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Abstract Our group has developed an electrohydraulic
total artificial heart (EHTAH) with two diaphragm-type
blood pumps. Cavitation in a mechanical heart valve
(MHV) causes valve surface damage. The objective of
this study was to investigate the possibility of estimating
the MHV cavitation intensity using the slope of the
driving pressure just before valve closure in this artificial
heart. Twenty-five and twenty-three-millimeter Medtronic
Hall valves were mounted at the inlet and outlet ports,
respectively, of both pumps. The EHTAH was connected
to the experimental endurance tester developed by our
group, and tested under physiological pressure condi-
tions. Cavitation pits could be seen on the inlet valve
surface and on the outlet valve surface of the right and
left blood pumps. The pits on the inlet valves were more
severe than those on the outlet valves in both blood
pumps, and the cavitation pits on the inlet valve of the
left blood pump were more severe than those on the inlet
valve of the right blood pump. The longer the pump
running time, the more severe the cavitation pits on the
valve surfaces. Cavitation pits were concentrated near the
contact area with the valve stop. The major cause of
these pits was the squeeze flow between the leaflet and
valve stop.
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Introduction

In previous studies we investigated mechanical heart valve
(MHYV) cavitation in an electrohydraulic total artificial heart
(EHTAH) [1], and we reported the mechanism for MHV
cavitation and the cavitation intensity. We also observed the
generation, growth and collapse of cavitation bubbles near
one of the heart’s valve stops after valve closure. When
cavitation occurs near the material surface of a MHV, this
rapid collapse may cause a high-speed micro-jet and shock
waves, which cause cavitation on the valve surface [2, 3].
Microscopic pitting was observed on the leaflet surface and
hinge of a MHV after implantation, and this pitting might be
causing the cavitation phenomenon [4-6]. Dexter et al. [7]
reported negative pressure below the vapor pressure near
the leaflet in an animal experiment.

The flow through the major orifice of the tilting disc
valve acts on the diaphragm-housing junction of the blood
pump [8], and this creates a washout effect inside the blood
pump that helps to prevent thrombosis. For this reason we
selected the Medtronic Hall valve for use in our EHTAH. In
this study, we investigated the possibility of cavitation of
the Medtronic Hall valve during in-vivo testing using our
EHTAH. In an earlier study, even if there was no significant
hemolysis, cavitation pits could be found on the valve
surface near the valve stop [9]. In addition to this result, the
cavitation pits can more severe with long-term use.

In this study, we investigated cavitation pits of the MHV
surface using a durability test in a long-term experiment to
investigate the durability of the MHV in our EHTAH.
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Fig. 1 The electrohydraulic total artificial heart. a actuator, b right
blood pump, ¢ left blood pump, d control cable

Materials and methods

The EHTAH we developed consists of two diaphragm-
type blood pumps [9], an actuator and a controller
(Fig. 1). The actuator is connected to both blood pumps,
which are filled with silicon oil. The silicon oil drives
the blood pump by the forward and/or reverse rotation of
the impeller inside the actuator. The revolutionary speed
of the impeller and the systolic ratio are controlled by the
controller. The total volume of the left and right blood pumps
was 390 mL, and the pumps have a stroke volume of 75 mL.
Twenty-five and twenty-three-millimeter Medtronic Hall
valves (Medtronic, Minneapolis, MN, USA) were mounted
at the inlet and outlet ports, respectively, of both blood
pumps (Fig. 1).

The EHTAH was connected to the endurance experi-
ment tester under physiological pressure conditions
developed by our group (Fig. 2). It was placed in physio-
logical saline at 36°C. The EHTAH consists of four
chambers, a right atrium chamber, a pulmonary chamber,
an arterial chamber, and a left atrium chamber. In the case
of the right blood pump, fluid flows from the right atrium
chamber (RA) into the right blood pump and is then
pumped into the pulmonary arterial chamber (PA). In the
case of the left blood pump, fluid flows from the left atrium
chamber (LA) into the aortic chamber (Ao) (Fig. 2). The
pump rate was fixed at 80 and 120 bpm, and the left sys-
tolic ratio was fixed at 50%. The motor revolution speed
was 1,100 rpm for the left systole and 900 rpm for the right
systole (Table 1). Cavitation pits on the valve surface were
compared for three different sets of running conditions—
valve-closure cycles of 40.78, 89.16, and 134.26 x 108
cycles (Table 1).

As working fluid, tap water at 36°C was used. A pres-
sure transducer (PA-500; Copal Electronics, Tokyo, Japan)
was used to measure the driving pressure of the right and
left blood pumps.
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Fig. 2 Mechanism for endurance testing of the electrohydraulic total
artificial heart

Results

Three endurance tests were stopped by the seal failure of
the pump. When this happened the valve-closure cycle
ranged from 40.78 to 134.26 x 10° cycles (equal to 354
1,165 days for normal conditions of 80 bpm). Throughout
the testing, the mean left atrium and mean aortic pressures
were maintained at 10 and 110 mmHg, respectively, and
the mean right atrium and mean pulmonary artery pressures
were maintained at 10 and 30 mmHg, respectively (Fig. 3).

The maximum left driving pressure (LDP) and right
driving pressure (RDP) reached 320 and 100 mmHg,
respectively (Fig. 4), and the minimum LDP and RDP
reached —80 and —100 mmHg, respectively. The EHTAH
was run by an actuator, which drives the blood pump by
using silicone oil to conduct movement via forward and/or
reverse rotation of the impeller. The left and right blood
pumps were alternately filled and emptied by the actuator
causing displacement of the diaphragms. In the case of full-
filling and full-emptying conditions for the left blood
pump, the diaphragm was pulled and pushed by the silicon
oil force, and hence the negative (points “A” and “D” of
Fig. 4) and positive (points “B” and “E” of Fig. 4) peak
pulse pressure was generated. During the LDP and RDP
waves, the slope of the pressure increased suddenly during
the systolic phase (points “C” and “F” of Fig. 4). In a
previous study, we estimated that this point might be the
valve-closure point [1]. Even with the blood pump oper-
ating under stable conditions, the LDP slope 5 ms before
valve closure was irregular (points “C” and “F” of Fig. 4),
ranging from 7,000 to 13,000 mmHg/s. On the other hand,
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Table 1 EHTAH running conditions for pump endurance testing
Case no. Running Heart rate Motor revolution Motor revolution Left systolic Number of the Event

time (days) (beats/min) speed for the left speed for the right duration (%) valve closure

systole (rpm) systole (rpm) cycle (x10)

354 80 1,100 900 50 40.78 Seal failure

774 80 1,100 900 50 89.16 Seal failure
3 777 120 1,100 900 50 134.26 Seal failure
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Fig. 3 Pressure waves at a heart rate of 80 bpm. a Aortic pressure and
left atrial pressure, b pulmonary artery pressure and right atrial
pressure. Max. AoP maximum aortic pressure, Min. AoP minimum
aortic pressure, Max. LAP maximum left atrial pressure, Min. LAP
minimum left atrial pressure, Max. PAP maximum pulmonary artery
pressure, Min. PAP minimum pulmonary artery pressure, Max. RAP
maximum right atrial pressure, Min. RAP minimum right atrial pressure

the RDP slope 5 ms before valve closure pressure change
ranged from only 5,200 to 8,500 mmHg/s.

A photograph of the valve surface after endurance
testing is shown in Fig. 5. This valve was run at a heart rate
of 80 bpm for 354 days of running time. Cavitation pit
marks were found to be concentrated on the area in contact
with the valve stop (Fig. 5). Enlarged photographs of the
cavitation pits appear in Figs. 6, 7, 8. The cavitation pits
could be seen on the inlet valve surface and the outlet valve
surface of the right and left blood pumps, and the pits of the
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Fig. 4 The left driving pressure (LDP) and right driving pressure
(RDP) waves at a heart rate of 80 bpm

inlet valves were more severe than those of the outlet
valves in both blood pumps (Figs. 6, 7, 8). The cavitation
pits of the inlet valve of the left blood pump were more
severe than those of the inlet valve of the right blood pump
(Figs. 6, 7, 8). The intensity of the cavitation pits increased
with increasing number of valve-closure cycles. The large
cavitation pits were over 3 um in diameter (Figs. 6, 7, 8).

Discussion

In general, the causes of cavitation in MHVs include the
Venturi effect caused by flow after valve closure in the
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Fig. 5 Photograph of the valve surface after endurance testing. This
valve was run at a heart rate of 80 bpm for 354 days of running time

narrow gap between the leaflet and valve housing, the
water hammer effect caused by the sudden stop of the
valve, and the squeeze flow that can occur in the narrow
gap between the leaflet and valve stop during the final
period of valve closure [10-14]. In a previous study, we
observed cavitation pits on-the valve surface where it
contacted the valve stop in in-vivo testing [9]. In our latest
study we conducted endurance testing for over 1 year, and
most of the cavitation pits were observed near the area in
contact with the valve stop (Figs. 6, 7, 8). This means that
the major cause of MHV cavitation is the squeeze flow.
The squeeze flow velocity is proportional to the
valve-closure velocity and the area of the valve stop [14].
In theory, when the squeeze flow velocity is faster than
14 m/s (u= (2p/p)1/2 = 14 m/s), the pressure falls below
the vapor pressure of the working fluid, and then cavitation
bubbles are generated [14]. When cavitation occurs near
the material surface of an MHYV, this rapid collapse may
cause a high-speed micro-jet and shock waves, which cause
cavitation pits on the valve surface. The larger the cavita-
tion pits observed near the valve stop, the longer the valve-
closure cycle (Fig. 8). This suggests overlapping multiple
sessions ‘of cavitation pitting, which raises the possibility
that wider cavitation pits form with long-term exposure to
cavitation.

As in the previous study [9], both the LDP slope and
RDP slope at 5 ms before valve closure exceeded the
cavitation threshold (Fig. 4) in our latest study. The LDP
slope was larger than that of the RDP, which means that

@ Springer

the inlet valve-closing velocity of the left blood pump was
higher than that of the right blood pump. This was the
major reason why stronger and larger cavitation pits were
generated in the inlet of the left blood pump than in the
inlet of the right blood pump (Figs. 6, 7, 8). This means
that the high slope of the driving pressure led to an
increase in not only the number of cavitation pits but also
the area in which the cavitation pits occurred. In a pre-
vious study, we confirmed the possibility of cavitation at
the outlet valve of an artificial heart [15]. Even if the RMS
pressure caused by cavitation of the outlet valve was less
than that of the inlet valve, there is a possibility of cavi-
tation at the outlet valve [15]. Moreover, the valve was
closed by the pressure difference between the after-load
and the ventricular pressure, and its pressure difference
correlated with the cavitation intensity [15]. As shown in
Fig. 3, the after-load of the outlet valve of the right blood
pump was less than that of the left blood pump, which
might have reduced the cavitation pits near the outlet
valve of the right blood pump.

In order to estimate the endurance for not only the
MHYV but also the EHTAH, the EHTAH was placed in
physiological saline at 36°C. Moreover, because of the
difficulty of maintaining fluid viscosity, caused by the
vaporization of the water, in this study we used tap water
as the working fluid. It differs from blood at body tem-
perature in viscosity and vapor pressure. Graf et al. [16]
reported that cavitation thresholds obtained in the pulsatile
mock loop with tap water were lower than those in whole
blood. Therefore, when an artificial heart is implanted in a
human, more severe cavitation pits than those generated in
this study may occur. To try to prevent this problem, we
experimented with a variety of working fluids [1]. The
probability of occurrence of cavitation was higher for tap
water than for glycerine solution, which has the same
viscosity and vapor pressure as blood. This means that tap
water contains particles that cause an increase in the
probability of occurrence of cavitation. Accordingly, we
believe that blood, which contains a variety of particles,
for example red cells, lymphocytes, and monocytes, can
play a crucial role in the induction and course of
cavitation.

In general, the concentration of the Pco, is important for
the rate of growth of gas bubbles [17]. In a previous study
the EHTAH was connected to the Donovan mock loop
tester with a rigid tube, and the relationship between cav-
itation intensity and the Pco, was investigated using
glycerine solution as the working fluid [18]. We found no
significant difference between the Pco, and the cavitation
intensity in an EHTAH [18]. Because the MHVs mounted
in the EHTAH close much faster than in ordinary use, a
more rapid squeeze flow occurred surrounding the valve
stop. In this study, the EHTAH was connected to the
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Fig. 6 Scanning electron
micrograph of the valve surface
run at a heart rate of 80 bpm for
354 days of running time.

a Inlet valve surface of the left
blood pump, b outlet valve
surface of the left blood pump,
¢ inlet valve surface of the right
blood pump, d outlet valve
surface of the right blood pump

3,000x 3.332m WD: 9.4mm 15kY 20

;o

3,000x ¢ wen WO:11.1mm 15KV 2008/04/0412:50:37 § 3,000x 3.332m WD:10.9mm 15kV 2008/04/07 13:

Fig. 7 Scanning electron
micrograph of the valve surface
run at a heart rate of 80 bpm for
774 days of running time.

a Inlet valve surface of the left
blood pump, b outlet valve
surface of the left blood pump,
c inlet valve surface of the right
blood pump, d outlet valve
surface of the right blood pump

15kV 2008/03/31

3,000x 3.83xm WD:.8.Z2mm
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Fig. 8 Scanning electron
micrograph of the valve surface
run at a heart rate of 120 bpm
for 777 days of running time.

a Inlet valve surface of the left
blood pump, b outlet valve
surface of the left blood pump,
¢ inlet valve surface of the right
blood pump, d outlet valve
surface of the right blood pump

.Bmm 15kV 2008/03/28 15:10:35 §

3,000x 3.33m WD: 9.Tmm 15kV 2008/03/28 16:12:21 3

3,000x 3.33pm WD: S.1mm 15kV 2008/03/28 15:57:58 §

experimental endurance tester, and thus it did not have as
much compliance as the blood vessels. From this fact, the
effect of the gas concentration on cavitation pits might be
ignored when using the experimental endurance tester.

Conclusions

In this study we investigated cavitation pits on the MHV
surface using endurance testing in a long-term experiment.
Cavitation pits appeared on the inlet valve surface and on
the outlet valve surface of the right and left blood pumps,
concentrated near the area in contact with the valve stop.
The major cause of these pits is the squeeze flow between
the leaflet and valve stop. The LDP slope was larger than
that of the RDP, and there was a tendency for the cavitation
pits on the inlet valve of the left blood pump to be more
severe than those of the right blood pump. The longer the
pump running time, the more severe the cavitation pits
observed in both valve surfaces.
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Flow Visualization of A Monoleaflet and Bileaflet Mechanical
Heart Valve in A Pneumatic Ventricular Assist Device Using A
PIV System

HwANSUNG Leg, Eisuke TATsuMI, AND YOsHIYUKI TAENAKA

Our group is developing a new type of pulsatile pneumatic
ventricular assist device (PVAD) that uses the Medtronic Hall
tilting disc valve (M-H valve). Although tilting disc valves
have good washout effect inside the blood pump, they are no
longer in common clinical use and may be difficult to obtain

in the future. To investigate the stability of the Sorin Bicarbon

valve (S-B valve) in our PVAD, we constructed a model pump
made of an acrylic resin with the same configuration as our
PVAD and attempted to compare the flow visualization up-
stream and downstream of the outlet position valve between
the M-H valve and the S-B valve using a particle image
velocimetry (PIV) method. The outlet S-B valve had faster
closure than the M-H valve. The maximum flow velocity was
greater than with the M-H valve. The maximum Reynolds
shear stress (RSS) of the M-H valve reached 150 N/m? and
that of the S-B valve reached 300 N/m? upstream during the
end-systolic and early-diastolic phases. In both valves, the
maximum RSS upstream of the valve was higher than down-
stream of the valve because of the regurgitation flow during
valve closure. In addition, the maximum viscous shear stress
reached above 2 N/m?, which occupied only about 1%-1.5%
of the maximum RSS. ASAIO Journal 2010; 56:186-193.

The use of a mechanical circulatory support device contain-
ing an artificial heart and a ventricular assist device (VAD) has
become a standard therapy for bridge to transplantation. In
recent years, the most frequently used devices are pulsatile
VADs, which use a tilting disc and a tissue valve.-? The flow
through the major orifice of the tilting disc valve acts on the
blood pump in the diaphragm-housing junction,*5 which is
good for the washout effect inside the blood pump and helps to
prevent thrombosis. However, bileaflet valves have low pressure
gradients, central flow, and large effective orifice areas, which
have proven superior to the hydrodynamic characteristics of tilt-
ing disc valves. Thus, the majority of the mechanical heart valves
(MHVs), currently, used clinically have bileaflet valves. Because
a bileaflet valve has central flow, it does not allow a good
washout flow when installed in a VAD. Moreover, blood cell

From the Department of Artificial Organs, Research Institute, Na-
tional Cardiovascular Center, Osaka, Japan.

Submitted for consideration August 2009; accepted for publication
in revised form December 2009.

Reprint Requests: Hwansung Lee, Department of Artificial Organs,
Research Institute, National Cardiovascular Center, 5-7-1 Fujishiro-
dai, Suita, Osaka 565-8565, Japan. Email: hslee@ri.ncve.go.jp.

DOLI: 10.1097/MAT.0b013e3181d68f83

186

trauma is caused by shear stress, and the bileaflet valve causes
greater shear stress than the tilting disc valve.®

Our group is currently developing a new type of pulsatile
pneumatic ventricular assist device (PVAD) using the
Medtronic Hall valve (M-H valve), a tilting disc valve.” How-
ever, the M-H valve is no longer commonly used in clinical
settings, and it is possible that it will become unavailable in the
near future. In a previous study, to select the optimal bileaflet
valve for our PVAD, three different valves such as the Advanc-
ing The Standard (ATS) valve, St. Jude valve, and Sorin Bicar-
bon valve (5-B valve) were installed, and we visualized the
flow downstream of the outlet valve using a particle image
velocimetry (PIV) method.® The S-B valve has curved leaflets
that cause a reduction of shear stress. Therefore, we used the
S-B valve in our PVAD. When using a bileaflet valve in pulsatile
VAD, it is important to estimate the thrombus formation within
the blood pump and the hemolysis (red cell damage and platelet
damage). High shear stress at the valve downstream and leaflet jet
leakage and cavitation generated by valve closure are known to
be major causes of hemolysis in MHVs.3-5.2 In previous study, we
compared the cavitation intensity between the M-H valve and the
S-B valve. Cavitation cycle duration of the M-H valve was 2.54
times than that of the S-B valve.'® In general, hemolysis due to
high shear stresses during valve closing and regurgitation can be
higher than that generated during forward flow. However, in
previous study, neither shear stress caused by backflow nor shear
stress between the M-H valve and the S-B valve was investigated.
In this study, we performed flow visualization downstream and
upstream of the valves using a PIV method.

In the future, we will use the S-B valve in our PVAD. The
purpose of this study was to investigate the stability of the S-B
valve in our PVAD. We attempted to compare the shear stress
between the M-H valve and the S-B valve to see whether
hemolysis occurred using the PIV method.

Materials and Methods
Model Pump

To investigate flow visualization downstream and upstream
of the MHV, a model pump unit was constructed of acrylic
resin to allow optical access to the internal flow field of the
blood pump. It has the same configuration as the PVAD.” The
model pump was connected to a Donovan mock circulatory
loop tester.'’ The mean aortic and left atrial pressures were
measured by using a pressure transducer (MP5100, Baxter,
Deerfield, IL) with a sampling frequency of 1 kHz, and these
pressures were maintained at 100 mm Hg and 7 mm Hg,
respectively.
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Figure 1. Photograph of the mechanical heart valve. A: 23-mm
M-H valve; It has an orifice diameter of 18 mm, an internal orifice
area of 2.54 cm? and an opening angle of 70°; B: 23-mm S-B valve;
it has an orifice diameter of 18.7 mm, an internal orifice area of 2.8
cm? and an opening angle of 60°.

Testing Valve

A 23-mm Medtronic Hall valve (M-H valve, Medtronic, Inc.,
Minneapolis, MN) and a 23-mm Sorin Bicarbon valve [S-B
valve, Sorin Biomedica Cardio S.p.A., Saluggia (VC), Italy]
were each mounted on the model pump (Figure 1). The major
orifice direction of the M-H valve and S-B valve were set at a
180° clockwise orientation in the inlet port. In addition, the
major orifice direction of the M-H valve and S-B valve were set
at a 180° and 0° clockwise orientation in the outlet port.

The model pump was operated at a positive pressure of 230
mm Hg and a negative pressure of —50 mm Hg using a
control-drive console for circulatory support (VCT-30; Toyobo,
Osaka, Japan). The model pump ran at a heart rate of 70
beats/min and systolic duration of 35%, with a bypass flow of
4.5 /min. The blood analog fluid was a mixture of 50% water
and 50% glycerol by volume and had a viscosity coefficient of
3.4 cP and a density of 1.12 g/cm? at 37°C. Bypass flow was
measured with an ultrasound flow meter (T106; Transonic
Systems, Ithaca, NY) at the outflow side.8 A charge-coupled
device laser displacement sensor (LK-080, Keyence, Osaka,
Japan) with a sampling frequency of 1 kHz was used to mea-
sure the opening and closing behavior of the leaflet.®

PIV Method?

A polystyrene tracer with a diameter of 50 um and a density
of 1.06 g/cm2 (Vestosint; Degussa AG, Disseldorf, Germany)
was added to the fluid. In a previous study, we could not
observe the optical distortion caused by the different densities
of the working fluid and polystyrene tracer. A dual Nd: YAG
laser system (Solo 1I-15, New Wave Research Inc, Fremont, CA)
with a 30 m)/pulse at a 532-nm wavelength and a pulse width of
3-5 ns was used as the flow visualization. The PIV images were
taken by using a high-speed camera with 1,008x1,024 pixels
and a 9 um/pixel square spacing (PIVCAM 10-30, TSI, Inc.,
Shoreview, MN). It was operated at a frame rate of 30 Hz, with a
shutter open time of 200 pus.
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Figure 2. Bypass flow, aortic and driving pressure, outlet valve
behavior and trigger pulse waves. A: Bypass flow; B: Outlet valve
behavior; C: Driving and aortic pressures; D: Trigger pulse. The time
domain of 0 ms of the horizontal axis is the trigger point of the
synchronizer and the ECG-R mode of the control-drive console for
circulatory support. The time domain of 0 ms was the trigger point of
the synchronizer and the ECG-R mode of the control-drive console for
circulatory support.'® The time domain between 300 ms and 375 ms is
the early-systolic phase, between 375 ms and 525 ms the mid-systole
phase, between 525 ms and 600 ms the end-systolic phase, and
between 600 ms and 700 ms the early-diastolic phase.

The laser sheet illuminated two different planes, the X-Y
plane and the X-Z one. The flow velocity vector was measured
using PIV software (Insight 3G; version 9.0, TSI, Inc., Shor-
eview, MN), and its vector files were loaded into the Tecplot
Focus 2008 (Tecplot, Inc., Bellevue, WA). We used a recursive
Nyquist grid with a starting spot dimension of 64X64 pixels
and a final spot dimension of 32x32 pixels. In addition, we
used the Fast Fourier Transform correlate as the correlation
engine and the Gaussian peak as the peak engine. A function
generator to provide a square pulse was used as the trigger
signal of the synchronizer (Model 610034, TSI, Inc., Shor-
eview, MN), and the ECG-R (electrocardiogram-R wave) mode
of the control-drive console was used for circulatory support.
The PIV images of 100 cycles were averaged for each of the
experiment points.

Results

The peak bypass flow was reached at ~17 L/min in both
valves, and the closing volume of the M-H valve was greater
than that of the S-B valve (Figure 2A). In the case of the M-H
valve, 0 radian of the valve behavior indicated the valve had
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closed, and 1.2 radians of the valve behavior indicated the
valve had opened completely (Figure 2B). Because the S-B

valve has a 20° angle when it is completely closed, 0.35 radian

of the vertical axis of Figure 2B indicated the valve was com-
pletely closed and 1.4 radians indicated the valve was com-
pletely opened. The outlet M-H valve opened (“M,” of Figure
2B) before the driving pressure exceeded the aortic pressure
(“A” of Figure 2C). When the driving pressure exceeded the
aortic pressure (“A” of Figure 2C), the outlet S-B valve opened
(“S,” of Figure 2B). In addition, the outlet M-H valve started
closing (“M,” of Figure 2B) after the driving pressure fell under
the aortic pressure (“B” of Figure 2C). The outlet S-B valve
started closing (“S;” of Figure 2B), when the driving pressure
fell under the aortic pressure (“B” of Figure 2B). The outlet of
the S-B valve closed faster than the outlet of the M-H valve
(Figure 2B).

Downstream of the M-H valve in the X-Y plane, a large flow
was observed from the major orifice, whereas a smaller flow
was observed from the minor orifice in the X-Y plane during
the mid-systolic phase (between 450 ms and 550 ms in Figure
3A). These two different flow velocities induced a recirculation
flow in the wake of the leaflet during the end-systolic phase
(600 ms in Figure 3A). However, a high-speed flow was not
observed at the M-H valve in the X-Z plane. At the downstream
of the S-B valve in the X-Y plane, there are three regions of high
flow velocity: two lateral orifices and a central orifice during
the mid-systolic phase (between 450 ms and 550 ms in Figure
3B). The different flow velocity between the lateral orifice and
central orifice induced a recirculation flow during the end-
systolic phase (600 ms in Figure 3B). Moreover, at the S-B
valve in the X-Z plane, a high-flow velocity was observed at
the central orifice, but a recirculation flow was observed be-
tween the wall and central orifice during the end-systolic
phase (600 ms in Figure 3B). Upstream of both valves, a
recirculation flow was observed in both planes during the
end-systolic phase (Figure 4).

600 ms

Figure 3. Vector field of the flow-velocity of the
valve downstream. A: M-H valve; B: S-B valve. A
large flow was observed from the major orifice at the
M-H valve in the X-Y plane, whereas a smaller flow
was observed from the minor orifice in the X-Y plane
during the mid-systolic phase (between 450 ms and
550 ms). At the S-B valve in the X-Y plane, there are
three regions of high flow velocity: two lateral ori-
fices and a central orifice during the mid-systolic
phase (between 450 ms and 550 ms). At the S-B
valve in the X-Z plane, a high flow velocity was
observed at the central orifice.

The maximum flow velocity downstream is shown in Figure
5. The maximum flow velocity in both valves reached about 2
m/s at the X-Y plane (Figure 5A). At the X-Z plane, the maxi-
mum flow velocity of the S-B valve reached 2.1 m/s, but the
M-H valve reached only 1.6 m/s (Figure 5B). In both the X-Y
and X-Z planes, the maximum flow velocity of the S-B valve
was higher than that of the M-H valve (Figure 5).

Downstream of the M-H valve, high Reynolds shear stress (RSS)
was not observed at either the X-Z or X-Y plane. However, high
RSS was observed near the leaflet of the S-B valve at the X-Y plane
and central line at the X-Z plane during the mid-systolic phase
(Figure 6). Upstream in both valves, high RSS was observed near
the leaflet and the wall during the end-systolic and early-diastolic
phases (between 550 ms and 625 ms in Figure 7). Along the X-Y
plane in both valves, the maximum RSS reached 120 N/m?
downstream during the mid-systolic phase (450 ms in Figure 8A).
Conversely, the maximum RSS reached above 150 N/m? up-
stream during the end-systolic and early-diastolic phases (be-
tween 600 ms and 630 ms in Figure 8B). In particular, the peak
maximum RSS of the S-B valve was higher than that of the M-H
valve (Figure 8A). Along the X-Z plane in both valves, the max-
imum RSS reached 150 N/m? downstream during the mid-
systolic phase (450 ms in Figure 8B). However, the maximum
RSS reached above 200 N/m? upstream during the early-diastolic
phase (between 625 ms and 630 ms in Figure 8B). The peak
maximum RSS of the S-B valve was greater than that of the M-H
valve, which reached 300 N/m? (Figure 8B).

Downstream of the M-H valve, high viscous shear stress (VSS)
was observed near the wall in both planes during the mid-systolic
phase (between 450 ms and 550 ms in Figure 9A). Downstream
of the S-B valve, high RSS was observed near the leaflet at the X-Y
plane and central line at the X-Z plane during the mid-systolic
phase (between 450 ms and 550 ms in Figure 9B).

Upstream of the S-B valve, high VSS was observed near the
wall during the end-systolic phase (between 550 ms and 575
ms in Figure 10). Upstream in both valves, high VSS was
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observed near the leaflet (600 ms in Figure 10), which might
have occurred because of the regurgitation flow during the
end-systolic phase. Along the X-Y plane in both valves, the
maximum VSS reached 1.3-1.5 N/m? downstream and was
greater at the S-B valve than at the M-H valve (Figure 11A). The
maximum VSS of the S-B valve upstream reached about 2
N/m? (Figure 11A). Along the X-Z plane of the M-H valve, the
maximum VSS reached only 1 N/m? downstream (Figure 11B).
The maximum VSS of the S-B valve downstream and the M-H
valve upstream reached about 2.5 N/m?. In both valves, the
maximum VSS occupied only 1%-1.5% of the maximum RSS
of Figure 8.

Discussion

The PIV method enables adequate temporal and spatial
resolution to estimate flow velocity fields and is thus a pow-
erful tool for studying and estimating thrombus formation in-
side the blood pump and the hemolysis that occurs in medical
devices. Kaminsky et al.>2 investigated the flow visualization
through a bileaflet and monoleaflet valve using the stereo-
scopic high-speed PIV method. They reported that in the case
of a bileaflet valve, the maximum velocity is ~1.3 m/s. How-
ever, in a monoleaflet valve, the highest velocity of 0.7 m/s
was observed near the tip of the leaflet. Kaminsky et al.
investigated the flow visualization effect on the sinus cavity
and considered the implantable MHV condition in a natural
heart. In this study, the valves were installed on the VAD,
and there was, thus, no compliance to the natural heart required,
and the maximum flow velocity of the valves was, therefore,
greater than that found in the Kaminsky group’s study. However,
the maximum flow velocity of the monoleaflet valve was less
than that of the bileaflet valve, the same result as obtained by
Kaminsky.
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650 ms

Figure 4. Vector field of the flow-velocity of the
valve upstream. A: M-H valve; B: S-B valve. In
both valves, a recirculation flow was observed in
both planes during the end-systolic phase.
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Figure 5. Maximum flow velocity at the valve downstream. A: X-Y
plane; B: X-Z plane. In both the X-Y and X-Z planes, the maximum
flow velocity of the S-B valve was higher than that of the M-H valve.
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In previous study, we investigated the shear stress down-
stream of three types of commercially available bileaflet
valves. However, hemolysis due to high shear stresses dur-
ing valve closing and regurgitation can be higher than that
generated during forward flow. In this study, we performed
flow visualization downstream and upstream of the valves
using a PIV method. There is a different flow pattern at the
valve open phase between the monoleaflet valve (M-H
valve) and the bileaflet valve (S-B valve). Because of the
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Figure 6. Reynolds shear stress field of the
valve downstream. A: M-H valve; B: S-B valve.
High Reynolds shear stress was not observed at
the M-H valve, however was observed near the
leaflet of the S-B valve.

600 ms

geometry of the valve, the S-B valve has a larger field of high
flow velocities than the M-H valve (Figure 5). This is a major
cause of the occurrence of the large recirculation flow and
high shear stress in the S-B valve. Moreover, as shown in
Figure 2B, the S-B valve has two leaflets, and their closure
was faster than the monoleaflet closure of the M-H valve.
This faster closure motion might be caused by high shear
stress. We confirmed that high shear stress was generated
upstream in both valves.

650 ms

Figure 7. Reynolds shear stress field of the
valve upstream. A: M-H valve; B: S-B valve. High
Reynolds shear stress (RSS) was observed near
the leaflet and the wall in both valves.
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Figure 8. Maximum Reynolds shear stress in both valves. A: X-Y
plane; B: X-Z plane. Along the X-Y plane, the peak maximum
Reynolds shear stress (RSS) of the S-B valve was higher than that

_ of the M-H valve. Along the X-Z plane, the peak maximum RSS of

the S-B valve was greater than that of the M-H valve.

Hemolysis (red cell damage and platelet damage) is a
function of exposure time and shear stress.3 Leverett et al.’3
reported that the threshold level for red blood cell damage
because of shear stress is ~150 N/m? and an exposure time
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of 102 s. Sallam et al.'* reported that hemolysis requires
shear stress of 400 N/m? during exposure time through a
heart valve of 1 ms. The platelets are much more sensitive to
shear stress than red blood cells, and the shear stress thresh-
old for platelet damage is ~10 N/m?.75 In this study, we
found that the maximum RSS of the S-B valve was higher
than that of the M-H valve. Moreover, in both valves, the
maximum RSS upstream of the valve was higher than down-
stream of the valve and was caused by the regurgitation flow
during the valve closure. This means that the shear stress
upstream of the valve can cause hemolysis. However, the
maximum RSS of the S-B valve ranged from 150 to 250
N/m?, which was found to be well below the range required
to inflict damage to red blood cells, but exceeded the
threshold for platelet damage of 10 N/m2. Upstream in both
valves, high VSS was observed near the leaflet during the
end-systolic phase (Figure 10), which was caused by the
leakage jet. However, the maximum VSS reached 2.5 N/m?2,
which occupied only 1%-1.5% of the maximum RSS and
was below the threshold for platelet damage. The RSS was
used to determine whether hemolysis was caused by the
valve-induced flow turbulence.

High shear stress is caused by activated platelets, which then
get trapped in the recirculation regions, where platelet-to-
platelet contact is enhanced and where thrombus formation
may occur.'® In monoleaflet and bileaflet valves, a recircula-
tion flow pattern forms in the sinus region."® In this study, high
shear stress was observed near the leaflets. Our PVAD has no
sinus, and there is, therefore, no possibility of thrombus for-
mation occurring. However, the bileaflet valve has a hinge
where stagnant flow regions occur during the leakage flow
phase, and thus where thrombus formation might occur.
Bluestein reported that the bileaflet valve in a VAD promoted
the platelet activation state, which is a major cause of throm-
boembolism inside a VAD.'7 In the future, we will be investi-

600 ms

Figure 9. Viscous shear stress (VSS) field of the
valve downstream. A: M-H valve; B: S-B valve. At
the M-H valve, high VSS was observed near the
wall in both planes. At the S-B valve, high Reyn-
olds shear stress (RSS) was observed near the
leaflet at the X-Y plane and central line at the X-Z
plane.
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gating the possibility of thrombus formation in our PVAD using
in vivo testing.

As a next step, we will conduct blood bag tests to quantify
hemolysis in the different MHVs. Finally, to estimate hemolysis
of S-B valve and thrombosis within the pump, we will inves-
tigate free plasma hemoglobin as index of hemolysis in MHVs
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Figure 11. Maximum viscous shear stress (VSS) in both valves. A:
X-Y plane; B: X-Z plane. In both valves, the maximum VSS occupied
only 1%-1.5% of the maximum Reynolds shear stress.

630 ms
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Figure 10. Viscous shear stress (VSS) field of
the valve upstream. A: M-H valve; B: S-B valve.
High VSS was observed near the wall during the
end-systolic phase at the S-B valve and was ob-
served near the leaflet in both valves.

and thrombus formation within the pump using long-term
animal experiment.

Conclusion

In this study, we attempted to compare flow visualization
upstream and downstream of the outlet position valve between
the M-H valve and the S-B valve using a PIV method. The
maximum RSS of the S-B valve was greater than that of the M-H
valve. In both valves, the maximum RSS upstream of the valve
was higher than downstream of the valve because of the regur-
gitation flow during the valve closure. In addition, the maximum
VSS reached above 2 N/m?, which occupied only about 1%
1.5% of the maximum RSS. The RSS upstream of the valve might
be a very important factor when estimating MHV hemolysis in an
artificial heart.
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