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ABSTRACT

The mitral valve affects the shape and timing of incoming flow to the
left ventricle of the heart, establishing a strong central jet that
generates a vortex ring that conserves momentum during the cardiac
cycle. When the vortex is disrupted, regions of stasis are introduced
that increase blood residence time and the risk of thrombus
formation. This risk is increased when multiple medical devices are
combined, as occurs in the fraction of patients with mitral valve
prostheses that experience heart failure and receive treatment with a
left ventricular assist device (LVAD). LVADs are attached directly to
the apex of the left ventricle, continuously pumping blood from the
heart into the ascending aorta. While LVADs ameliorate the
symptoms of heart failure, they are associated with thromboembolic
events that result from disrupted blood flow. In this study, six different
mitral prosthesis designs/orientations were studied in combination
with LVAD support in a mock circulatory loop. Hemodynamics and
the intraventricular velocity field were measured and the vortex
characteristics determined. The bioprosthetic valve produced the
standard flow pattern with a dominant clockwise vortex that circulated
within the left ventricle before exiting through the LVAD. The tilting
disk valve exhibited skewed inflow that produced a reverse vortex
pattern when oriented towards the septum, which greatly increased
stasis and residence time. The bileaflet valves split the incoming flow
into two streams directed towards the apex but produced weaker
vortices than the bioprosthesis. The results inform the surgical
planning for LVAD patients with preexisting mitral prostheses,
enabling concomitant repair procedures that would decrease the risk
of thromboembolic events.
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Introduction valves produce a similar vortex pattern to the

The mitral valve (MV) affects the shape
and timing of incoming flow to the left
ventricle of the heart, facilitating momentum
and energy transfer from low pressure
diastolic filling to high pressure systolic
outflow. Remodeling, repair and replacement
of the MV can affect the geometry of inflow
and disrupt the normal flow dynamics. There
are roughly 100,000 new recipients of mitral
replacements in the U.S. annually' and many
these patients deteriorate further to heart
failure, at which point they are candidates for
heart transplantation. The average waiting
time for heart transplants is 12 months, which
poses a risk of mortality from worsening
complications®. An alternative treatment for
heart failure is a left ventricular assist device
(LVAD), an implanted mechanical pump that
increases systemic blood flow. LVADs provide
short to intermediate term support for
patients awaiting transplantation as well as
long term support for advanced heart failure
patients®*. While previous studies have shown
that concomitant MV repair or replacement at
the time of LVAD implant does not affect
short- and long-term mortality rates®, an
understanding of clinical complications and
how they are linked to device positioning is
lacking.

Bioprosthetic (BP), bi-leaflet (BL), and
tilting-disk (TD) are different designs of MV
prostheses, and each interacts distinctly with
the incoming flow during diastole®. Previous
studies have shown that the shape and
orientation of MV prosthesis strongly affect
the intraventricular vortex structures and

transport’®. For example, the BP and BL

normal heart, but the BL valve generates
higher shear in the hinge regions which
increases shear-induced platelet activation %
2. The TD valve in the septal orientation
produced a reverse flow and vortex pattern,
impairing LV washout and retaining shear

activated fluid’?®.

On the clinical side, each prosthesis type
is linked with particular complications, e.g.,
higher thromboembolic risk for TD, increased
bleeding rate for BL, and a higher rate of
deterioration and stenosis for BP™'. An
important link between clinical complications
and prosthesis design is the fluid dynamics as
triad™.  Shear

activated platelets which are subsequently

described by Virchow's

exposed to regions of flow stasis are prone to
aggregate, resulting in a thrombus that can
stroke.  This
characteristic of blood-

embolize and cause a
phenomenon s
contacting devices and carries greater risk
are combined, e.g. MV
During LVAD

support, the interaction between the MV

when devices

replacements and LVADs.

prosthesis and LVAD affects intraventricular
flow, and likely increases the associated TE
risks. Several studies have evaluated
outcomes for patients with MV prostheses
during LVAD support. MV thrombus has been
observed in LVAD patients with pre-existing
mitral BP %", but not with MHV 2" To
further inform the link between MV prosthesis
design and clinical complications during
LVAD support, the LV flow dynamics were

studied in a mock circulatory loop.
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Methods data acquisition system (LabChart, AD

Experiments were performed with the
SDSU cardiac simulator, a mock loop of the
LVAD-assisted
models of a dilated
fabricated

rubber based on an idealized geometry of the

circulation???.  Transparent
left ventricle were
from platinum-cured silicone
human heart. A porcine valve prosthesis (26-
mm Medtronic Mosaic) was placed in the
Each of the six MV

models/orientations tested are shown in

aortic  position.
Figure 1B and included: a 25-mm Medtronic
305 Cinch bioprosthesis (BP), a Medtronic Hall
tilting-disk mechanical heart valve (MHV)
positioned with the large orifice directing flow
toward the free wall (TD-F), or toward the
septal (TD-S) and a Carbomedics MHV
positioned at a 45° angle (BL-45), the
anatomical (BL-A), and anti-anatomical (BL-
AA) orientations. A HeartMate Il continuous
flow LVAD (HMIl) was attached by inserting
the inflow cannula through an apical sleeve of
the silicone LV until it was flush with the LV
apical border and secured with zip ties. Tygon
tubing (16 mm diameter) replaced the LVAD
outflow graft and was connected to the
ascending aorta at a 90° angle approximately
15 mm distal to the aortic root. The assembly
was immersed in a water-filled tank and
attached to a Windkessel model of the
systemic circulation. Pressure transducers
(Abbott Transpac IV, Abbott Labs; Chicago IL)
and flow sensors (Transonic Systems 10PXL
and 20PXL; Ithaca, NY) placed as shown in
Figure 1. High fidelity (200Hz) signals were
measured for LV pressure (LVP), aortic root
pressure (AoP), LVAD flow rate (Quvap), and
distal aortic flow rate (Qsys) using a commercial

Instruments). The circulating fluid was a
viscosity-matched blood analog consisting of
40% glycerol and water (viscosity of 3.72 cP at
20 C) and was seeded through the left atrial
with  20-pm

fluorescent particles during imaging.

chamber neutrally buoyant
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Figure 1: (A) The SDSU cardiac simulator is a mock circulatory loop that reproduces the fluid dynamics of
the dilated cardiomyopathy (DCM) heart. The left ventricle is a silicone rubber model positioned with a
left ventricular assist device (LVAD) attached inside of a transparent fluid-filled chamber. (B) Three mitral
valve prostheses were tested in different orientations under matched hemodynamic conditions (from left
to right): porcine bio-prosthesis (BP); tilting disk mechanical heart valve (MHV) in the septal (TD-S) (top),
and free wall (TD-F) (bottom) orientations; bileaflet MHV in anatomical (BL-A) (top), anti-anatomical (BL-
AA) (middle), and 45° angle (BL-45) (bottom) orientations.

A laser light sheet 1-2 mm in thickness 700-2000ps. Interrogation windows of 32x32

focused on the long-axis plane of the LV
illuminated the particles within the LV model
while a LaVision Digital Particle Image
Velocimetry system (LaVision, Inc) captured

12-bit digital images with a time interval of

applied to a field of 1376x1040 pixels obtain

a spatial resolution of 14 pixels/mm.
Triggered image pairs were acquired at 40 Hz
for each condition and phase averaged. A

mask corresponding to the LV boundary was

4
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generated at each time frame and applied to
remove the image background. The image
field was calibrated using a grid with 2-mm
spacing covering the field of view and the
v(x,y,t)
obtained for a single cardiac cycle for each

two-dimensional  velocity  field

condition.

A Pre-LVAD patient with an ejection
fraction of 20% was established with the LVAD
off and the LVAD outflow conduit clamped.
The Pre-LVAD
simulator achieved a mean aortic pressure of

settings for the cardiac

57 mmHg and a cardiac output of 2.54 L/m
(corresponding to a 20% ejection fraction) at
a heart rate of 72 bpm, representing a NYHA
Class IV heart failure patient #?°. Two different
HMII LVAD speeds were tested: 8000 (low)
and 11,000 (high) rotations per minute (rpm).

Data Analysis

For the hemodynamic parameters, ten
cardiac cycles recorded during the imaging
period were downsampled to 10 Hz for each
flow condition and averaged. The aortic
pulsatility index (Pl) was calculated as the
range (maximum - minimum) of Q. divided
by the average for 10 cardiac cycles.

Image Analysis

A single representative cardiac cycle was
calculated from the ensemble-averaged
image sequence. Velocity field data v(x,y,t)
were analyzed to calculate regional flow
stasis, vortex dynamics and other surrogate
markers of thromboembolic event risk. Small
user-defined regions of interest (ROls) of at
least 50 pixels were selected at the MV, aortic

valve and LVAD inflow cannula as shown in

Figure 2 and the average velocity computed
during the cardiac cycle. The velocity profile
along the line located 20 mm from the MV
annulus was computed at the peak of E- and
A- wave for six types of prosthesis valves
during 8k and 11k LVAD support. The velocity
of inflow toward the left ventricular apex was
designated as positive, while the flow toward
the aortic valve (away from the apex) was

designated as negative.

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/3551


https://esmed.org/MRA/index.php/mra/article/view/3551

Medical

Rese.arch The Effect of Mitral Valve Prostheses Design and Orientation on Left Ventricular
Archives Flow during Left Ventricular Assist Device Support
o gow
w s
s Jon
s Jon
2 Moz
() Vy
........ we [ ose
we gl oss
e o
() Vy
e [om

-50 40 -30 -20 10 0

--20

-25

--30

20 30 40 50 60

Figure 2. Image analysis of the velocity field included regions of interest (ROI) used to calculate the

average y-component velocity (Vy ) as a function of time during the cardiac cycle at the mitral valve (MV)

inlet, aortic valve (AV) outlet and left ventricular assist device (LVAD) outlet. The positive (+) and negative

(-) directions defined for Vy are shown in the diagram.

Vortices were identified in the recorded
velocity fields and their dynamical properties
tracked as previously described??. Vortex
identification  enables visualization and
quantification of swirling coherent structures.
In two dimensions, the three-dimensional LV
vortex ring is visualized as two cores
corresponding to the intersections between
the mitral vortex ring and the imaging plane,
one rotating in the clockwise (CW) direction
and the other in the counter-clockwise (CCW)

direction.

Blood Residence Time

Blood residence time (Tr) was determined
using the modified advection equation, as
described in detail in previous publications®?’.

The equation was integrated in time for

which
convergence to a periodic solution.

twenty cardiac cycles, ensured

Statistical Analysis

The hemodynamics properties (LVP, AoP,
Qys, Quvap and Aortic Pl) for different valve
prostheses at 8k and 11k rpm LVAD speed
were tested for normality using the Shapiro-
Wilk test. A Kruskal-Wallis one-way ANOVA
test was used to assess the statistical
significance for the 8k and 11k groups, and
the Wilcoxon Rank-Sum test with Bonferroni
correction used for pairwise comparisons.

Significance was achieved for p < 0.01.

Results
Six combinations of MV prosthesis design
and orientation were tested for a cardiac
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ejection fraction of 26% and two different
speeds of LVAD support (8 and 11 krpm). At
the lowest LVAD speed, mean aortic pressure
was maintained at 83 £ 3 mmHg. When LVAD
speed was increased, the mean aortic
pressure increased to 118 * 4 for all valve
conditions. The mean flow rate through the

LVAD and aortic valve varied somewhat

across the different valve designs and

orientations as shown in Table 1. As LVAD
speed changed from 8 to 11 krpm, the AoP,
Quvap, and Qg increased by 42%, 80%, and
26%, respectively while aortic Pl decreased by
54%. The fraction of total cardiac output
exiting the LV through the LVAD can be
calculated from the ratio of Quvap to Qs and
increased from 60-70% at 8 krpm to over 90%
at 11krpm.

Table 1. Bulk flow and pulsatility index (Pl) averages ( + SE) for 10 cycles measured for

each valve and LVAD speed condition.

Condition Qsys (L/min) Quvap (L/min) Aortic PI
BP 4.14 + 014 2.65 £ 0.01 3.68
TD-F 4.31 + 0.01 2.54 £ 0.01 3.75
;;’;% TD-S 4.48 + 0.01 2.83 1 0.00 4.16
8 krpm BL-AA 4.05 4 0.01 2.95 4 0.01 3.25
BL-A 4.34 + 0.01 2.98 £ 0.01 3.38
BL-45 4.24 + 0.01 2.81 £ 0.01 3.66

Qsys (L/min) Qvvap (L/min) Aortic Pl
BP 5.20 + 0.01 4.89 £ 0.01 1.49
TD-F 5.28 + 0.01 4.75+ 001 1.79
DUl TD-S 5.62 + 0.01 5.14 £0.00 1.99

Speed =

11 krpm BL-AA 5.24 + 0.01 4.95 £ 0.01 1,52
BL-A 5.50 + 0.01 5.33 £ 0.01 146
BL-45 5.33 + 0.01 5.07 £ 0.01 1.71

The velocity fields in the LV mid-plane for
selected instants of the cardiac cycle are
shown in Figures 3-5, illustrating the flow
dynamics produced by each valve case for
LVAD support at 11krpm. As reported in
studies, the LV flow patterns
with  dilated

characteristic

previous
observed in  patients
cardiomyopathy reflect

features. The BP valve (Figure 3) is the only

prosthesis with a trileaflet design that features
a central orifice and serves as the baseline for
physiological comparison. BP valve inflow in
early diastole (E-wave) is reduced during
LVAD support,
contractility condition when no LVAD support

compared to the same
is present. When the MV opens, a vortex ring
forms that elongates toward the septum and

attenuates towards the free wall. The vortex
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ring asymmetry is quantified from the 2-D
midplane which captures the cross section as
two counter-rotating vortices. The CW vortex
is larger than the CCW vortex, and exhibits
greater vortex circulation and kinetic energy.
During diastolic filling, the CW vortex first

moves toward the LV center and then changes

Incoming E-wave

Early diastole

At the

same time, the CCW vortex travels along the

direction towards the aortic valve.

free wall towards the apex and the LVAD
inflow cannula. A smaller vortex ring forms
during atrial contraction (A-wave) that
reinforces the same vortex trajectories as

illustrated in Figure 3.

Systole

Figure 3. The bioprosthetic heart valve most closely replicates the large central orifice of the native

valve, which creates the asymmetric vortex ring that dominates diastolic flow. During systole, the flow

exists through the apical LVAD rather than the native aortic valve.

The tilting disc design has two orifices of
unequal size that create a biphasic velocity
profile and predispose asymmetry of the
mitral vortex ring that forms in early diastole.
As shown in Figure 4, the two orientations of
the TD mechanical valve show skewed inflow
velocity distributions, with large velocity
gradients across the width of the prostheses.
These gave rise to multiple E-wave vortices
that merged during the A-wave. When the
bigger orifice was directed toward the free
wall (TD-F), the incoming flow becomes
entrained in the larger vortical flow within the
LV and contributes to maintaining the fluid
momentum. The TD-F valve exhibited a
strong inflow jet attached to the lateral wall
and a more persistent CW vortex than the BP
valves. This pattern is reflected in the velocity

profiles, which were not symmetric and
peaked toward the free-wall. When the larger
orifice was directed toward the septum (TD-
S), mitral inflow forms a strong CCW vortex
that pushes the incoming flow towards the
septum where it lost momentum. The
dominant and persistent CCW vortex resulted
in a complete reversal of the normal flow

pattern and increased residence time.
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Incoming E-wave Early diastole

Mid diastole

Figure 4. The tilting-disk mechanical heart valve produces asymmetric inflow when the larger orifice is
oriented towards the free wall (top row) or septum (bottom row). The free wall orientation produces a
large CW vortex while the septal orientation results in a reversed vortex pattern, in which the incoming

flow crosses the path of the flow exiting through the aortic valve.

The bileaflet or “butterfly” valve design
opens into three separated regions as shown
in Figure 1B. The BL design altered the
diastolic flow pattern through the MV,
although the overall swirling motion of blood
was less affected (Figure 5). Depending on the
orientation of the valve, the midplane reflects
the intersection of the three flow streams. The
BL-A exhibited distinct vortex formation
during early diastole and velocity inflow
profiles with two distinct peaks corresponding
to the two large openings. These two
separate flow streams penetrate the left
ventricle, allowing the CW vortex to develop
normally but the CCW vortex is attenuated.
During the E-wave, the CW vortex moved
toward the center then changed direction
toward the MV, opposite to the normal
motion of the CW vortex. The CCW vortex

moved towards the apex and was reinforced
by the A-wave flow. Low LVAD support
produced higher E-wave velocities while the
A-wave profiles were roughly for both LVAD
speeds. The BL-AA orientation exhibits a
large central flow in the midplane that forms a
vortex ring in early diastole and follows a
similar trajectory to the BL-A pattern (Figure
4), but with lower energy as seen in Table 2.
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Table 2. A. Intraventricular vortex properties and B. ANOVA pairwise comparisons summary

for six MV prostheses flow conditions during LVAD speeds of 8 and 11 krpm.

A.

Vortex Properties 8k LVAD BP TD-F TD-S BL-AA BL-A BL-45
Total Kinetic energy (mJ/m) 3.26+0.72 3.37 £ 0.39 2.86 +0.63 3.31+0.65 2.02+0.25 2.04 +0.37
Kinetic s g o e 5o | 2544056 | 2.93+0.31 1.0140.35 | 2434040 | 1574017 | 1.32+0.19
energy CCWt
(mJ/m) 5t 8%, 9%, 127, 147, 0.7240.26 0.4440.11 1.84+0.36 0.8940.32 0.46+0.09 0.7240.19

15**
#1578N 912 | 01784257 | 30.6042.20 | 6.24+1.28 | 22.65+1.80 | 20.22+0.97 | 17.78+1.17
Circulation 147,18
(x10° m?/s) CCW
S8 OITZNL | 4704006 | -4.1740.72 | -20.2541.62 | -7.2140.86 | -4.66+0.74 | -6.54+1.12
15*
CWT
3,4°15%, 8%, 9,10 0.73+0.04 | 097+0.05 | 040+0.02 | 0.82+0.05 | 0.76+0.04 | 0.73+0.04
11**, 12**%, 14**, 15
Radius (cm)
578797 12" | 0304001 | 0.2640.01 | 074+0.04 | 0244001 | 0.314£0.01 | 0.35+0.01
147, 15"
Aspect e 1624008 | 1514006 | 1.85+0.10 | 1.65+008 | 1.584+0.06 | 1.50+0.06
Ratio CCW1 1.6240.07 | 157+0.09 | 1.78+40.09 | 1.84+0.08 | 1.45+0.07 | 1.48+0.08
Vortex symmetry CW-CCWt 2564019 | 3.7740.31 | 0.76+0.09 | 3.604025 | 220+0.13 | 2.04+0.18
B.
Vortex Properties 11k LVAD BP TD-F TD-S BL-AA BL-A BL-45
JotalKinetic energy (MI/M)T | 309+070 | 3.06+040 | 323+0.70 | 0.66+0.15 | 2.07+025 | 2.02+0.31

o 238789 | 9474055 | 2.5640.30 | 1.084042 | 0.49+0.11 1584019 | 1.40+0.17
Kinetic 10%, 1%, 12*%, 13*, 15
(maim) oowr

57,9707 A1, 127, 0.62+0.17 0.19+0.05 2.05+0.37 0.21+0.08 0.54+0.09 0.64+0.15
14+, 15"
CWt
IS 0N | 99294249 | 27.0342.06 | 6314153 | 9.00+1.11 | 19.2740.94 | 18.41+0.93
Circulation e e et
(x10° m%s) CCW+t
25,819 10117120 | 4204058 | 1.8640.42 | -21.1241.90 | -2.8340.52 | -5.1040.64 | -6.314+1.09
14, 15
CWt
SLASTIEN | 071£0.04 | 1.04+£0.05 | 0.46+0.03 | 1.05+0.05 | 0.87+0.05 | 0.85+0.05
Radius (cm) 127,147, 15
g0 o | 0274001 | 0304003 | 0.90+0.06 | 0.38+0.06 | 0.35+0.02 | 0.40+0.03
Aspect CW1 1.6040.08 | 1.62+0.05 | 2.06+40.19 | 1684010 | 1.64+0.06 | 1.54+0.06
Ratio cowt 1.7620.11 1894024 | 2074010 | 2.54+0.41 1.684+0.08 | 1.76+0.19
Vortex symmetry CW:CCWt 2864019 | 3584037 | 0744011 | 3474039 | 2.55+024 | 2.46+0.25

Average + standard error for the cardiac cycle; CW: clockwise, CCW: counter clockwise vortex core.
1 Statistical significance (p < 0.05) for mitral valve prosthesis design.

ANOVA pairwise
'BP vs. BL-45
5BL-45 vs. BL-A
B -A vs. BL-AA
BL-AA vs. TD-F
*TD-F vs. TD-S

Significance codes: 0 *“* 0.001 ** 0.01 *’

comparisons:
2BP vs. BL-A °BP vs. BL-AA
’BL-45 vs. BL-AA 8BL-45 vs. TD-F
"BL-Avs. TD-F 2BL-A vs. TD-S

“BL-AA vs. TD-S

“BP vs. TD-F
9BL-45 vs. TD-S

BP vs. TD-S
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Incoming E-wave Mid diastole

Figure 5. The bileaflet mechanical heart valve has a narrow central and two larger passages which can
be oriented parallel, perpendicular, or at an angle to the midline. The anatomical orientation (top row)
exhibits two flow peaks generated by the larger passages, which the other two orientations (anti-
anatomical, middle row; 45° angle, bottom row) produce asymmetric vortex rings similar to the
standard pattern of the bioprosthesis.

During the A-wave, the inflow velocity profile  profile during the E- and A-waves as displayed

is shifted toward the free wall and the CCW  in Figure 6.
vortex forms while the CW vortex is not
visible. The BL-45 orientation is rotated with
the larger section towards the LV center,

producing an asymmetric inflow velocity
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Figure 6. Vertical y-component velocity profiles along the lines 20 mm from and parallel to the MV annulus,
at peak E and A wave inflow during 8 krpm and 11 krpm LVAD support for the six MV prosthesis cases.

The CW and CCW vortices form and move  shape with a reduced magnitude compared

along the trajectories depicted in Figure 7,  to the same condition without LVAD support®.
with  similar  circulation and  energy
characteristics as the BL-A orientation. The

inflow velocity profile exhibits a parabolic
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E-wave contribution

A-wave contribution

BP: —  CWand ..__ CCW
TD_F: CW and CCW
TD_S: CW and CCW
BL AA: ____ CWand ____ CCW
BL_A: CW and CCw
BL 45: —_ CWand ---- CCW

Figure 7. Vortex core trajectories as the result of the E-wave and A-wave inflow contributions are shown

for six orientations of MV prostheses during 11

krom LVAD support: clockwise (CW) and

counterclockwise (CCW) (t symbol indicates the merging to vortices).

Blood Residence Time

Tr maps of the LV following 20 cardiac cycles
are shown in Figure 8 for the different valve
designs and configurations and both LVAD
speeds. The BP case exhibited the lowest Tk,
with no regions with residual area (Tr > 2 s)
during different LVAD support levels. At the
low LVAD support level, Tz of BL-AA was
slightly worse than the BP valve but had no
residual area. The BL-A, BL-45, and TD-F had
a relatively similar Tg. The residual area of BL-
45 is lowest among those three, spreading
along the LVOT. The BL-A has the largest
residual area, mostly confined to the LV
center, while the TD-F valve residual area was
localized underneath the AV base and in the

LV center. The reversed swirling pattern
introduced by the TD-S valve impaired LV
washout, leading to the highest Tr and region
with Tr = 5 s at the MV base. During high
LVAD support, BL-A had a
reduction in Tr and residual area, followed by
the TD-F case as reported in Table 3. The
other BL cases, however, had higher average

significant

times and some Tr region = 2 s. The TD-S Tg
increased dramatically (more than 3-fold),
covering approximately 90% of the LV

midplane area.
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BP TD-F DS

Figure 8. Residence time (RT) maps for each valve condition during 8krom LVAD support after the 20*"
cardiac cycle. The average RT is shown in each frame. A. LVAD speed of 8krpm B. LVAD speed of 11
krpm.
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Table 3. Residence time and transport characteristics for the six valve conditions and two LVAD

speeds.
. 0 o\ | Average Tr of are:

Condition Tr_ave (s) % of area > 2's (%) >9s

BP 0.56 N/A N/A

TD-F 1.52 33.99 2.43

LVAD Speed TD-S 3.43 52.89 3.05

8 krpm BL-AA 0.99 N/A N/A

BL-A 1.36 66.84 2.32

BL-45 1.01 16.06 2.08

BP 0.64 N/A N/A

TD-F 1.05 21.24 3.21

LVAD Speed TD-S 12.64 89.10 7.56

11 krpm BL-AA 0.97 N/A N/A

BL-A 0.86 9.00 1.92

BL-45 1.38 47.15 2.82
Discussion through better apical washout during LVAD
This study presents a side-by-side  support, with the large inflow jet producing

comparison of intraventricular flow patterns
generated by different MV prosthesis designs
and orientations in an in vitro dilated heart
failure model during LVAD support. Under
these conditions, the BP valve produced the
most efficient left ventricular washout due to
the high inflow jets and strong CW vortex
circulation limiting stasis flow formation. The
BP also exhibited the lowest Tk in comparison
to other valve types and positions, although
LVAD support slightly increased Tz and
introduced some region of high Tr near the
MV. In contrast, the TD-S case exhibited a
reverse vortex pattern with a large CCW flow
swirl causing a collision of the inflow and
outflow jets, which were previously linked to
lower mechanical efficiency and higher risk of
thromboembolic  events®?®, and heavily
impacted LV flow transport as reflected in the
high Tr associated with TD-S. The TD-F case

produced a flow pattern that enhanced Tg

the asymmetric vortex pattern associated with
normal LV flow. Regions of flow stasis, shown
in red, were mostly localized near the AV base
and LV center during low LVAD support.
However, they expanded to spread along the
left ventricular outflow tract and towards the
MV, potentially posing a risk of ventricular and
valvular thrombosis. For the BL valves,
increasing LVAD support improved flow
mixing and transport, resulting in lower
average Tr in the anatomical position, but
increased Tr and introduced residual flow
regions along the left ventricular outflow tract
in the anti-anatomical and 45° positions.

Characterization of the intraventricular
flow field, including vortex dynamics, and Tg
provides insight into assessing the risk of
thromboembolic risk. Diastolic vortical flow in
the LV was first observed back in 1995 and has
studied and
characterized®# ' Inflow through the native

been extensively
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MV produces a vortex ring which grows
asymmetrically due to the shape of the left
ventricle. As viewed in the midplane, the
cross-section of the ring shows two counter-
rotating vortex cores on either side of the MV.
The vortex adjacent to the free wall rotates in
the CCW direction and dies along the wall as
diastole progressed, but the CW vortex core
grows in size as mitral inflow is redirected
towards the aortic valve® resulting in efficient
filling and limited dissipated energy®. The
flow pattern is significantly altered in dilated
cardiomyopathy (DCM) due to changes in left
ventricular geometry and function that affect
blood transit and vortex formation?3334, The
vortex dynamics of DCM patients showed a
well-rounded CW vortex near the MV, causing
lower velocity propagation and favoring stasis
flow at the LV apex®. Echocardiographic
reported that DCM hearts
demonstrated larger CW vortex circulation

assessment

and kinetic energy than healthy hearts®.
Large residual volume has been found in DCM
patients®® and linked to thrombosis in acute

myocardial infarction?¥,

MV  design

greatly impacts the resulting intraventricular

As described previously,

flow by shaping the diastolic inflow®. The
large central orifice of the BP design produces
a single high velocity jet that generates the
characteristic vortex ring. A misaligned BP or
the TD with the large orifice oriented toward
the septum creates a reverse vortex pattern,
and the BL design splits the incoming flow in
two, reducing the strength of the diastolic
vortex (see Figure 9). These patterns are also

influenced by mitral repair procedures such as

annuloplasty and Mitraclip  placement.
Surgical MV repair has emerged as a viable
alternative to replacement in selected cases.
Mitral regurgitation can be addressed with
ring annuloplasty, in which the mitral annulus
is sutured to a stiff ring to decrease the orifice
diameter. The procedure produces a smaller
orifice that results in a higher velocity inflow,
similar to the BP valve replacement®. MV
prolapse may be treated with a MitraClip
(Abbott Laboratories Inc), and effectively
splitting the incoming flow into two jets that
dissipate energy, increase shear, and reduce

vortex strength similar to the BL MHV*.
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Standard Reverse

Split

Figure 9. lllustrations of the intraventricular flow patterns observed in this study. The standard pattern

exhibits a vortex ring in the midplane that grows asymmetrically towards the aortic valve. The reverse

pattern results from inflow aimed at the septum, which allows the CCW vortex to grow. The split inflow

dissipates energy but develops into an asymmetric vortex pattern. The majority of flow exited through

the apical LVAD.

Previous  publications  reported  that

preexisting prosthesis MV (biological or
mechanical) could be left in place upon LVAD
implantation without any significant impacts
on the pump function or TE risk, while special
attention was needed to ensure proper
anticoagulation management' 7240 However,
these practices are not well informed
regarding the flow abnormalities, a gap which
has been filled by the results of the present
study. Higher LVAD support limited aortic
valve opening, introducing larger regions of
residual flow, especially around the aortic
valve and left ventricular outflow tract. Further
consideration of restoring intraventricular flow

vortex behavior may result in new strategies

for mitral repair and replacement for patients
receiving LVADs.

Limitations

The cardiac simulator is a reproducible
testbed for exploring the flow interaction of
LVAD support with the native circulation, but
has limitations on

some aspects of

physiological control, including lack of

autoregulation and  the  Frank-Starling
response. The system is open-loop, and the
pressure equilibrated at the left atrial chamber
and maintained constant throughout the
study, thus preload alterations are not
included in the system response and suction

conditions are avoided. The dilated left
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ventricle geometry is idealized from clinical
measurements and is not a patient-specific
model, but captures the significant features
that govern the intraventricular flow
dynamics®**".  While the blood analogue
solution is standard for these studies, it does
not replicate many features of blood including
temperature-dependent  rheology  and
coagulation. In addition, the relationship of
vortex formation and fluid velocity in the left
ventricular midplane does not capture the full
three-dimensional nature of the flow field, or
account for the Tr of particles as they pass
through the chamber. The

averaging imaging method utilized only 10

ensemble

frames at each time point. The uncertainty of
the average velocity fields at each time point
was below 5%, except for the 5 frames during
the early E-wave. In those frames, the
maximum uncertainty was 25% and only

visible in the mitral inflow region.

Conclusion

Intraventricular flow field indices for six
different MV prosthesis designs/orientations
under matched low cardiac output conditions
during low and high LVAD support were
measured in a cardiac simulator. The presence
of the LVAD did not substantially alter the
The BP valve

provided the most natural intraventricular flow

overall vortex formation.
dynamics over the range of LVAD speeds
while the TD-S severely impaired LV washout.
This finding suggested that BL has a lower risk
of thromboembolism for MHV in the mitral
position, particularly in DCM patients that
receive a LVAD. However, depending on the
level of LVAD support level, optimizing the
orientation of the BL valve may produce
better flow mixing and transport.
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