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Alternation of left ventricular load by a continuous-flow left
ventricular assist device with a native heart load control system
in a chronic heart failure model

Mamoru Arakawa, MD,™" Takashi Nishimura, MD, PhD.® Yoshiaki Takewa, MD, PhD."
Akihide Umeki, MD, P‘hD,Ll Masahiko Ando, MD, PhD,d Hideo Adachi, MD, PhD,h and
Eisuke Tatsumi, MD, PhD*

Objective: We previously developed a native heart load control system for a continuous-flow left ventricular
assist device and demonstrated that the rotational speed synchronized with the cardiac cycle can alter left
ventricular preload and myocardial oxygen consumption. In the present study, we assessed this system in a
conscious goat model of chronic heart failure.

Methods: Chronic heart failure was induced by coronary microsphere embolization of the left ascending artery
and subsequent rapid ventricular pacing in 6 goats. After 4 to 6 weeks of rapid pacing, the goats showed a
decreased ejection fraction (from 89.7% = 3.1% to 53.3% =+ 5.4%) measured during sinus rhythm. The assist
device was implanted by way of a left thoracotomy, and we examined the effects of the continuous, co-pulse,
and counterpulse mode on the end-diastolic volume and stroke work, determined from the left ventricular
pressure~volume loops.

Results: Significant decreases were found in the end-diastolic volume and stroke work in the counterpulse mode
relative to the values observed with 0% bypass (63.4% =+ 15.2% and 39.1% = 18.2%, respectively; P <.01).
Furthermore, both increased in the co-pulse mode (82.1% =+ 17.6% and 68.3% =+ 22.2%; P <.01) compared
with those in the continuous mode (69.6% =+ 15.4% and 54.6% == 21.6%) with 100% bypass.

Conclusions: The system offers the possibility to control the left ventricular load by changing the rotational
speed of a continuous-flow assist device in synchronization with the cardiac cycle. This system should provide
the most favorable left ventricular loading conditions for recovery of the native heart. (J Thorac Cardiovasc Surg

2014:148:698-704)

Since continuous-flow left ventricular (LV) assist devices
(LVADs) were first approved, the number of patients treated
with continuous-flow LVADs has been increasing owing to
the improved prognosis and fewer complications.'* Most
patients with an implanted LVAD have been on the
waiting list for heart transplantation and, thus, have had
the LVAD implanted as a bridge to transplantation.
However, there is a shortage of donor hearts worldwide,
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and this shortage has been especially severe in Japan.' In
some cases, myocardial recovery will allow LVAD explan-
tation, and this has been termed “bridge to recovery™
(BTR).*® Because of the extreme shortage of donor
hearts, it is important Lo investigate methods to increase
the success rate of BTR. Unloading the left ventricle by
an LVAD has been reported to lead to improvement in
cardiac function.” In contrast, it has also been reported
that excess unloading leads to cardiac atrophy.” We have
presumed that a favorable work load is required for cardiac
recovery and that the workload should be adapted to the
patient’s condition.

We have previously reported the development of novel
pump control system for a continuous-flow LVAD (EVA-
HEART; Sun Medical Technology Research Institute,
Nagano, Japan).” This system was termed the native heart
load control system (NHLCS) and was shown to control
the hemodynamic parameters such as pulsatility,” myocar-
dial perfusion,” and LV end-diastolic volume (LVEDV)'"
by changing the rotational speed (RS) in synchronization
with the cardiac cycle.

To evaluate the effects of the NHLCS in detail, it
is important to evaluate its long-term performance in
a closed-chest animal model with impaired cardiac
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Abbreviations and Acronyms

%LVEDYV = LVEDV percentage of the 0% bypass
condition

%SW = SW percentage of the 0% bypass
condition

BTR = bridge to recovery

EF = ejection fraction

LV = left ventricular

LVAD = LV assist device

LVEDV = LV end-diastolic volume

NHLCS = native heart load control system

PV = pressure—volume

PF = pump flow

RS = rotational speed

Sw = stroke work

function.!! In the present study, we aimed to establish a
chronic heart failure model and assess the effect of our
EVAHEART on hemodynamics in a conscious animal
model of chronic heart failure.

METHODS
Animals

Six adult goats weighing 56.7 + 5.1 kg were maintained in accordance
with the guidelines of the Committee on Animal Studies at the National Ce-
rebral and Cardiovascular Center. The National Cerebral and Cardiovascu-
lar Center Animal Investigation Committee approved the present study.

Chronic Heart Failure Model

In the present study, we created chronic heart failure using coronary ar-
tery embolization through the left anterior descending coronary artery, as
described previously.'®!> In brief, a 4F Amplatz catheter (Create Medic
Co, Ltd, Yokohama, Japan) was inserted through a 4F-long sheath into
the left carotid artery toward the left anterior descending coronary artery
under fluoroscopic guidance, and 50-gm microspheres were injected
(4500/kg). We also placed a permanent pacing lead (Tendril STS, 58 cm,
St Jude Medical, Inc, St Paul, Minn) into the right ventricle through the
right jugular vein and connected it to a pacemaker (TNT-002N, Taisho
Biomed Instruments Co, Ltd, Osaka, Japan) that was implanted
subcutaneously in the right shoulder. In addition, we placed an arterial
pressure line through the right carotid artery. Four days after
embolization, rapid ventricular pacing at 200 beats/min was initiated and
continted for 4 to 6 weeks. To control the impairment of cardiac
function, we measured the ejection fraction (EF) during sinus rhythm
using transthoracic echocardiography (Vivid E9, GE Healthcare, Horten,
Norway). The duration of pacing was continued until the EF was
reduced to 50% of baseline.

LVAD Implantation

After 48 hours of fasting, all the goats were sedated with an intramus-
cular injection of ketamine (10 mg/kg). General anesthesia was induced
and maintained by inhalation of isofturane (1%-3% in oxygen). The goats
were fixed in the right recumbent position, intubated, and mechanically
ventilated. A left thoracotomy along the fifth costal bone was performed,
and pressure lines for aortic pressure and central venous pressure measure-
ment were placed into the left intrathoracic artery and vein, respectively.

This was followed by attachment of an electromagnetic flow meter
(EMF-1000, 17-20 mm in diameter, Nihon Kohden, Tokyo, Japan) around
the ascending aorta. After heparinization (200 U/kg), the centrifugal LVAD
(EVAHEART; Sun Medical Technology Research Corp, Nagano, Japan)
was installed by punching out the LV apex with a 16-mm puncher, inserting
the inflow cannula into the left ventricle and suturing the outflow conduit
(16-mm J Graft SHIELD NEO, Japan Lifeline, Tokyo, Japan) into the
descending aorta. We used an ultrasonic flow meter (16 mm; TS420,
Transonic Systems, Ithaca, NY) to measure the LVAD pump flow (PF).
After establishing the pump circuit, we attached 2 ultrasonic crystals
(Sonometrics, Ontario, Canada) in the anterior and posterior endocardium
to measure the LV diameter in the short axis. This diameter was then used
to calculate the LV volume using a single-axis sphere. In addition, a LV
pressure line was inserted from the anterior wall.

Study Protocol and LVAD Control

Two days after LVAD implantation, when the goats had recovered from
the acute effects of the operation, we tested 3 drive modes using our previ-
ously described NHLCS.'®'? With this controller, we were able to change
the RS of the EVAHEART for a specific period after the occurrence of anR
wave to synchronize it with the cardiac cycles. We defined the systolic
phase as 30% of the RR interval, and the diastolic phase as 65% of the
RR interval. These parameters were evaluated twice in each goat using
the following 3 conditions: (1) the continuous mode (constant RS
without the use of the novel controller); (2) the co-pulse mode (increased
RS in the systolic phase and decreased RS in the diastolic phase using
the novel controller); and (3) the counterpulse mode (decreased RS in
the systolic phase and increased RS in the diastolic phase with the novel
controller). In these drive modes, we set the RS from 1500 to 3000 rpm
to achieve a proper bypass rate. In addition, the difference between the
systolic and diastolic phase was set to approximately 500 to 1000 rpm.

Statistical Analysis

The bypass rate was calculated by dividing the pump flow (PF) rate by
the sum of the PF and ascending aortic flow rates. We defined full bypass as
abypass rate of 100%. We tested the 3 drive modes at bypass rates of 50%,
75%, and 100% for 10 minutes. Next, we performed the 3 modes at a
bypass rate of 100% for 12 hours to evaluate the effects of the system
for a prolonged period. To evaluate appropriate support, we checked the
actual RS and speed changes. The bypass rate was calculated in real time
and displayed on a monitor.

The hemodynamic data were recorded using Labchart, version 7,
software (ADInstruments, Castle Hill, Australia). The implanted ultrasonic
crystals provided the LV chamber diameter in the short axis, and this was
used to estimate the LV volume from a single-axis spherical model. LV
pressure-volume (PV) loops were drawn for each mode, and the stroke
work (SW) was calculated from the area inside the PV loop using
CardioSOFT (Sonometrics). The LV end-diastolic pressure and LVEDV
were determined from the PV loops. For the comparison between each
control mode, the LVEDV and SW are expressed as percentages of the
0% bypass condition (%LVEDV and %SW, respectively).

All numeric data are shown as the average + standard deviation. The
data between pre-embolization and pre-LVAD implantation were
compared using a paired Student’s ¢ test. Other comparisons between the
groups were performed using repeated measures analysis of variance
followed by Tukey's multiple comparison tests. All analyses were
performed using the Statistical Package for Social Sciences, version 19
(SPSS Inc, Chicago, 1il).

Effect of LVAD on Hemolysis and Myocardial
Histologic Findings

To evaluate hemolysis, we measured free hemoglobin before and after
the 3 modes had been applied for 12 hours in 1 of 6 goats. In addition, an
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in vitro hemolysis test was performed, with mock circulation, according to
a previous report.’” Fresh bovine bload (600 g) was used, and the blood
temperature was maintained at 37° £ 1°C. Blood samples were collected
for measurement of plasma free hemoglobin just after the pump's condi-
tion had become stable and at 30-minute intervals for 4 hours. We drove
the EVAHEART in the co-pulse mode at a pulse rate of 60 beats/min.
The RS was set 3000 rpm for high and 1000 rpm for the difference. These
settings were representative of the most severe condition of the novel
mode. The mean head pressure was set at 100 mm Hg and the PF at
5.0 L/min for the continuous and co-pulse modes both. These settings
were the same as those in a previous report.”® We used the normalized
index of hemolysis to evaluate hemolysis: normalized index of hemolysis
(2/100 L)y = 4 plasma free hemoglobin (g/L) X priming volume
(L) X ([(100 — hematocrit}/100] % [100/PF in L/min X time in minutes]).
We performed biopsy from the apex during LVAD implantation and nec-
ropsy when the goats had been killed | month after LVAD implantation to
evaluate the pathologic changes due to LVAD implantation. The samples
were fixed immediately in 10% neutral-buffered formalin and embedded
in paraffin wax. Thin sections were cut and stained with hematoxylin and
cosin.

RESULTS
Chronic Heart Failure Model With LYAD Support

We performed rapid pacing for 31.4 + 5.7 days. The EF,
measured by echocardiography, decreased from 89.7% =+
3.1% at the pre-embolization baseline to 53.3% =+ 5.4%
just before LVAD implantation (P <.01).

Hemodynamic and LVAD Data

Figure 1 shows sample waveforms from the electrocar-
diogram, aortic pressure, detected R waves, LV pressure,
PF, native flow, and RS. Important differences were present
among the PF waveforms with the 3 different modes. The
maximum PF increased after an increase in the RS in the
systolic phase in the co-pulse mode compared with that in
the continuous mode. In contrast, the PF in the diastolic
phase increased in the counterpulse mode compared with
that in the continuous mode. The hemodynamic data in
each mode are listed in Table 1. The heart rate, central
venous pressure, aortic pressure, total flow, and bypass
rate were not significantly different among the 3 modes.
The average RS in the counterpulse mode decreased
significantly compared with those in the continuous and
co-pulse modes at each bypass rate.

PV Loops

Figure 2 shows 1 sample set of PV loops for each mode.
The horizontal axis shows the LV volume and the vertical
axis the LV pressure. The lower right points indicate the
end-diastolic points, and the area inside the loop indicates
the SW, The LVEDV (preload) increased in the co-pulse
mode and decreased in the counterpulse mode compared
with that in the continuous mode.

Figure 3 shows the average LVEDVs measured in the 6
goats. The %LVEDV and %SW were decreased according
to the decrease in the bypass rate in the continuous mode.
The %LVEDV was significantly increased in the co-pulse

mode compared with that in the continuous mode at the
75% bypass rate. SW was also increased in the co-pulse
mode compared with that in the continuous mode at the
75% and 100% bypass rates. Furthermore, the %LVEDYV
was significantly increased in the co-pulse mode compared
with that in the counterpulse mode at each bypass rate. The
%SW was also increased in the co-pulse mode compared
with that in the counterpulse mode at each bypass rate. In
the counterpulse mode, the % LVEDV and %SW were rela-
tively lower than those in the continuous mode, although the
differences were not significant.

Appropriate Support

To check for appropriate support, we evaluated 7688 +
400 beats/h, on average. Appropriate support was achieved
for >90% of cardiac beats in 1 hour. The most frequent
cause of inappropriate support was a failure to sense the
R wave by the controller (4.4%).

Effect of LVAD on Hemolysis and Myocardial
Histologic Findings

The free hemoglobin in vivo showed a slight elevation af-
ter each mode of pumping. The hemoglobin values before
and after each mode were 2.7 and 5.2 mg/dL in the contin-
uous mode, 5.2 to 5.9 mg/dL in the co-pulse mode, and 4.2
and 6.4 mg/dL in the counterpulse mode, respectively.
Regarding the in vitro hemolysis test, plasma free hemoglo-
bin was slightly increased in the samples collected after the
pump had run for 4 hours in the continuous and co-pulse
modes both. The hemoglobin values just after the pump’s
condition had become stable and after 4 hours of pumping
in each mode were 0.6 and 3.4 mg/dL in the continuous
mode, 3.4 to 5.0 mg/dL in the co-pulse mode, and 4.2
mg/dL and 6.4 mg/dL in the counterpulse mode, respec-
tively. However, the normalized index of hemolysis was
not different between the continuous and co-pulse modes
(0.000944 vs 0.000843, respectively). In addition, we found
focal myocardial fibrosis (Figure 4, A and C), but this was
not affected by LVAD implantation. No remarkable change
was found in the cardiomyocyte size after support with this
system, although the mode was switched in each goat
(Figure 4, B and D).

DISCUSSION

For the first time, we have reported an evaluation of the
effects of the NHLCS in a chronic heart failure model. To
our knowledge, several reports have evaluated the effects
of a control system with electrocardiogram-synchronized
RS changes.®'%'*"*'° However, our study is the first to
evaluate this system in a conscious animal model of
chronic heart failure. Our results have indicated the
feasibility of the long-term use of this system. Thus, our
results provide information regarding what might be ex-
pected when this system is used in the clinical setting.
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FIGURE 1. Sample pressure and flow waveforms at full bypass in each mode. In the co-pulse mode, the pump flow increased in the systolic phase, which
was followed by an increase in the rotational speed (RS). In contrast, in the counterpulse mode, the pump flow had increased in the diastolic phase, followed

by an increase in the RS compared with the continuous mode.

Furthermore, the results showed no adverse events such as
an increase of hemolysis or myocardial overload, and the
system provided reliable support.

According to a previous report, unloading of the left
ventricle is a factor that promotes cardiac recovery.” How-
ever, we have assumed that unloading is not the only factor
that promotes cardiac functional recovery. Excessive
unloading of the left ventricle by an LVAD could lead
to cardiac disuse atrophy.” Furthermore, clenbuterol, a
B»-receptor agonist, has been reported to increase the
success rate of BTR.'"" From these findings, a favorable
cardiac workload for the native heart according to the
patient’s condition should be considered to achieve
optimal cardiac recovery. Because the co-pulse mode can

TABLE 1. Hemodynamic data

provide active LV load management, the native heart can
contract by itself in this mode; therefore, it acts as the car-
diac training mode. The counterpulse mode can decrease
the LV load. In the counterpulse mode, the native heart
can rest, but systemic assistance is maintained. Therefore,
it can be used as a cardiac resting mode.

Umeki and colleagues M2 demonstrated the ability of the
newly developed NHLCS to control the LVEDV and
myocardial oxygen consumption. These parameters were
increased in the co-pulse mode and decreased in the coun-
terpulse mode in those studies. Our results were largely
similar to theirs, although several differences were present.
First, we required a higher RS speed to achieve the target
bypass rate, because the mean blood pressure was greater

50% Bypass rate 75% Bypass rate 100% Bypass rate
Continuous  Co-pulse  Counterpulse Continuous Co-pulse Counterpulse  Continuous Co-pulse  Counterpulse

Variable mode maode mode mode mode mode mode mode mode

HR (beats/ 126.0 =164 1287 £165 1260+ 157 1285+ 168 1288 4+19.7 127.6 = 18.1 126.0 + 15.6 1287 £ 16,5 1268 £+ 164
min)

Mean CVP -32=x29 ~3.0£28 ~2.1 £32 —34 =34 ~28+42 -38+43 ~25:+32 —1.6 £33 ~-33+£39
{mm Hg)

Mean AoP  87.2 £213 83.7 + 19.1 87.0 + 20.6 87.8 £ 182 864 =203 9204210 94.4 4 20.0 91.2 £ 19.9 95.0 + 20.2
(mm Hg)

PF (L/min) 20 0.6%% 2.1 20651 2.02£0:46% 33 L2t3 3241081 3.2+ 08:1 43:%£14%3 434 143 424 1LO%§

Total flow 39413 394+ 1.3 39+£13 4.3+ 15 43 =13 42 12 4.1%12 4.0+ 14 40+ 13
(L/min)

RS (pm) 1648 = 11654 1721 £295% 1563 & 158, 1890 = 1341y 1852 £ 177405 1637 £ 1644119 2046 102745 1941 £276%F 1783 4 20453,

Bypass 512 £43%F 53.3x£45F 52.61£4.0%F 75.0£32% 763 £ 2744 755 5683 100.0 £ 44,4 101.6 £9.3%F 9694871
rate (%)

LVEDP 4793 15559 I8 +925 93179 153 £91 7.6 %= 8.6 13 &1 0.9+ 8.5 724+ 78
{mm Hg)

HR, Heart rate; CVP, central venous pressure; AoP, aortic pressure; PF, pump flow: RS, rotational speed; LVEDP, left ventricular end-diastolic pressure. *Compared with 75%
with the same mode. Compared with 100% with the same mode. {Compared with 50% with the same mode. §Compared with counterpulse mode. {[Compared with continuous

mode, ¥Compared with co-pulse mode.
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FIGURE 2, Pressure~volume loops at full bypass at baseline and for each mode. The end-diastolic point is shown by the black dot. In the co-pulse mode, the
end-diastolic points had shifted rightward compared with those in the continuous mode and had a value that was similar to baseline. In the counterpulse mode,
the end-diastolic points had shifted leftward and decreased compared with those in the continuous mode. Furthermore, the pressure~volume loop area was increased
in the co-pulse mode and decreased in the counterpulse mode compared with that in the continuous mode. LVV, Left ventricular volume; LVP, left ventricular pressure.

in the conscious state than in the anesthetized state. Second,  clamp the LVAD circuit to hold the PF constant. Third,
we simply compared the effects of the different NHLCS  we have demonstrated the effects of NHLCS in a chronic
modes in the present study, because we were not able to  heart failure model.

End-diastolic volume (%) Stroke work (%)
150 - 50 {-] Continuous mode
.
[ Co-pulse mode
B Counter-pulse mode

[ dd b * + = ++ x»

LW n4am

. oL - 0+l -
30%% bypess rate 5% bypass rate 100% bypass raze 30% bypess rate 75% bypess rate 100% bypas rets

FIGURE 3. The left ventricular end-diastolic volume (LVEDV) and stroke work (SW) are shown relative to the baseline, which was obtained under 0%
bypass (100%). A trerd was seen for the percentage of LVEDV in the co-pulse mode to increase at each bypass rate and for the LVEDV in the counterpulse
mode to decrease compared with that in the continuous mode. In addition, a similar trend was seen for the percentage of SW in the co-pulse mode to increase
at each bypass rate and for the SW in the counterpulse mode to decrease compared with that in the continuous mode. *,+P <.05; ++.**P < 0l.
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FIGURE 4. Myocardial hematoxylin and eosin stain, (A and B) before, and (C and D) after left ventricular assist device implantation. Scale bars represent

(A and C) 500 um and (B and D) 50 pm,

Recently, it has become clear that electrocardiogram-
synchronized RS control systems have beneficial effects
on cardiac load and hemodynamics. Significant controversy
has resulted regarding the differences between pulsatile and
nonpulsatile hemodynamics.m‘l} Our system can generate
artificial pulsatility, in addition to the beneficial effects on
the cardiac workload.” In addition, Kishimoto and col-
leagues™ reported that speed modulation can open
the aortic valve and might prevent aortic insufficiency.
Furthermore, Ando and colleagues™* reported that to
prevent backward flow, it is possible to increase the RS in
the diastolic phase and thus create a circuit clamp
condition resembling the “off-test mode.” We believe
that the NHLCS has the potential to improve the
success rate of cardiac recovery and allow more options
in the treatment of patients with an implanted rotary
blood pump.

Our study had several limitations. We used an animal
model of LV dysfunction that showed decreased contrac-
tility. However, the EF did not actually decrease to a level
that would warrant LVAD implantation in a clinical setting.
To compare the effect of different NHLCS operating modes,
it would be better to use an impaired cardiac function
model.'"” In addition, we did not show actual myocardial
recovery, because we tested the NHLCS for 12 hours,
which was not long enough to evaluate recovery. However,
we have developed a program for the NHLCS that
will make it suitable for long-term use. We are currently
investigating the actual long-term effects of this system
on cardiac recovery and adverse events in a chronic heart
failure model.

CONCLUSIONS

We have shown that the NHLCS can actively control the
LV load in a chronic heart failure model. The NHLCS can
provide a favorable LV load in each phase of cardiac
recovery, contributing to an increase in the success rate of
BTR therapy.

The authors are grateful to Dr Daisuke Ogawa in the Sun Med-
ical Technology Research Corporation for creating the programs.
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Abstract

In the cardiopulmonary support system with an ECMO (extracorporeal membrane oxygenation), a higher pump head is
demanded for a blood pump. In order to realize a blood pump with higher pump head, higher anti-hemolysis and thrombosis
performances, a study on the development of unprecedented multistage blood pump was conducted. In consideration of the
application of the blood pump for pediatric patients, a miniature two-stage centrifugal blood pump with the impeller’s diameter of
40mm was designed and the performance was examined in experiments and computations. Some useful knowledge for a design of
the blood pump with higher anti-hemolysis and thrombosis performances was obtained.

Keywords: Centrifugal Pump, Artificial Heart, Blood, Hemolysis, Thrombosis

1. Introduction

Blood pumps for the cardiopulmonary support system with an ECMO (extracorporeal membrane oxygenation) need a higher
pump head of approximately 260-500mmHg due to high pressure losses in the membrane oxygenator and the cannula tubing. Existing
single stage centrifugal pumps can generate the higher pump head with higher rotational speed of the impeller. However, the large
shear stress due to the higher rotational speed can occur and lead to a mechanical hemolysis (destruction of red blood cells). In
severe conditions of the higher pump head of 500 mmHg, the hemolysis could occur even in the Jostra RotaFlow centrifugal pump,
which is considered to have high anti-hemolysis performance [1]. The cases where the hemolysis becomes a problem have been
reported for pediatric patients using the ECMO [2].

In order to realize a blood pump with higher pump head, higher anti-hemolysis and thrombosis performances, a basic study on
the development of unprecedented multistage blood pump was conducted. In consideration of the application of the blood pump for
pediatric patients, a miniature two-stage centrifugal blood pump with the impeller’s diameter of 40mm was designed and the
performance test was conducted. The simulation of the internal flow was also made and the problem to solve was extracted. Some
useful knowledge for a design of the blood pump with higher anti-hemolysis and thrombosis performances was obtained and
reported in the present paper.

2. Design of Pump

In the design of blood pumps, we need to consider the suppression of hemolysis and thrombosis. The type number of blood
pumps is low in general and the design method of blood pumps has not been established yet. In the present study, based on the
design method of general industrial centrifugal pumps, a novel two-stage centrifugal blood pump has been designed, using the
knowledge of the suppression of hemolysis and thrombosis for single-stage blood pumps. The flow rate, the pump head, and the
rotational speed at the design point are 3 L/min, 560 mmHg, and 4200 rpm, respectively.

The meridian cross-section of the designed blood pump are shown in Fig.1. The cross-sections from A to F in Fig.1 are shown
in Fig.2. The working fluid flows into the suction volute shown in Fig.2(a), and flows through the first-stage impeller (Fig.2(c)), the
return channel (Fig.2(d)), the second-stage impeller (Fig.2(f)), and the double volute (Fig.2(f)) and flows out from the pump. The
suction volute (Fig.2(a)) generates a pre~-swirl flow at the inlet of the impeller in the opposite direction of the rotation of the impeller
for higher pump head. The double volute casing (Fig.2(f)) was adopted to decrease the radial fluid force acting on the impeller,
considering the change of the present pump into a magnetically-levitated pump in the future. The casing is made of a transparent
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Fig. 1 Meridian cross-section of the blood pump
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Fig. 2 Cross-section of the pump and the position of holes for the measurement of pressure distribution

acrylic resin for a visual observation. The black dots in Fig.2 show the measuring points of pressure and their names are shown on
the side of them.

The specification of the pump is shown in Table 1. To suppress the stagnation near the tip of blades, a semi-open type impeller
was adopted. The diameter D, of the impeller is 40 mm and the pump has a small priming volume of 42 ml. The shapes of the blades
of the 1st and 2nd stage impellers are the same and two-dimensional. The inlet and outlet blade angles, £ and £, are 4.7 deg and
80 deg, respectively. The inlet blade angle is small and 4 blades are given to the impeller so that the blades do not choke the flow
passage at the inlet. The geometry of the blade was designed by a three-circular-arc method.

It is pointed out in some studies that there is an optimum tip clearance to prevent the hemolysis. In the study of Schima et al. [4],
the tip clearance of 1.5mm leads to the minimum amount of hemolysis in a single stage centrifugal pump with an impeller similar
to the present pump impeller, although a shear velocity in the tip clearance around the periphery of the impeller in the reference [4]
is low and about 27% (2300 s™') of the shear velocity of 8400 s™! in the present pump. In the studies of Miyazoe et al. [5] and
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Table 1 Specification of the pump

Type of impeller Semi-open

Number of blade , 4

Diameter of impeller, D; [mm] 40

Inlet blade angle, B4 [deg] 47 Rescrvoir

Outlet blade angle, B, [deg] 80.0 Probe of

Blade height at the inlet, h4[mm] 5.0 flow meter

Blade height at the outlet, ho[mm] 3.0

Tip clearance, C [mm] 1.0 Test pump

Design flow rate, Q, [L/min] 3.0 Torque sensor

Design pump head [mmHg] 500 Eu‘pcpiy”"“'“

Fig. 3 Experimental setup for the measurement of
pump performance and pressure distribution

Masuzawa et al. {6], the effect of the tip clearance was examined and it was found that the shear stress in the fluid and the amount
of hemolysis significantly decrease by changing the tip clearance from 0.5 mm to 1 mm. In the cases with the tip clearances of
Imm and 1.5 mm, there was no difference of the shear stress and the amount of hemolysis. Therefore, the tip clearance C of 1 mm
was adopted in the present study.

Assuming that each stage of the pump generates a half of total pump head, the pump in each stage has a low type number of
0.13 (specific speed is 92 (rpm, m*/min, m)). Based on the design method for general industrial pumps, the blade heights at the inlet
and the outlet, 7 and A, are 3 mm and 1 mm, respectively. In comparison with the tip clearance of 1 mm, the blade heights are quite
small and it was expected that the internal flow in the impeller was disturbed by the leakage flow though the tip clearance. Therefore,
the blade heights, ; and i, were increased to 5 mm and 3 mm, respectively, and the effect of the leakage flow to the internal flow
was relatively decreased. In the return channel shown in Fig.2(d), five guide vanes with the inlet blade angle of 2 deg and the outlet
blade angle of 90 deg are given.

3. Experiment

Schematic of the experimental apparatus for the measurement of pump performance and pressure distributions inside the pump
are shown in Fig.3. The working fluid is a water at ordinary temperatures. The water flows from the reservoir, passes through the
suction tube, the pump, the discharge tube, and returns to the reservoir. To measure the pressure in the suction and discharge tubes
and the inside of the pump, a water column manometer was used. For the measurement of the flow rate, the magnetic flow meter
(Nihon Kohden Corporation, MFV-3200) is set in the discharge tube. The flow rate was adjusted by clamping the discharge tube or
the gate valve. The pump was driven by the DC motor (Maxon motor, RE30). For the measurement of the torque, the torque meter
{Ono Sokki Co., Ltd., MD-503C) was used. The rotational speed of the pump was measured by the optical detector (Ono Sokki Co.,
Ltd., LG-9200) and displayed by the digital tachometer (Ono Sokki Co., Ltd., TM-2110). The rotational speed of the pump was set
to be 1200 rpm or 1150 rpm so that the Reynolds number Re (= U, D, /v ) in the experiment using the water at ordinary temperatures
was equal to be about 1.1x10° in the operation at the rotational speed of 4200rpm or 4000rpm with the blood assuming the density
pof 1050 kg/m?, the viscosity 4 of 3.25 m- Pa-s (kinetic viscosity vof 3.1x10™ m*/s).

4. Computation

For the simulation of the flow, a commercial software, ANSYS CFX-11.0 was used. The governing equations are the continuity
equation and the Reynolds averaged Navier-Stokes equation. The &-@ turbulence model was used.

The computational domain consists of a rotational domain of the impeller and stationary domains of the casing, the suction and
discharge tubes. The computational grid on the surface of the computational domain is shown in Fig.4. The shape of computational
cell is tetrahedral in almost all of the computational domains and triangular prism near the wall. The maximum values of y* were
about 14, Therefore, @ for the viscous sublayer or the blending expression of @ for the region between the viscous sublayer and the
logarithmic layer was automatically selected in the computation [7, 8]. The number of cells are about 240,000, 460,000, 30,000,
30,000 for the domains of the impeller, the casing, the suction tube, and the discharge tube, respectively, and totally about 760,000.
The static pressure at the inlet, the mass flow rate at the outlet, the non-slip condition on the wall were given as boundary conditions.
The unsteady flow simulation was conducted with the time step of one hundredth of the rotational period. The working fluid is a
water at ordinary temperatures and the rotational speed is 1200 rpm or 1150 rpm, as in the experiment.

For a pump similar to the present pump, the simulations with the computational cells of about 1.2 million or 3 million were
conducted. The wall shear stress was a little larger in the case with larger number of cells. However, the distributions of the wall
shear stress had no large difference qualitatively. Thus, in the view of the computational cost, the computational grid with the smaller
number of cells was adopted.
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