(1

Inthis formula, x, Ufx), 4 and 5 represent the system state,
potential function (system dynamics). bias (an evaluation
function indicating the goodness of fit for the system state)
and noise (random variation), respectively. This mode! detects
attractors via random walks: the inappropriate system state
reduces Value A. and n becomes dominant.

X=NVU(x)-4+7n

To verity the benefits of this proposed method, attractor
selection models were initially used to control and maintain
blood flow on continuous flow pumps. comparatively simple
systems. Continuous flow VADs mainly consist of a
centrifugal pump or an axial flow pump. These pumps can
adjust blood flow through changes in rotation speed on the
internal impellers. Equation (2) is a general difference
equation of formula (1).

dl (x(1)}
——

e+ 1y=x(1)— A1) nin

dx (1) (2)

To calculate the flow control on continuous flow pumps.
the formula symbols were defined as follows: x(7) = a control
signal for rotation speed. Ufx) = a temporary target function
(an approximate potential function with a turning point at x(z)
indicating the achievement of objective flow), A an
evaluation function to produce a Ufx)-turning-point drawing
effect, and n = noise. Ufx) was set with the Gaussian
distribution function. and a parameter for the center of a
turning point was defined as ¢ as shown in a formula (3).
—jx=c) -

i 1 (3)

Constant a: Amplitude. 5:Width of a temporary potential.

¢: Center of the potential, d: Offset

Ulx)=axexp +d

Value 4 tends to be high on a true Ufx) turning point;
therefore, even when accurate [/(x) was not obtained because
of the difficulty in modeling, ¢ (the center of the Ufx) turning
point) was updated to the side that had become high in the
previous 4 by increasing or decreasing according to the Value
A. This process allowed inaccurate /{x) to draw to a polential
neighborhood true value. and adaptive behaviors were
expected accordingly. Value 4 is an important element which
influences systems' behaviors. In this trial, we predicted
behaviors to gain arbitrary objective blood flow. and
experimentally set Formula (4) to provide a high value in case
that the current flow is close to the desired value or the current
difference from the objective flow is smaller than the previous

difference.

i exp (c . ([I"I(m _r{r =)= Flow (v = |)l - !Flmr _r{r)y= Flow (r)l)}
At

w«plj' (Flow _r{r)— Flow (r))[ (4)
e, - Constant, Flow: Mean flow rate, Flow_r: objective
flow rate, 7: observation time of Flow

After 5 was defined as Gaussian noise, a bias was added to
the median value according to the increase or decrease in the
previous 4. in order to improve the search efficiency.

B. Mock Circulation Test

To evaluate behaviors based on the implemented
algorithm. control testing on a closed loop for mock
circulation was performed using a prototype model of a
developing axial flow pump [18]. The axial flow pump used
had a structure to rotate the impeller in the brushless direct
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Clumping point
Circudatory Resistancae R

Pressure transducer

Pressurs head AP[mmHg]

() Mock circulation loop
Py
AnaloglO

“BCpowersource ' -
forpymp
A A

¢ Ultrasonic flowmeter

Axial-flow pump
Pressure sensof
Motordnver

Resistance ¢

(b) Experimental setup and control system

Figure 2. Schematic diagrams of mock circulation test (measurement
items, 1P [mmHg]. Pressure sensors, Flow rate [L/min]: Ultrasonic
flowmeter, Control signal x [V], Parameter of the control: dlU(x), 4. c, n).

current motor. and this was the same as a general continuous
flow VAD. In addition. the axial flow pump had a mechanism
to support the rotor with the internal impeller through fluid
dynamic bearing (Figure 1). This pump was connected to a
soft reservoir via the inflow and outflow PVC tube (inner
diameter: 1/2 in., length: | m, respectively). and the supply
side on the pump was equipped with the function of
circulatory resistance to generate the pump head (Figure 2).
The motor of this pump was operated by a widely-used motor
driver which was able to change rotation speed via external
signals, The working fluid was 37 wi% glycerol-water
solution at 27 degrees Celsius.

The rotation speed control was designed to provide a
feedback when any flow signal calculated by the ultrasonic
flow meter (T106, Transonic Systems Inc.) is input into the
PC and subsequently to output an implementation signal
calculated by the proposed algorithm. A pressure sensor
(PA-500, Nidec Copal Electronics Corp.) was used to
determine the pump inflow- and outflow-side pressure, pump
flow measured by the ultrasonic flow meter, and rotation
speed control signals and also to record the control parameters
(LJU(x). A, c, and »). The sampling and parameter updating
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cycle were set to 100 Hz and 1 sec, respectively. As the target
pump used had a levitated dynamic bearing structure, the
algorithm was designed assuming that the actual rotation
speed corresponding to rotation speed control signals were
known. The rotation speed received from the control signals
was set in the range of 7600-12000 rpm so that the bearing
was able to maintain stable levitation.

A random rotation number was set to run the pump
operation testing. Subsequently, the target flow was set to 5
L/min to begin this control algorithm. Initially, the circulatory
resistance was changed to examine the basic behavior, and we
observed the variations in the flow, rotation speed, control
signal, and other control parameters accordingly. Secondly,
inflow sucking (extreme negative pressure on inflow side
because of a flow obstruction) was generated on the pump
assuming that the environment was unexpectedly changed to
evaluate the behavior. The sucking was generated by the tube
on the inflow side and the soft reservoir connection part from
the outside (Figure 2. (a)), which were unclamped soon after a
sucking condition was satisfied (Before this procedure, we
conducted a stationary operation to confirm that the negative
pressures caused by sucking were not automatically released
at the event of full sucking). Similarly, the changes in the
pump behaviors were observed.

III. RESULTS

Figure 3 lists the results of the circulatory resistance
changes. In this test, our proposed method was used to control
the blood flow of an axial flow pump to maintain an arbitrary
target flow. The objective flow of 5 L/min was achieved when
this control was added to pump operation by the steady
rotation speed of 4.5 L/min. Subsequently, when the
circulatory resistance was reduced, the following changes
were obtained: 1. the pump flow increased, 2.  became
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Figure 4. One example of the adaptive behavior on inflow obstruction
(unexpected disturbance).

dominant because of a decrease in 4 and this changed x, 3. ¢
was updated along with the change of 4 consequent to x, and
finally 4. x was drawn into c, the center of U(x), as an effect of
A. Accordingly, the flow achieved the desired value again. We
observed that the flow achieved to the target value when the
circulatory resistance increased further after it had reached the
initial value.

Furthermore, one case of behaviors in inflow sucking was
listed in Figure 4. According to the result, 1. the flow
decreased because of inflow sucking, 2. a decrease in 4
allowed 7 to be dominant and this changed 4 consequent to the
variation in x, 3. ¢ temporally decreased, 4. the negative
pressure on the inflow side was released after ¢ was drawn into
¢, 5. A increased because of recovery of the flow and ¢ also
increased tentatively, and 6. the flow reached the target value
again. Similarly, the target flow was achieved throughout
10-time attempts, even though the results varied widely
(24.1x16.4 sec) because of the sucking degrees and noise
effects.

1V. DISCUSSION

As tasks of this trial, a rotation speed increase and
temporary decrease were required when the blood flow
decreased because of a circulatory resistance increase and
sucking, respectively. Flow maintenance and sucking release
could be realized by other means; however, in this method,
different behaviors were required for the same flow-decrease
phenomenon. Therefore, the self-adjusting behaviors
observed in this study should be significantly useful to
develop more flexibly adaptive ventricular assist device
control, because those results were obtained without the
provision of any additional sensor for sucking detection as
well as the design of behavioral rules based on some models or
experiences. Furthermore, this study demonstrated that the
method was able to cope with dynamic objects and first or
low-frequency events regardless of the disadvantages of
accuracy and speed. However more detailed behaviors should
be investigated for severe conditions on the circulation.
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At clinical sites in which continuous flow VADs are used,
sucking on the ventricle insert site of an inflow cannula is
acknowledged as a problem; thus, this method which can
solve sucking automatically is likely useful. In this trial, the
probe of the ultrasonic flow meter used was connected to the
outflow tube to determine the pump flow. A general
continuous flow VAD has a function to estimate flow from
current or other values. Nevertheless, it is difficult to provide
accurate data in situations such as sucking. Some ultrasonic
flow meter probes are able to be used with blood vessel
prostheses for VAD blood supply; however, long-term stable
measurements of flow are likely difficult in implantable
continuous flow VAD patients. As many researchers have
pointed out, development of long-term stable flow
measurements is a major task with respect to implantable
continuous flow VADs [19-22], and this is also essential for
this flow control algorithm. Meanwhile, testing under
pulsatile pressure must be performed to investigate the
behaviors of this algorithm, in consideration of blood inflow
from the patient's native heart. With the exception of c, the
parameters, constant a, b, d of U(x), control cycle, e & f
corresponding to the weight of 4, and bias of noise » were set
by trial and error approach. To establish the evaluation and
design methods to optimize these parameters is another task.

In this trial, the control to maintain flow was executed
using the feedbacks of pump flow measurements. This
algorithm is able to be applied not only to flow control but also
other processes. 4 and x can be respectively independent in
regard to this method. Therefore, if further technical
developments enable macroscopic index sensing such as
judging on VAD patients' circulation conditions or comfort,
pumps using this method may cope with sensing situations
easily even if the relationship between the indices of
evaluation function A and pump flow is not clear. In addition,
combinatory use of this proposed method with currently-used
VAD control methods may enable stable VAD systems to
behave without algorithm errors, because this method is able
to help to adapt other control algorithms to the human body.

V. CONCLUSION

In this study, we proposed a searching control method and
performed axial flow pump flow control using a mock
circulation loop. As a result, the control to maintain the target
flow determined at the design phase was successfully
achieved. When sucking, an unexpected event, occurred, the
target flow was recovered via the self-adjusting behavior
without designing the detailed control rule based on the
experience or the model of the control target.

Accordingly, this method was proved useful with respect to
autonomous VAD control.
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Abstract Right ventricular (RV) failure is a potentially
fatal complication after treatment with a left ventricular
assist device (LVAD). Ventricular septal shift caused by
such devices is an important factor in the progress of RV
dysfunction. We developed a control system for a rotary
blood pump that can change rotational speed (RS) in syn-
chrony with the cardiac cycle. We postulated that
decreasing systolic RS using this system would alter ven-
tricular septal movement and thus prevent RV failure. We
implanted the EVAHEART ventricular assist device into
seven adult goats weighing 54.1 & 2.1 kg and induced
acute bi-ventricular dysfunction by coronary embolization.
Left and RV pressure was monitored, and ventricular septal
movement was echocardiographically determined. We
evaluated circuit-clamp mode as the control condition, as
well as continuous and counter-pulse modes, both with full
bypass. As a result, a leftward ventricular septal shift
occurred in continuous and counter-pulse modes. The
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septal shift was corrected as a result of decreased RS
during the systolic phase in counter-pulse mode. RV frac-
tional area change improved in counter-pulse
(59.0 £ 4.6 %) compared with continuous (44.7 + 4.0 %)
mode. In conclusion, decreased RS delivered during the
systolic phase using the counter-pulse mode of our new
system holds promise for the clinical correction of ven-
tricular septal shift resulting from a LVAD and might
confer a benefit upon RV function.

Keywords Artificial organs - Rotary blood pump -
LVAD - Right ventricular failure

Introduction

Left ventricular assist device (LVAD) therapy is consid-
ered effective for treating patients with end-stage heart
failure, either as a bridge to transplantation [1] or as des-
tination therapy [2]. Continuous-flow LVADs are now
widely applied, owing to a decrease in complications and
improved prognoses compared with pulsatile LVADs [3].
However, differences in physiological effects between
continuous-flow and pulsatile LVADs remain controversial
[4-6], especially those involving right ventricular (RV)
function [7]. The probability of RV failure does not seem
to differ between pulsatile and continuous-flow LVADs
[7], but differences in the physiological effects between
these devices remain unclear.

RV failure is a life-threatening complication for patients
treated with an LVAD [8]. Physiologically, an LVAD is
thought to have both beneficial and adverse effects on the
right ventricle [9, 10]. One reason for the beneficial effect
on RV function is that LVAD unloading leads to a decrease
in RV afterload through a decrease in pulmonary artery
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pressure [11]. However, some reports have indicated that a
change in left ventricular (LV) geometry, especially that
resulting from a ventricular septal (VS) shift, leads to
decreased RV contractility [11, 12]. A VS shift occurs
during treatment with LVADs, especially under full or
excess LVAD support [10]. Patients with an LVAD who
develop RV failure often have concurrent multiple organ
failure [13], for which they require high blood-flow sup-
port. Therefore, we often encounter the dilemma that
increased RS causes RV dysfunction and consequently
decreases systemic blood flow. Ultimately, we implant an
RV assist device if a patient does not respond to medical
therapy [8]. Ideally, an LVAD should provide not only
maximum flow support but also RV functional support.

We consider that a change during the LVAD support
phase can control RV function, especially that of the
ventricular septum. Hence, we developed a novel heart
beat-synchronous drive mode for the EVAHEART cen-
trifugal LVAD (Sun Medical Technology Research Cor-
poration, Nagano, Japan) [14]. To create this drive mode,
we defined the duration and rotational speed (RS) of the
systolic and diastolic phases to drive the EVAHEART in
synchrony with the native cardiac.cycle [15-18]. This
driving mode, which is synchronous with the heartbeat,
significantly changes coronary flow in normal goats [16,
17]. We speculated that a VS shift under continuous-flow
LVAD support would occur during the complete cardiac
cycle. However, VS function is more essential in the sys-
tolic than the diastolic phase and this novel drive mode
might confer a benefit on VS and RV function under full
bypass conditions by decreasing RS during the systolic
phase.

We investigated whether the new drive mode could
prevent RV failure in a goat model of bi-ventricular dys-
function and evaluated interaction between the left and
right ventricles, including VS movement.

Materials and methods

Animals

Seven adult goats weighing 54.1 £ 2.1 kg were main-
tained in accordance with the guidelines of the Committee
on Animal Studies at the National Cerebral and Cardio-
vascular Center, and the National Cerebral and Cardio-
vascular Center Animal Investigation Committee approved
the study.

Surgical procedures and implanted devices

All animals were sedated with an intramuscular injection of
ketamine hydrochloride (8-10 mg/kg) and anesthetized
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using isoflurane (1-3 vol %/100 mL in oxygen) inhalation.
The animals were placed in the right recumbent position,
intubated and mechanically ventilated. We approached the
pressure lines for aortic and central venous pressure via a
left thoracotomy at the fifth intercostal space from the left
intrathoracic artery and vein, respectively. The main pul-
monary artery and ascending aorta were dissected and
taped, and we attached EMF-1000 electromagnetic flow
meters (Nihon Kohden, Tokyo, Japan) with a 12-18-mm
diameter to them. Afier heparinization (300 U/kg), the
EVAHEART (Sun Medical Technology Research Corpo-
ration, Nagano, Japan) was installed without a cardiopul-
monary bypass. First, we sutured the outflow conduit of the
device to the descending aorta using a partial clamp. Then
we made stitches around the L'V apex and punched out the
apex with a 16-mm puncher. The inflow cannula was
immediately inserted using left hand to control bleeding by
squeezing as necessary. We used a 16-mm TS420 ultra-
sonic flow meter (Transonic Systems, Ithaca, NY, USA) to
measure LVAD flow (PF). Total flow (TF) was calculated
as the sum of the ascending aortic flow and the PF. The
bypass rate was calculated by dividing the PF by the TF.

To obtain pressure—volume loops, we inserted a 6-Fr
conductance catheter (2S-RH-6DA-116; Taisho Biomed
Instruments Co., Ltd., Osaka, Japan) into the RV from the
apex towards the pulmonary valve. and 4-Fr micro-tip
catheter pressure transducers (Millar Instruments Inc.,
Houston, TX, USA) were inserted through the RV and LV
walls. In addition, pulmonary artery pressure was moni-
tored via a catheter inserted directly into the artery.
Hemodynamic data were recorded using LabChart 7 soft-
ware (ADInstruments, Castle Hill, New South Wales,
Australia). The pressure and volume data of the LV were
recorded using a Leycom Sigma 5 system (CardioDy-
namics, Zoetermeer, The Netherlands). We defined LV and
RV systolic duration (%) as the sum of the isovolemic
contraction phase and the ejection phase of the respective
ventricles divided by the RR interval (Fig. 2). Because
blood was ejected during the diastolic phase under LVAD
support, we defined the end of ejection phase as the first
point when RV volume reached diastolic volume and the
first point when the ventricular pressure waveform sharply
decreased (Fig. 2). The corresponding systolic duration
was measured using LabChart software.

Bi-ventricular dysfunction model

We modeled bi-ventricular dysfunction in this study. We
impaired RV and LV function by embolizing the coronary
artery through the left anterior descending (LAD) and right
coronary (RCA) arteries as described [18]. Briefly, a 4-Fr
Amplatz catheter (Create Medic Co., Ltd.,, Yokohama,
Japan) was inserted through a 4-Fr long sheath into the left



7 Artif Organs (2014) 17:135-141

137

ECG |

i
§ "
i
i
i
i
i
i
'

Rotational Speed
N
5
Circuit-clamp mode

'
1

Continuous mode

Counterpulse mode

WEC 6 S ey N

i
¥

Fig. 1 Rotary blood-pump control modes. Circuit-clamp mode
(control) does not include pump support because left ventricular
assist device circuit is clamped. Rotational speed in continuous mode
remains constant without a controller and that during systolic phase in
counter-pulse mode is decreased by a controller. Systolic and diastolic
phases in cardiac cycle are defined as 33 and 67 %, respectively, of
RR interval

carotid artery toward the LAD and RCA ostia under fluo-
roscopic guidance. Microspheres (75-pm diameter) were
injected into the LAD (60 spheres’/kg) and RCA
(30 spheres/kg). The general condition of each goat was
observed for a further 30 min to stabilize cardiac function
before collecting data.

We controlled the infusion volume and depth of anes-
thesia during the experiment to maintain stable PF and
aortic and central venous pressures, thus avoiding suction
at the inflow cannunla and sustaining an appropriate after
load. All animals were administered with lidocaine 2 %
(1 mg/kg/h) during the experiment to prevent ventricular
arthythmia. Heart failure was established to reduce and
then maintain cardiac output at approximately 60 % of the
cardiac output as TF and PAF according to previously
described methods [18].

Study protocol and LYAD control

Our new controller allows the RS of the EVAHEART to
change for a specific duration after an R wave appears to
synchronize it with the cardiac cycle. We defined the
systolic and diastolic phases of the cardiac cycle as 33 and
67 % of the RR interval, respectively, (Fig. 1) according to

the published protocol [15-18]. The pressure and flow
parameters described above were evaluated twice in each
goat under the following LVAD controller modes (Fig. 1):
circuit-clamp (no pump support due to clamping the LVAD
circuit) as the control condition, continuous (constant RS
without using the new controller) and counter-pulse (RS
decreased during systolic phase using the new controller).
We set the RS during the systolic phase to 700-1,000 rpm
in the counter-pulse mode and increased the RS in the
diastolic phase to achieve an appropriate bypass rate, which
was calculated by dividing the PF rate by the sum of the
flow rates of the PF and the ascending aorta. We defined
full bypass as a rate of about 100 % (range 90-110 %).

Echocardiography

We evaluated RV and LV dimensions by echocardiography
using a Vivid E9 system and M5S-D sector transducer (GE
Healthcare, Horten, Norway). The end-diastolic and end-
systolic RV areas were measured in the direct cardiac long-
axis view. The %fractional area change was calculated as:

end — diastolic RV area —end — systolic RV area
end - diastolic RV area

x 100

Statistical analysis

Numerical data are shown as mean * SE. Differences in
values between groups were analyzed by repeated mea-
sures analysis of variance followed by Tukey’s multiple
comparison test. Statistical significance was accepted at a
probability value of <0.05. All data were analyzed using
SPSS version 19 (SPSS Inc., Chicago, IL, USA).

Results

Bi-ventricular dysfunction models were established by
coronary embolism in which TF decreased from 3.3 &+ 0.4
to 2.0 £ 0.3 L/min (p < 0.01) in the circuit-clamp mode.
The dP/dr, particularly in the RV, fell from 436 = 40 to
341 = 48 mmHg/s (p <0.05) and E., fell from
1.35 £ 0.16 to 0.87 £ 0.19 (p < 0.05) in circuit-clamp
mode.

Figure 2 shows sample waveforms of the ECG, R
waves, RV pressure, LV pressure, PF, and RS. Actual RS
in the counter-pulse mode closely followed the command
RS, since average RS in the systolic and the diastolic phase
was close. LV pressure waveforms were decreased in the
continuous mode. The amplitude of the LV pressure
waveforms was similar between counter-pulse and circuit-
clamp modes. The duration of the systolic phase differed
among the three groups (Fig. 3). The duration of systole
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Fig. 2 Sample pressure and flow waveforms and pressure-volume
loops for each mode. a Left ventricular systelic duration is decreased
in continuous mode compared with that in circuit-clamp mode.
Duration of LV systolic phase is longer in counter-pulse than in
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Fig. 3 Systolic duration per mode. Left ventricular systolic phase is
significantly shorter than RV systolic phase in continuous mode, and
shorter than LV systolic phase in circuit-clamp mode. Left ventricular
systolic phase is significantly shorter in counter-pulse than in circuit-
clamp mode, and longer than in continuous mode. LV left ventricle,
RV right ventricle

between the right and left ventricles did not significantly

differ in circuit-clamp mode (45.8 = 2.8 vs. 42.9 + 3.2 %,
respectively). The LV systolic phase was significantly
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continuous mode. LV left ventricular pressure; PF pump flow, RS
rotational speed, RVP right ventricular pressure. b, ¢ Left and right
ventricular systolic duration (%) is the sum of isovolumic contraction
and ejection phases of respective ventricles divided by cardiac cycle

shorter than the RV systolic phase in the continuous mode
and the LV systolic phase in circuit-clamp mode (LV vs.
RV: 202 &+ 1.8 vs. 45.0 £ 2.5 %, p = 0.01). The LV
systolic phase was significantly shorter in the counter-
pulse, than in the circuit-clamp mode, and significantly
longer than in the continuous mode (RV 45.9 4 2.7 vs. LV
36.5 £ 2.6 %; p = 0.01) (Fig. 3).

Table 1 shows the LV and RV data. The LV end-dia-
stolic pressure was significantly decreased in LVAD modes
(continuous and counter-pulse modes) compared with cir-
cuit-clamp mode. The RV end-diastolic pressure and vol-
ume did not significantly differ among the three modes. In
addition, pulmonary artery pressure slightly decreased and
pulmonary artery flow was slightly higher during the
LVAD modes than in circuit-clamp mode, although mean
RS in the counter-pulse mode was significantly lower than
that of the continuous mode.

RV free wall movement did not significantly change in
counter-pulse mode, but VS movement differed among the
groups in the direct cardiac short- and long-axis views
(Fig. 4). The VS shifted towards the left ventricle in LVAD
modes. However, the VS shift was corrected as a result of
RS being decreased during the systolic phase in the
counter-pulse mode. The end-diastolic RV areas were
greater in the LVAD than in circuit-clamp mode. There-
fore, the %fractional area change was greater in counter-
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Table 1 Hemodynamic data obtained in each drive mode

Mode
Circuit- Continuous Counter-pulse
clamp
LV
LVEDP (mmHg) 88+ 1.7 47+ 14 44 +12
Mean AoP (mmHg) 597 £3.0 640+38  66.0+46
Pump flow (L/min) 0.0 £ 0.0 244£02° 244£02°
Total flow (L/min) 2.0+ 03 23+£03 23+£03
Bypass rate (%) 00+00 107.5+24 101.8+37°
RV
RVEDP (mmHg) 84+ 18 79+ 1.8 8.0 £20
RVEDV (ml) 75178 750+£81 778%75
dP/dr max 341 + 48 361 + 54 381 £ 57
(mmHg/s)
Emax 087 +£0.19 093+£022 1.05+020
PVA (mmHg/mL) 474 + 50 522+6 519 =50
Mean PAP (mmHg) 276+ 19 262 +0 254+19
PA flow (L/min) 21 +03 23 +03 24+03
RS
Actual RS
(command RS)
Systolic RS (rpm) 0£0 1557 £ 53* 700 & 23°¢
(1588 =+ 38%) (719 £ 1259
DiastolicRS (pm) 0+ 0 1557 + 53* 1627 £ 65"
(1588 £ 38%) (1612 = 46"
Mean RS (rpm) 0+0 1557 £ 53% 1290 + 50%°

(1588 = 38

(1292 + 369

AoP arterial pressure, LVEDP left ventricular end-diastolic pressure,
PA pulmonary artery, PAP pulmonary artery pressure, PVA pressure
volume area, RS rotational speed, RVEDP right ventricular end-dia-
stolic pressure, RVEDYV right ventricular end-diastolic volume

* p < 0.01: circuit-clamp vs. continuous mode
® p < 0.01: circuit-clamp vs. counter-pulse mode
¢ p < 0.01: continuous vs. counter-pulse mode

pulse than in circuit-clamp and continuous modes
(59.0 £ 4.6 vs. 56.1 £ 8.8 and 44.7 & 4.0 %; Fig. 5).

Discussion

To our knowledge, this is the first echocardiographic
demonstration of a VS shift being corrected towards the
left ventricle in the systolic phase using counter-pulse
mode applied to an LVAD. The shift itself might exacer-
bate RV dysfunction. We consider that LVAD unloading
was a major cause of the VS shift, since the duration of the
systolic phase was remarkably reduced in continuous
mode. The decreased systolic RS provided by the counter-
pulse mode significantly corrected LV systolic duration
and RV %fractional area change compared with continuous

mode. We found that the shortened systolic duration in the
continuous mode was corrected in the counter-pulse mode
as re-synchronization between the RV and the LV. Thus,
we presumed that this favorable effect on RV function was
caused by re-synchronizing RV and L'V contractions.

Others have discussed the question of whether or not RV
function is diminished in patients treated with an LVAD
[9-11], especially of the continuous-flow type [7]. We did
not find adverse effects on any parameter of RV contrac-
tility, such as E,.., dP/dr and pulmonary artery: flow.
Umeki et al. have demonstrated that the same counter-
pulse mode decreases LV end-diastolic volume (LVEDV).
They argued the decreased LVEDV and LVEDP directed
the unloading effect according to the Staring law. In
addition, lower LVEDP decreased RV afterload. However,
improvements in RV contractility, such as increased E .«
or RV diastolic volume, were not evident in counter-pulse
compared with continuous mode, although pulmonary flow
was slightly increased. In contrast. we confirmed by
echocardiography that the novel counter-pulse mode used
with the EVAHEART corrected the VS shift during the
systolic phase while maintaining a full bypass without a
decrease in total systemic flow or adversely affecting the
RV. We considered that the counter-pulse mode did not
improve RV function because this experiment proceeded
under open-chest conditions. That is fo say, this mode did
not affect the ventricular free wall, which in the right
ventricle is important for RV pressure and volume. Taken
together, this mode might confer benefits on the right
ventricle through the ventricular septum. Park et al. showed
that RV performance was impaired by full assist of a left
heart bypass with centinuous-flow LVAD [10]. Yoshioka
et al. [13] discovered that patients with an LVAD who
develop RV failure often had concurrent multiple organ
failure, for which they required high blood-flow support.
We often encounter the dilemma that full LV support
causes RV dysfunction and consequently decreases sys-
temic blood flow. Ultimately, some patients required RV
assist devices if they did not respond to medical therapy
[8]. Our counter-pulse mode can provide not only maxi-
mum flow support but also optimized VS movement by
only LVADs. We believe that the counter-pulse mode can
resolve these issues.

Electrocardiography-synchronized RS control confers
several advantages on hemodynamics as well as native
heart function compared with continuous RS. Ando et al.
[16] created pulsatility using their pulsatile mode with
increased RS. Kishimoto et al. [19] reported that speed
modulation fully opens the aortic valve and thus prevents
aortic insufficiency. Electrocardiography-synchronized RS
control of the rotary blood pump confers several beneficial
effects compared with the conventional constant RS drive
mode. Here, we demonstrated that the system has potential
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Fig. 4 Sample echocardiograms obtained in each mode. Leftward ventricular septal (VS) shift is evident in continuous and counter-pulse modes
(a, b, d, e), but corrected by decreased rotational speed during systolic phase in counter-pulse mode (c, f)
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Fig. 5 Bar graph shows right ventricular fractional area change with
each mode, **p < 0.01

RV support by VS shift correction in addition to the
advantages described above. RS control provides further
treatment options for circulatory support therapy with
rotary blood pumps.

Our study had several limitations. We used an animal
model of bi-ventricular dysfunction that developed
decreased contractility including that of the ventricular
septum. Although VS movement could be evaluated in this
model, we could not assess the septal thinning that is a
frequent feature of patients with an enlarged LV treated
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with an LVAD. The next step will be to evaluate VS shift
using the new control system in a model with a thin ven-
tricular septum. The experiments proceeded under open-
chest condition under which, RV pressure might be diffi-
cult to evaluate, since RV pressure remarkably changed
according to pressure in the pericardial space. Therefore,
the effect of the novel control system should be assessed in
a model of chronic heart failure with a thinned ventricular
septum under closed-chest conditions.

Conclusion

The novel counter-pulse mode optimized LV unloading
and thus corrected VS movement while maintaining suffi-
cient blood flow. This might prevent the RV failure that
frequently complicates patients treated with an LVAD,
especially during the unstable acute phase after LVAD
implantation.
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