when considering the total work
required by the ventricle.

Our conclusion becomes different once we consider the highly angled case, which
was determined to be the least dissipative. The study we found to be most synonymous
with this angle severity is that by Watanabe et al. [21]. They did not compute viscous
energy dissipation; rather, they looked at the external work required by the ventricle. Their
results showed the physiological flow required less work than the non-physiological flow
at 60 bpm, but the opposite was true at 100 bpm. The clinical study of Akiyama et al. [9]
investigated energy loss change (ELC), which they defined as the ratio of average energy
dissipation post-procedure and pre-procedure. More specifically, they studied the ELC in
patients that had either valve repair or valve replacement. Overall, their results indicate
that the ELC is lower in the repair group because the vortex pattern remained normal,
whereas the replacement group tended to have an abnormal vortex pattern. However, it is
worth noting that they also had some instances in the replacement group that had an ELC
lower than 100, despite having an abnormal vortex pattern, which would indicate that the
energy loss is lower post-procedure, but it is important to consider the condition of the
patient pre-procedure. Our results highly suggest that evaluating the performance of the
left ventricle based on a single parameter, viscous energy dissipation, might not be optimal.
Multiple parameters have to be used, including viscous energy dissipation, the residual
volume ratio, and the ventricular washout (ky9,).

Ventricular washout is the next quantity that was analyzed. Seo and Mittal [22]
performed a similar analysis, for which they determined the case with the altered mitral
valve angle to have the longest kjo,. Watanabe et al. [21] also performed an analysis on
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stasis, and their conclusion is similar: increasing the mitral valve angle will require more
cardiac cycles to eject old blood. Both these studies agree with our results: both our slightly
angled and highly angled led to more stasis than the healthy case. However, we determined
the highly angled case to also lead to less stasis than the slightly angled case.

Essentially, what we determined is that properly aligning the mitral valve is important
because to do otherwise would promote stasis in the left ventricular. This is especially
important with the rise in popularity in transcatheter mitral valve replacement, which can
result in the mitral valve not being properly oriented.

4. Limitations of the Study

This study analyzed the flow from a two-dimensional perspective. It goes without
saying that the flow is three-dimensional, and further analysis is required to obtain a more
precise picture of the flow. Nevertheless, this study was still insightful given the extensive
use of 2D in vivo using echo imaging.

5. Conclusions

We investigated three different orientations for the mitral valve. It was determined
that the physiological flow generates a dominant clockwise rotation in the ventricle. Al-
tering the orientation of the valve results in a reversal in the rotation direction, giving it a
dominant counterclockwise rotation. This was observed in the two misaligned cases. The
viscous energy dissipation was then investigated, which has shown that the physiological
flow is not necessarily the best for minimizing energy dissipation. A Lagrangian analysis
was then performed to investigate the ventricular washout, which has demonstrated to
be a metric that favors in healthy case because of the lower number of cycles required to
clear out old blood, although the highly angled case was also observed to be better than
the slightly angled case in this metric. Overall, our results seem to indicate that maintain-
ing the physiological flow is more favorable for reducing stasis rather than minimizing
energy dissipation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
fluids6120428 /51, Video S1: Healthy; Video S2: Slightly Angled; Video S3: Highly Angled.
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