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Abstract

Asynchronous rotational-speed modulation of a continuous-flow left ventricular assist device (LVAD) can increase pulsatility;
however, the feasibility of hemodynamic modification by asynchronous modulation of an LVAD has not been sufficiently
verified. We evaluated the acute effect of an asynchronous-modulation mode under LVAD support and the accumulated
effect of 6 consecutive hours of driving by the asynchronous-modulation mode on hemodynamics, including both ventri-
cles, in a coronary microembolization-induced acute-myocardial injury sheep model. We evaluated 5-min LVAD-support
hemodynamics, including biventricular parameters, by switching modes from constant-speed to asynchronous-modulation in
the same animals (“acute-effect evaluation under LVAD support”). To determine the accumulated effect of a certain driving
period, we evaluated hemodynamics including biventricular parameters after weaning from 6-hour (6 h) LVAD support by
constant-speed or asynchronous-modulation mode (“6h-effect evaluation™). The acute-effect evaluation under LVAD support
revealed that, compared to the constant-speed mode, the asynchronous-modulation mode increased vascular pulsatility but
did not have significantly different effects on hemodynamics, including both ventricles. The 6 h-effect evaluation revealed
that the hemodynamics did not differ significantly between the two groups except for some biventricular parameters which
did not indicate negative effects of the asynchronous-modulation mode on both ventricles. The asynchronous-modulation
mode could be feasible to increase vascular pulsatility without causing negative effects on hemodynamics including both
ventricles. Compared to the constant-speed mode, the asynchronous-modulation mode increased pulsatility during LVAD
support without negative effects on hemodynamics including both ventricles in the acute phase. Six hours of LVAD support
with the asynchronous-modulation mode exerted no negative effects on hemodynamics, including both ventricles, after
weaning from the LVAD.
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Introduction

The implantation of a left ventricular assist device (LVAD)
has been an effective way to treat patients with end-stage
heart failure. Continuous-flow LVADs have replaced pul-
satile-flow LVADs, due to their superiority in size and
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Rotational-speed modulation algorithms are generally
classified into two categories: synchronous-modulation
algorithms (synchronized with the native heartbeats) and
asynchronous-modulation algorithms (independent of the
native heartbeats). Several research groups reported that
synchronous modulation can achieve phasic ventricular
unloading [9-11], increase vascular pulsatility [9, 12, 13],
and prevent aortic insufficiency by opening the aortic valve
[14]. Despite these advantages of synchronous modulation,
a major challenge for its clinical implementation has been
the difficulty in stably sensing and tracking native heartbeats.

In contrast, asynchronous modulation has a technical
advantage in that it does not require the triggering of any
biological information using a sensor. There are various pre-
vious reports describing the positive effects of asynchronous
modulation [9, 12, 15-20]. In summary, it was demonstrated
that asynchronous modulation with a continuous-flow LVAD
can improve vascular pulsatility [12, 15], provide the tech-
nologic advantage of sensorless control [9, 12], and reduce
thromboembolic risk [16, 18]. However, the asynchronous
modulation that improves vascular pulsatility has not yet
been clinically applied, and its safety on hemodynamics
including both ventricles has not been sufficiently verified.
Thus, the purpose of this study was to investigate the fea-
sibility of modifying hemodynamics by applying the asyn-
chronous modulation. We investigated the effect of one of
the asynchronous-modulation modes under LVAD support in
the acute phase and the accumulated effect of 6 consecutive
hours of driving followed by weaning from LVAD support
on hemodynamics, including both ventricles, in comparison
with constant-speed driving in an acute-myocardial injury
model induced by coronary microembolization.

Materials and Methods
Animals

Ten adult sheep weighing 56-65 kg (mean =+ standard devia-
tion [SD]: 61.9 +2.8 kg) were used. All animals received
humane care. The study was conducted in accord with the
guidelines issued by Institutional Committee on Animal
Experiments of National Cerebral and Cardiovascular Center
(Osaka, Japan) and was approved by this committee (No.
22064).

Experimental Preparation and Instrumentation

General anesthesia was induced by intramuscular ketamine
hydrochloride and maintained with a combination of iso-
flurane inhalation and intravenous ketamine hydrochloride.
After an infusion of 150 U/kg of heparin, each animal was
implanted with a hydrodynamically levitated extracorporeal

centrifugal pump, the BIOFLOAT NCVC (Nipro, Osaka,
Japan), by a left thoracotomy. Detailed information about the
BIOFLOAT NCVC, including the pump performance curve,
is available in a previous report [21]. The centrifugal pump
controller was modified to be able to modulate the motor
speed with an arbitrary frequency and amplitude. Blood
was withdrawn from the left ventricle (LV) through a 32 Fr
cannula (DLP Single Stage Venous Cannulae, Medtronic,
Minneapolis, MN, USA) and sent to the proximal brachio-
cephalic artery through an 18 Fr cannula (DLP Single Stage
Venous Cannulae, Medtronic) advanced from the left carotid
artery. The pump was placed outside the chest. The lengths
of the withdrawing blood circuit and that of the sending
blood circuits were 60 cm each. The tubes used in the circuit
were made of polyvinyl chloride. Pressure lines were placed
in the left internal thoracic artery, pulmonary artery, and
left atrium.

Ultrasonic flow probes (Transonic Systems, Ithaca,
NY, USA) were attached to the ascending aorta, left main
coronary artery, and pump circuit. Conductance catheters
(CA-71083-PL, CD Leycom, Hengelo, Netherlands) were
advanced from a sheath in the right carotid artery into the
LV, and from the pulmonary artery into the right ventri-
cle (RV). A retrograde cannula (Senko Medical Instrument
Mfg., Tokyo, Japan) was inserted into the coronary sinus
through the left azygos vein. A sheath was inserted in a dis-
tal direction in the left carotid artery to maintain the cerebral
perfusion. Infusions of 300 mL/h Ringer’s lactate solution
were given throughout the experiments, and an infusion of
500 U/h heparin was maintained after the implantation of the
LVAD. The experimental settings are illustrated in Fig. 1.

Creation of an Acute-Myocardial Injury Model

After establishing the experimental settings, we created the
acute-myocardial injury model as performed in the previous
study [22]. With the LVAD turned off, polystyrene micro-
spheres (diameter, 90 pm; Polysciences, Warrington, PA,
USA) were injected into the left anterior descending artery.
The number of microspheres was defined as 600 X coronary
blood flow (CBF) (mL/min) at a baseline.

Experimental Protocol
The experimental protocol is depicted in Fig. 2.

1. After the experimental settings including the LVAD
implantation were established, the baseline measure-
ments were performed with the LVAD turned off for
the evaluation of the initial cardiac function (Baseline).

2. Acute-myocardial injury was induced by the injection
of the above-described intracoronary microspheres,
followed by 30-minute (min) observation. The meas-
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Fig. 1 The experimental set-
tings. The flow meters were
attached to the ascending aorta,
left main coronary artery, and
pump circuit. Pressure lines
were placed in the internal
thoracic artery, superior vena
cava, pulmonary artery, and
the left atrium. Conductance ‘
catheters were placed in both

left and right ventricles. A
retrograde cannula was placed
in the coronary sinus. A left
ventricular assist device (BIO-
FLOAT NCVC) was implanted
by withdrawing blood from the
left ventricle and sending to
the proximal brachiocephalic
arteries
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urements were then performed with the LVAD turned
off to evaluate the initial status of the animal’s acute-
myocardial injury (Acute-myocardial injury).

The LVAD support was started with the constant-speed
mode, followed by 2 h of observation to mitigate the
acute hemodynamic changes due to the surgical proce-
dures and microembolization.
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Acute-effect evaluation under LVAD support: We
examined the acute hemodynamic changes caused by
the different modes (constant-speed mode and asynchro-
nous-modulation mode) by measuring hemodynamics
including biventricular parameters under LVAD support
by switching the modes from constant-speed mode to
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Fig.2 The experimental protocol. Acute-effect evaluation under
LVAD support: we examined the acute hemodynamic changes caused
by the constant-speed and asynchronous-modulation modes by meas-
uring the hemodynamic and biventricular parameters under LVAD
support by switching the modes at a 5-min interval in the same ani-

asynchronous modulation mode at a 5-min interval in
the same animals.

5. 6-hour effect (6 h-effect) evaluation: After the exami-
nation of the acute effects, we assessed the effects of
6-hour (6 h) driving by measuring hemodynamics
including biventricular parameters after the animals
were weaned from the 6 h of LVAD support with each
mode.

i. The baseline measurements were initially
performed with the constant-speed mode
(6 h-driving baseline). The 10 sheep were
then divided into two groups: a constant-speed
group (n=>5) and an asynchronous-modulation
group (n=35).

ii. Each driving mode was administered to each
group of sheep and maintained for 6 h. After
that, the sheep of each group were weaned from
the LVADs by clamping the circuit of LVAD
and 30 min later, the measurements were per-
formed with the LVAD turned off (6 h-effect
evaluation).

Rotational-Speed Modulation Algorithm

In the asynchronous-modulation mode, the rotational speed
of the LVAD was modulated periodically, independent of the
native heartbeats. We designed a rotational-speed modula-
tion algorithm as follows: first, we maximized the amplitude

i Constant-speed
Constant-speed mode (n =5) d group (n=5)
—_— 6h 130m vs

LVAD i
support q ! Asynchronous
(n=10) Asynchronous-modulation mode (o = 5) -modulation
group (n=15)

Weaning from LVAD

6h-effect
evaluation

mals. 6 h-effect evaluation: we assessed the effects of 6-h driving
by measuring the hemodynamics including biventricular parameters
after the animals were weaned from 6 h of LVAD support in each
mode. LVAD left ventricular assist device

of the rotational speed to achieve high pulsatility. Because
the design speed of the BIOFLOAT NCVC was between
3000 and 7000 rpm, we decided to use this amplitude.

The next step was to create one cycle. The rotational
speed could be varied at 15,000 rpm/s; therefore, it took
approximately 500 ms (8000/15,000) for the rotational speed
to increase from 3000 to 7000 rpm and decrease from 7000
to 3000 rpm. With reference to a physiological cardiac cycle
in which the diastole is longer than the systole, the rota-
tional speed was increased by one-third of the pump speed
cycle and decreased by two-thirds, that is, one cycle was
500%3=1500 ms or 40 cycles per min. The LVAD was
able to appropriately follow the command rotational speed.

For the constant-speed mode, the rotational speed was set
at 3750 rpm, which was equivalent to the mean rotational
speed of the asynchronous-modulation mode. These settings
are indicated in Fig. 3.

Systemic Hemodynamics and Pressure-Volume Loop
Analyses of Left and Right Ventricles

The hemodynamics including heart rate (HR), arterial
blood pressure (ABP), central venous pressure (CVP),
pulmonary artery pressure (PAP), left atrial pressure
(LAP), CBF, aortic blood flow (AoF), and pump blood
flow (PF) were recorded. Pressure-volume loops of both
the right and left ventricles were measured and analyzed
to calculate the dP/dt max, the dP/dt min, the ventricular
end-diastolic pressure and volume (EDP and EDV), the
time constant of isovolumic relaxation (Tau), and stroke
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Fig.3 A The asynchronous rotational speed modulation algorithm.
The rotational speed was increased by one-third of the pump speed
cycle and decreased by two-thirds at 40 cycles per min from 3000 to
7000 rpm. For the constant-speed mode, the rotational speed was set
at 3750 rpm, which was equivalent to the mean rotational speed of

work (SW). The arterial pulse pressure (AP) was calcu-
lated as described [23]. All of these data were recorded
and analyzed via Labchart 8 (ADInstruments, Dunedin,
New Zealand).

We collected all of the above-described data at the base-
line, the acute-myocardial injury, the acute-effect evalua-
tion under LVAD support, the 6 h-driving baseline, and the
6 h-effect evaluation. The values of PF, LV EDP, LV EDV
were also collected every hour during the 6 h of LVAD
support for an evaluation of the degree of LV unloading.
All of the data were defined as the average values over a
1-min period at each time point. The right ventricular (RV)
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the asynchronous-modulation mode. B Actual and command rota-
tional speeds of the LVAD. This indicates that the LVAD was able to
appropriately follow the command rotational speed. LVAD left ven-
tricular assist device

EDV at the 6 h-effect evaluation was normalized to that at
the 6 h-driving baseline.

Echocardiography and Myocardial Oxygen
Consumption

Epicardial echocardiography (Vivid E9, GE Healthcare,
Horten, Norway) was performed with the chest open. Left
ventricular ejection fraction (LVEF; using the modified
Simpson technique) and fractional area change (FAC) of
the RV were measured. The end-diastolic diameters (EDD)
of both ventricles were measured with an apical four-cham-
ber view at the level of the tricuspid and mitral annuli. The



Hemodynamic Evaluation of Asynchronous Speed Modulation of a Continuous-Flow Left Ventricular... 369

EDD ratio was defined as the RV EDD/LV EDD. The left
ventricular myocardial oxygen consumption (LVvO,) was
calculated as described [22] by using paired blood samples
from the carotid artery and the coronary sinus. The measure-
ments of echocardiographic data and LVvO, were performed
at the 6 h-driving baseline and the 6 h-effect evaluation.

Statistical Analyses

The data are presented as the mean + SD. We used a paired t
test to compare the data obtained at the baseline with those
at the acute-myocardial injury. We also used a paired t test
to compare the acute-effect evaluation data under LVAD
support between the two driving modes. An unpaired t test
was used to compare the 6 h-driving baseline data and the
6 h-effect evaluation data between the two groups. The time-
course data during the 6 h of LVAD support were analyzed
by a two-way analysis of variance (ANOVA) for repeated
measures. Statistical significance was set at p < 0.05.

Results
Waveforms of Pressure and Flow

Figure 4 provides two types of representative waveforms
of hemodynamic parameters in the baseline, acute-myocar-
dial injury, and acute-effect evaluation (constant-speed and
asynchronous-modulation mode). The waveforms of ABP,
PF, and AoF in the asynchronous-modulation mode had
larger amplitudes than those in the constant-speed mode.
No reversal flow through the pump was observed in any of
the experiments.

Hemodynamics Before the LVAD Support

Table 1 summarizes the data at the baseline and acute-myo-
cardial injury. The hemodynamic data revealed that the HR,
ABP, PAP, and LAP changed significantly from the baseline
to the acute-myocardial injury. LV parameters including the
dP/dt min, EDP, EDV, and Tau and RV parameters includ-
ing the EDP, EDV, and Tau changed significantly from the
baseline to the acute-myocardial injury. These findings indi-
cate that a significant deterioration of hemodynamics was
induced within 30 min after microembolization.

Acute-Effect Evaluation Under LVAD Support

We evaluated acute hemodynamic changes caused by the
two driving modes by comparing hemodynamics including
biventricular parameters under LVAD support in the same
animals. Table 2 shows the results of this examination. The
AP was significantly higher in the asynchronous-modulation
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Fig.4 Representative waveforms of hemodynamic parameters in the
baseline, acute-myocardial injury, and acute-effect evaluation (con-
stant-speed and asynchronous-modulation mode). A and B each show
hemodynamic waveforms of the same animals. ABP arterial blood
pressure, AoF aortic blood flow, CBF coronary blood flow, CVP cen-
tral venous pressure, LAP left atrial pressure, LVAD left ventricular
assist device, PAP pulmonary artery pressure, PF pump blood flow

mode compared to the constant-speed mode (16.9 +5.2 vs.
12.4+6.2 mmHg, p=0.012). None of the other parameters
differed significantly between the two modes. These findings
indicate that the asynchronous-modulation mode increased
the pulsatility in the 5-min assessment but did not affect both
ventricles differently from the constant-speed mode.
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Table 1 Baseline and acute-

R Baseline Acute-myocardial injury p value
myocardial injury data

Hemodynamics
HR, bpm 82.0 (11.6) 91.8 (13.7) 0.003
ABP, mmHg 90.2 (7.9) 74.1 (11.7) 0.002
AP, mmHg 24.1 (2.9) 23.6 (5.5) 0.76
CVP, mmHg 7.0 (2.5) 8.8 (1.7) 0.10
PAP, mmHg 17.4 (1.5) 21.2(3.3) 0.002
LAP, mmHg 11.9 (2.3) 16.3 (4.5) 0.002
CBF, mL/min 164.9 (39.2) 143.2 (44.9) 0.18
AoF, L/min 3.5(0.6) 3.1(0.7) 0.06

LV parameters
dP/dt max, mmHg/s 1163.8 (186.4) 1082.8 (217.7) 0.20
dP/dt min, mmHg/s —1224.4(197.3) —868.0 (157.0) <0.001
EDP, mmHg 10.8 (1.9) 14.1 (3.8) 0.003
EDV, mL 121.1 (13.1) 129.3 (15.3) 0.02
SW, mmHg mL 2575.3 (807.7) 2015.1 (546.4) 0.06
Tau, ms 46.3 (7.8) 543 (11.2) 0.006

RV parameters
dP/dt max, mmHg/s 359.1 (55.7) 389.9 (57.7) 0.20
dP/dt min, mmHg/s —326.3 (66.5) —300.6 (64.4) 0.10
EDP, mmHg 6.5(1.9) 7.7(1.9) 0.03
EDV, mL 129.6 (19.4) 139.5 (21.4) 0.02
SW, mmHg mL 708.3 (309.2) 639.7 (240.7) 0.31
Tau, ms 46.3 (10.0) 59.6 (12.3) 0.01

Values are mean (standard deviation [SD])

ABP arterial blood pressure, AoF aortic blood flow, CBF coronary blood flow, CVP central venous pres-
sure, EDP end-diastolic pressure, EDV end-diastolic volume, HR heart rate, LAP left atrial pressure, LV
left ventricular, PAP pulmonary artery pressure, RV right ventricular, SW stroke work, Tau time constant of
isovolumic relaxation, AP pulse pressure

6 h-Effect Evaluation

In the 6 h-effect evaluation, we investigated how hemody-
namics including both ventricles were affected by a certain
period of driving with the two modes by comparing hemo-
dynamics including biventricular parameters after weaning
from 6 h of LVAD support. Table 3 provides the data at
the 6 h-driving baseline. None of the parameters, includ-
ing body weight and the number of microspheres, differed
significantly between the two groups.

Figure 5 depicts the time-course data during the 6 h of
LVAD support. The PF, LV EDP, and LV EDV did not differ
significantly between the two groups during the LVAD sup-
port. Table 4 summarizes the results of the 6 h-effect evalu-
ation. Hemodynamic parameters, including HR, ABP, AP,
CVP, PAP, LAP, CBF, and AoF did not differ significantly
between the two groups, whereas HR, ABP, and AoF tended
to be higher in the asynchronous-modulation group. In the
echocardiographic evaluation, LVEF and FAC did not dif-
fer significantly between the two groups, whereas the EDD
ratio was significantly lower in the asynchronous-modula-
tion group than in the constant-speed group (0.89 +0.09 vs.
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1.08 +0.06, p=0.003). The LVvO, showed no significant
differences between the two groups.

Regarding the LV parameters, no significant differ-
ences were observed except for dP/dt max which was
significantly higher in the asynchronous-modulation
group than in the constant-speed group (919.2 +124.6 vs.
688.4+168.3 mmHg/s, p=0.039).

Regarding the RV parameters, no significant differences
were observed except for the EDP, normalized EDV, and
Tau, which were significantly lower in the asynchronous-
modulation group than in the constant-speed group (EDP:
5.84+2.3 vs. 10.8+3.1 mmHg, p=0.021; normalized EDV:
1.07+0.09 vs. 1.24+0.12, p=0.033; and Tau: 61.1+15.9
vs. 117.0+33.1 ms, p=0.009).

Discussion

We evaluated the effect of the asynchronous modulation
on hemodynamics, including both ventricles, in a sheep
model of acute-myocardial injury in order to investigate
the feasibility of modifying hemodynamics by applying the
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Table 2 Results of the acute-effect evaluation under left ventricular

assist device (LVAD) support

Constant-speed Asynchronous-  p value
mode modulation
mode
Hemodynamics
HR, bpm 95.6 (13.3) 95.6 (13.5) 1.00
ABP, mmHg 83.3(11.4) 82.2(12.2) 0.20
AP, mmHg 12.4 (6.2) 169 (5.2) 0.012
CVP, mmHg 9.9(1.9) 99(1.9 034
PAP, mmHg 20.1 3.1) 20.0 (2.9) 0.59
LAP, mmHg 13.3(3.7) 13.2(3.5) 0.59
CBF, mL/min 139.3 (52.7) 144.6 (52.9) 0.05
AoF, L/min 1.1 (0.8) 1.1(0.7) 0.14
PF, L/min 3.3(0.2) 33(0.2) 0.05
LV parameters
dP/dt max, 1013.3 (407.1) 1018.4 (407.3) 0.45
mmHg/s
dP/dt min, —861.4 (330.2) —850.0 (323.5) 0.34
mmHg/s
EDP, mmHg 10.5 (3.9) 10.7 (3.8)  0.57
EDV, mL 126.1 (19.7) 126.6 (18.5) 0.45
SW, mmHg mL 1936.0 (881.4) 1904.2 (844.6) 0.26
Tau, ms 51.4 (9.6) 504 (8.8) 0.35
RV parameters
dP/dt max, 417.2 (99.6) 414.3 (100.7) 0.26
mmHg/s
dP/dt min, —278.2 (56.3) —279.5(51.8) 0.60
mmHg/s
EDP, mmHg 8.4 (3.5) 8332 0.67
EDV, mL 147.9 (24.4) 148.3 (24.4) 0.34
SW, mmHg mL 684.1 (333.0) 682.0 (321.4) 0.73
Tau, ms 58.4 (19.7) 56.9 (19.0) 0.26

Values are mean (SD)

ABP arterial blood pressure, AoF aortic blood flow, CBF coronary
blood flow, CVP central venous pressure, EDP end-diastolic pressure,
EDYV end-diastolic volume, HR heart rate, LAP left atrial pressure, LV
left ventricular, PAP pulmonary artery pressure, PF pump blood flow,
RV right ventricular, SW stroke work, Tau time constant of isovolumic
relaxation, AP pulse pressure

asynchronous modulation. The acute-effect evaluation under
LVAD support revealed that, compared to the constant-speed
mode, the asynchronous-modulation mode increased vas-
cular pulsatility but did not have a significantly different
influence on hemodynamics, including both ventricles. The
6 h-effect evaluation revealed that the hemodynamic param-
eters did not differ significantly between the two groups,
except for some other parameters including echocardiog-
raphy: EDD ratio, LV parameters: LV dP/dt max, and RV
parameters: EDP, normalized EDV, and Tau, which did not
indicate negative effects on both ventricles.

Table 3 The 6 h-driving baseline data

Constant-speed Asynchronous- p value
group modulation group
Body weight, kg 61.2 (3.7) 62.6 (1.7) 0.463

Microsphere 109324.8 (17261.2) 87360.0 (22773.9) 0.124
Hemodynamics
HR, bpm 103.2 (22.6) 91.0 (10.0)  0.302
ABP, mmHg 89.4 (8.2) 75.8 (15.8)  0.126
AP, mmHg 12.2 (7.4) 12.2 (5.6) 1.000
CVP, mmHg 10.6 (2.1) 9.5 (2.0) 0.418
PAP, mmHg 19.6 (4.0) 20.6 (2.3) 0.643
LAP, mmHg 13.4(5.4) 12.8 (1.1) 0.813
CBF, mL/min 164.4 (71.3) 1242 (13.5)  0.251
AoF, L/min 1.2 (0.6) 1.1 (1.0) 0.743
PF, L/min 3.4(0.2) 3.3(0.2) 0.641
Echocardiography
LVEF, % 34.0 (11.7) 32.8 (4.9) 0.838
FAC, % 53.6 (8.9) 49.8 (5.9) 0.449
EDD ratio 0.92 (0.09) 0.97 (0.14)  0.539
LV parameters
dP/dt max, 1072.0 (488.4) 997.8 (420.3) 0.803
mmHg/s
dP/dt min, —916.4 (484.3) —348.4 (867.7) 0.237
mmHg/s
EDP, mmHg 9.6 (4.7) 11.3 (3.0) 0.509
EDV, mL 126.8 (28.1) 128.0 (9.2) 0.930
SW, mmHg mL 1805.4 (927.5) 2016.4 (1012.8) 0.740
Tau, ms 53.6 (16.3) 532 (13.7) 0971
RV parameters
dP/dt max, 397.2 (102.4) 4226 (118.4) 0.726
mmHg/s
dP/dt min, —284.0 (48.0) —-279.2(66.4)  0.899
mmHg/s
EDP, mmHg 9.2 (4.0) 7.6 (2.9) 0.486
EDV, mL 148.8 (15.2) 149.0 (31.5)  0.990
SW, mmHg mL 564.0 (155.3) 771.8 (438.0) 0.347
Tau, ms 66.8 (23.7) 514 (21.0)  0.308
Metabolism
LVvO, O, mL/ 466.2 (220.7) 307.5 (26.3)*  0.201
min

Values are mean (SD)

ABP arterial blood pressure, AoF aortic blood flow, CBF coronary
blood flow, CVP central venous pressure, EDD ratio end-diastolic
diameter ratio, EDP end-diastolic pressure, EDV end-diastolic vol-
ume, FAC fractional area change, HR heart rate, LAP left atrial pres-
sure, LVEF left ventricular ejection fraction, LVvO, left ventricular
myocardial oxygen consumption, PAP pulmonary artery pressure, PF
pump blood flow, SW stroke work, Tau time constant of isovolumic
relaxation, AP pulse pressure

*n=4

Thus, the asynchronous-modulation which could pro-
vide vascular pulsatility is expected to be a feasible driving
method for continuous-flow LVADs. It has been reported
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Fig.5 The time course data of the PF, LV EDP, LV EDV during 6 h of LVAD support. PF, LV EDP, and LV EDV did not differ significantly
between the constant-speed and asynchronous-modulation groups. EDP end-diastolic pressure, EDV end-diastolic volume, PF pump blood flow

that the use of a synchronous co-pulse mode (increasing the
rotational speed in the systole of native heartbeats) increases
the vascular pulsatility and LV load, whereas the use of a
synchronous counter-pulse mode (increasing the rotational
speed in the diastole) decreases the LV load and vascular
pulsatility [9—11]. These studies suggest that the synchro-
nous-modulation presents a trade-off between LV unload-
ing and pulsatility. However, the asynchronous-modulation
mode used in the present study could increase vascular
pulsatility, as observed in other studies [9, 12], whereas no
negative effect on hemodynamics, including both ventricles,
was observed.

Six hours of driving in the asynchronous-modulation
mode caused no significant changes in the native LV param-
eters, except for the LV dP/dt max. It has been reported that
pulsatile-flow LVADs were more effective for myocardial
recovery than continuous-flow LVADs [24, 25], but it is not
yet known whether this was due to the different degrees of
LV unloading and/or the different patterns of LV unload-
ing. Other studies demonstrated that when the PF changes,
independent of the native heartbeats, an LV unloading pat-
tern changes at each heartbeat [26, 27]. As observed in
those studies, we speculate that the unloading pattern of the
asynchronous-modulation mode in the present study was
different at each heartbeat. We estimated the degree of LV
unloading by measuring the LV EDP and LV EDV as the
average values over 1 min, and based on this, the degree
of LV unloading during 6 h of driving did not differ sig-
nificantly between the two groups. We thus postulate that
the difference in LV dP/dt max in the 6 h-effect evaluation
between the two groups might be related to the difference
in the unloading patterns between the two modes during 6 h
of driving. However, considering that the LV parameters at
the 6 h-effect evaluation other than LV dP/dt max did not
differ significantly between the two groups, further studies
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are needed to assess the reliability and mechanism of the
possible positive effects on native LV function.

The results of our acute-effect evaluation under LVAD
support revealed that the effect of the asynchronous-modula-
tion mode on the RV was not significantly different from that
of the constant-speed mode over a short term (5 min). This
finding is consistent with a report that an acute modulation
of the pump speed of a continuous-flow LVAD only mini-
mally affected RV function [28]. Bouwmeester et al. con-
ducted a wave-intensity analysis and reported that asynchro-
nous modulation resulted in no observable changes in RV
function in the acute phase [29], which also agrees with our
finding. However, these previous studies did not investigate
the accumulated effects of asynchronous modulation on the
RV caused by a certain period of driving followed by wean-
ing from LVAD support. We investigated the accumulated
effect of asynchronous modulation, and it was shown that 6 h
of driving with the asynchronous-modulation mode caused
no significant changes to the native RV parameters, except
for possible positive changes in EDP, normalized EDV, and
Tau. Thus, 6 h of driving with the asynchronous-modulation
mode may positively modify RV function, although it is lim-
ited within the range of speculation because of the limitation
of this study involving animal models with acute-myocardial
injury and evaluation procedures in which reliability and
reproducibility were not necessarily guaranteed. We specu-
late that a reduction of the degree of septal shift due to asyn-
chronous modulation under LVAD support might be related
to RV function. It has been reported that the ventricular sep-
tum has a significant impact on RV function [30, 31], and in
LVAD patients the leftward shift of the ventricular septum,
aggravated by high rotational speed, causes a deterioration
of RV function [32-36]. We thus hypothesize that the mech-
anism of the effect on the RV may involve the following
factor: the asynchronous-modulation group had periods of
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Table 4 Results of the 6 h-effect evaluation

Constant-speed Asynchronous-  p value
group modulation
group
Hemodynamics
HR, bpm 93.6 (12.6) 115.0(29.2) 0.171
ABP, mmHg 53.8 (8.5) 64.8 (8.3) 0.072
AP, mmHg 22.8(1.8) 224 (24) 0773
CVP, mmHg 12.6 (1.5) 11.2(1.5) 0.178
PAP, mmHg 21.0 (2.6) 224 (0.6) 0.264
LAP, mmHg 17.4 (2.0) 17.2(2.3)  0.885
CBF, mL/min 128.2 (35.3) 126.0 (7.4)  0.895
AoF, L/min 2.0(0.5) 2.6 (0.7)  0.165
Echocardiography
LVEF, % 27.6 (5.2) 30.8(7.4) 0.452
FAC, % 44.0 (9.8) 352 (11.7) 0.234
EDD ratio 1.08 (0.06) 0.89 (0.09) 0.003
LV parameters
dP/dt max, 688.4 (168.3) 919.2 (124.6) 0.039
mmHg/s
dP/dt min, —538.2 (127.4) —745.4 (166.6) 0.058
mmHg/s
EDP, mmHg 12.2 (1.6) 12.6 (6.2)  0.892
EDV, mL 136.0 (28.2) 140.8 (12.5) 0.737
SW, mmHg mL 969.0 (398.5) 1416.8 (920.7) 0.347
Tau, ms 65.8 (10.8) 55.8 (21.8) 0.386
RV parameters
dP/dt max, 320.4 (57.2) 373.6 (57.5) 0.181
mmHg/s
dP/dt min, —233.6 (45.1) —281.6 (50.4) 0.151
mmHg/s
EDP, mmHg 10.8 (3.1) 5.8(2.3) 0.021
EDV, mL 184.8 (29.6) 157.6 (26.3) 0.163
Normalized EDV 1.24 (0.12) 1.07 (0.09) 0.033
SW, mmHg mL 437.4 (108.3) 489.2 (345.8) 0.757
Tau, ms 117.0 (33.1) 61.1 (15.9) 0.009
Metabolism
LVvO, O, mL/ 528.6 (76.4) 449.5 (148.1)*0.331
min

Values are mean (SD)

ABP arterial blood pressure, AoF aortic blood flow, CBF coronary
blood flow, CVP central venous pressure, EDD ratio end-diastolic
diameter ratio, EDP end-diastolic pressure, EDV end-diastolic vol-
ume, FAC fractional area change, HR heart rate, LAP left atrial pres-
sure, LVEF left ventricular ejection fraction, LVvO, left ventricular
myocardial oxygen consumption, PAP pulmonary artery pressure, PF
pump blood flow, SW stroke work, Tau time constant of isovolumic
relaxation, AP pulse pressure

*n=4

low rotational speed in two-thirds of the pump cycle, which
could decrease the degree of septal shift overall. We did not
examine the degree of septal shift in this study, and further
investigation is necessary to test our hypothesis.

Our results suggested that the asynchronous-modulation
could be feasible to increase vascular pulsatility without
causing negative effects on hemodynamics including both
ventricles, while it could be expected to have some posi-
tive effects on native heart. Further studies are necessary to
evaluate the effects of asynchronous modulation by mimick-
ing the clinical scenario of patients with LVADs using an
optimal modulation algorithm. The findings from this study
can provide important reference material for future chronic
experiments on the asynchronous modulation of LVADs
using a chronic heart failure model.

Study Limitations

There are several study limitations to address. The model
used in this study was an acute-myocardial injury model
without LV remodeling, which is observed in the chronic
heart failure model.

It is also unclear whether various modulation algorithms
other than the one used here have the same effects on pul-
satility and hemodynamics, including both ventricles. Fur-
thermore, we cannot conclude that the modulation algorithm
used in this study was optimal. The influences of the pump
cycle rate, the rotational speed amplitude, and the timing
and duration of increasing the rotational speed remain to be
explored in future research.

Several factors affected pulse transmission in the asyn-
chronous-modulation mode. First, the outflow cannula used
was smaller than a typical LVAD outflow graft. An outflow
cannula was inserted through the carotid artery to minimize
surgical invasiveness. Second, the LVAD circuit lengths
were longer than those of implantable LVADs. Third, the
LVAD circuit consisted of polyvinyl chloride tubes; there-
fore, compliance might differ in clinical settings. However,
all these factors affecting pulse transmission were consid-
ered equivalent in all the experiments in this study.

Conductance catheter data have definite limitations in
terms of accuracy and reproducibility, particularly for meas-
urement of the RV.

Conclusions

The asynchronous-modulation could be feasible to increase
vascular pulsatility without causing negative effects on
hemodynamics including both ventricles. Compared to the
constant-speed mode, the asynchronous-modulation mode
increased pulsatility during LVAD support without nega-
tive effects on hemodynamics including both ventricles in
the acute phase. Six hours of LVAD support with the asyn-
chronous-modulation mode exerted no negative effects on
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hemodynamics, including both ventricles, after weaning
from the LVAD.
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