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Abstracts. Brachio Ankle Pulse wave velocity
( baPWV )
methodology for the quantitative evaluation of

measurement is a useful
the atherosclerosis. In the conventional
method, the pulse wave of a brachial artery
and an ankle was measured by applying air
pressure with the help of a volume
plethysmograph. However, since this method
measures pulse wave in an arm and foot, it
may be said that aortic PWYV is not reflected
though a large amount of past PWV data
indicate aortic PWV. Furthermore, baPWV
is influenced by blood pressure. In the baPWV
machine, blood-pressure compensation is not
carried out. Furthermore, the pulse pressure is
measured by air pressure therefore any
stimulus that exerts pressure on an artery may
influence these results. Due to these reasons,
a Cardio Ankle Vascular Index (CAVI) was
proposed. The pressure wave form indicating
the closing of the aortic valve appears in
arterial pressure wave after the relatively fixed
delay time. This delay is the time difference
between the actual closing of an aortic valve
and the measuring point. CAVI is calculated
from ECG, PCG, brachial and ankle artery
waveform using a special algorithm based on
the thesis of stiffness parameter independent
form blood pressure. The feasibility of CAVI
was confirmed from the data after heart
transplantation. Even after the exchange of
the heart, CAVI showed stable value, though
Our data

suggested that CAVI represents breakthrough

baPWYV was significantly altered.

in the diagnosis of atherosclerosis.

Introduction
Unfortunately, there is a rise in the cholesterol
levels among the youth. Preventive medicine have
becomes more and more important enen in Japan.
However, till date, there is a few simple method
for accurately measuring arteriosclerosis. In order
to diagnose arteriosclerosis, pulse-wave-velocity
(PWV) measurement is a useful methodology.
However, a special technology is required.
Especially, a veteran medical technologist has to
measure the pulse-wave of a carotid artery. It
is also not possible to ensure reproducibility of
results unless the medical technology is excellent.
Recently, using the volume plethysmographic
method, the pulse wave velocity of a brachial
artery and an ankle is measured by applying air

pressure. Since it was a relatively simple and
useful method, it soon gained popularity.

However, regarding the baPWV measured by this
methodology, it was found that the PWV was
highly influenced by several factors such as blood
pressure, arteriosclerosis, autonomic nerves, etc.
...and so on. Subsequently, a new method was
developed and the new parameter which takes
into account the aortic pulse wave velocity has
attracted considerable attention.

In this paper, a new diagnosis methodology
referred to as Cardio Ankle Vascular Index
(CAVI) was measured, tested, and compared with
baPWV, and the
Furthermore, data of the patients before and after

results  were  discussed.

the heart transplantation was evaluated in this
study.
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Cardio Ankle Vascular Index (CAVI)

baPWV has enabled
measurement of atherosclerosis however, the
following problems have been noted

Recently, simple

1. Since baPWV measures the pulse wave
velocity in on an arm and foot, it may be said
that aortic PWV is not reflected, though the
large amount of past PWV data indicate aortic
PWWV.

BaPWV is significantly influenced by blood
pressure, therefore, the baPWV data does not

o

reflect arteriosclerosis in some cases. In the
old baPWV

compensation is not carried out.

machine, blood-pressure

3. Pulse pressure is measured by air pressure in
the baPWV machine; hence, the result may be
influenced by the pressure exerted on the
artery by any stimulus.

These drawbacks limit the result in the clinical

utility because in such cases the relevance of
baPWV data is questionable.

e
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Figl Time series data of the hemodynamic
waveform.  Starting with the uppermost tracing, an
electrocardiogram, phonocardiogram, brachial arterial

waveform, and ankle artery waveform are shown.
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We aim to rectify the anomalies in PWV data
that result from the influence of blood pressure
using a simple technique that involves measuring
PWV in the upper arm and the ankle.

The development of this new methodology is
underway.

Time series data of the waveform are shown
in the figure 1. Starting with the uppermost
tracing, an electrocardiogram, phonocardiogram,
brachial arterial waveform, and ankle artery
waveform are shown. Simultaneously with the
generation of the first sound, Mitral valve is
closed. At the same time, an aortic valve opens.
Subsequently, blood begins to flow into the aorta.
The pressure on the arteries begins to increase
after an interval that is equal to the time taken to
transmit a wave. Simultaneously with the
generation of the second sound, an aortic valve is
closed. The closing of the aortic valve generates a
notch in the arterial pressure. This notch,
indicating the closing of the valve, appears in the
arterial pressure wave after a fixed delay time.
This delay time reflects the time difference in the
generation of the second sound and that of the
notch. This time difference is equal to the time
delay in the actual closing of an aortic valve aid
the measuring point. That is, t'b and tb are equal.
This is because the time difference in transmitting
the wave for the opening of the aortic valve is
equal to that for closing. This concurrence is
important because based on this phenomenon we
can obtain measurement values similar to those of
traditional PWV.

Prior to the invention of baPWV, PWV was
measured on the carotid artery and the foot. The
length of a carotid artery is almost equivalent to
that of an aortic arch. Therefore, traditional PWV
showed the transfer time of the pulse wave of a
descending aorta. In order to imitate traditional
PWV, baPWV uses the delay time between
brachial artery and ankle artery. However, the
carotid artery differs from the brachial artery, and
the measured values differ if the arteriosclerosis is
in the carotid artery or brachial artery. Moreover,
the distance to the measuring point of a carotid
artery differs from the distance to the measuring
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point of a brachial artery.

Thus, classic PWV and baPWV yielded
different values, though negligible.

Due to this reason, results from past research
studies will not be helpful in further examining
baPWV.

In Cardio Ankle Vascular Index (CAVI), this
problem was solved with a special algorithm.
CAVI is measured from ECG, PCG, brachial
artery waveform, and ankle artery waveform
using a special algorithm for calculation. This
data is mainly dependent upon the stiffness and
compliance of the descending aorta, which
enables the CAVI to use a vast amount of the past
conventional PWV data.

This new method represents a breakthrough in
rectifying pressure. In other words, this method is
universally  independent of a
measurement  area.

specific
Moreover, an important
feature is that this method is compatible with
conventional aortic PWV.

We want to engage in detailed research that
aims at the standardization of the quantitative

measurement of atherosclerosis.
CAVI and heart transplantation

Heart transplantation is the important medical
methodology. However, a lot of papers reported
that atherosclerosis tends to progress rapidly in a
heart transplant patient. Various factors are
reported as a cause of this problem. Therefore, the
arteriosclerosis diagnostic method after heart
transplantation is important. Various methods are
used for diagnosis of arteriosclerosis. Since it is
necessary to

diagnose  repeatedly, the

un-destroying-method is desirable. However, it
is difficult to diagnose the arteriosclerosis of the
whole body correctly in non-invasively.

Pulse wave velocity (PWV) is an important
However, classic PWV is

technically difficult and its reproducibility is low.

diagnostic method.

Moreover, the gap of the data between hospitals is
also large because of the technical differences.
baPWV simple
methodology. It is not dependent on an

developed  recently s
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inspection person and the reproducibility of this
method is also high. However, this method is
influenced by blood pressure and autonomic
nerves.

Stiffness parameter p is reported to be not
dependent on blood pressure. Recently, new
stiffiess parameter diagnosis machine called
(CAVI) was
Then, the

Cardio Ankle Vascular Index

developed in Japan. clinical
evaluation is performed as a new index to
diagnose the atherosclerosis.

In this research, we studied about the
arteriosclerosis  monitoring after the heart
transplantation of newly developed CAVI.

Advance of the atherosclerosis after a heart
transplant is an important problem. We examined
this problem using CAVI. Seven patients after
heart transplantation were used in this study.

Furthermore, measurement of baPWV and
CAVI was performed before and after the heart
transplant operation in a patient.

As the results, significant changing PWV
before and after the operation of a heart transplant
CAVI1 is measured

before and after a heart transplant operation in the

was observed in a patient.

same patient, and a different result was obtained.
CAVI did not show significant change before and
after the operation of a heart transplant.

PWV and CAVI in seven patients of a heart
transplant were measured. The average of seven
examples was a very large value as compared
with the value of the

people-of-the-same-age group.

normal

Before and after the heart transplantation, a
blood vessel is the same blood vessel.  In a short
time, the atherosclerosis may not advance greatly.
However, baPWV recorded the big increase.
BaPWYV is greatly influenced by a patient's blood
pressure, amount of circulation blood, etc,...and
so on. Therefore, baPWV is hard to be called
stable parameter.

On the other hand, CAVI did not change
before and after transplantation. This is a finding
suggesting that CAVI is the stable parameter.
Examination of the arteriosclerosis after heart
transplantation is expected the stable parameter.
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Therefore, CAVI is effective in the atherosclerosis
diagnosis after heart transplantation.

As compared with the data of the
people-of-the-same-age group, as for seven
patients after transplantation, baPWV and CAVI
showed a large value, suggesting the progress of
the atherosclerosis..

From the data of this research, it can be
concluded that CAVI is wuseful to the
atherosclerosis diagnosis after heart transportation
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Abstract— Rotary blood pumps are expected to be used as
an implantable ventricular assist device (VAD). In the VAD
system, flow rate is important for monitoring of the state of
a recipient and for automatic control to maintain appropriate
blood perfusion.

To obtain flow rate of the pump without any sensors, we
proposed a method of estimating flow rate with supplied power
and rotational speed using a time series model. To evaluate the
accuracy of the proposed estimation method from the aspect of
long-term use, we implanted NEDO PI Gyro pumps in a calf
and performed a chronic animal experiment.

Flow rate, supplied power and rotational speed were mea-
sured until post operation day (POD) 63, and the estimated flow
rate was compared with the measured one. We confirmed that
waveforms of the measured flow rate was sufficiently similar
to the measured one, and correlation between them was higher
than 0.9 in all the datasets. On the other hand, the root mean
square error increased after 15 days. This error was probably
due to the change in physiological condition, the operating point
of the pump, or mild intima formation.

[. INTRODUCTION

Rotary blood pumps are widely used as a ventricular assist
device (VAD), and developed by many research groups (o
realize implantation in the patient’s body. When the VAD is
implanted, then monitoring for the pump parameters, such
as flow rate and pressure difference, is one of the important
components in the VAD system.

In addition, such an assist device is usually implanted
in the patient suffering from heart failure so severely that
blood perfusion cannot be kept only by the intrinsic heart
and pump flow must be assisted by the device. This means
that the outflow of the VAD should be decided by an
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automatic control system to adapt physiological demand of
the recipient. Many control methods for the blood pump have
been proposed, and usually, they need flow rate or pressure
as indices for the control.

On the other hand. sensors for measuring flow rate and
pressure have problems such as thrombus formation, insuf-
ficient durability, and need for calibration. To obtain flow
rate and pressure without such sensors, many research groups
have tried to estimate flow rate and pressure difference using
rotational speed of the impeller and supplied electric power
to the actuator{ 11{2]{3].

However, most ol advanced researches have evaluated
the accuracy of their estimation methods only in mock
circulations or acute animal experiments. Tsukiya[l] and
Ayrel4] reported cases of chronic experiment and achieved
estimation in good accuracy. However, Ayre mentioned this
success depends on the pump chuaracteristic.

To evaluate the accuracy of flow rate estimation in the
case of the PT Gyro pump, which was developed at Baylor
College of Medicine, we have performed a chronic animal
experiment. In this paper, the accuracy will be verified by
comparing the estimated flow rate with the measured one.

1. MATERTAL AND METHOD
A, Estimation Method

Our flow rate estimation mcthod is based on the method
proposed by Yoshizawa et al.[5][6]. To correlate flow rate
with rotational speed, supplied power. and other indices, we
used an ARX model given by (1).

L 30M;
yv(k) + Zaiy(k —i) = Z 21),-,-11]-(1\’— +wlk)y (1)
il i1

Inputs wj(k) and output y(k) are written as {1,113} =
'VI/N.N,K], and Q(k), where Q(k) is flow rate, [ is electric
current, and N is rotational speed, respectively. V is a
constant voltage of 15 V.

K is given by (2), and represents a steady gain from
supplied power to rotational speed. This steady gain K is
introduced to compensate changes in physiological environ-
ment such as viscosity of blood.

iy Zo N (k= i+ 1) o

W= S Vie=i1) *

In this paper, the orders of the model 1., M;, and the data
length n were 0, [5,5.1] and 1000, respectively.

i
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Fig. 1 shows the idea of flow rate estimation. In practical
use, we can calculate y(k) with measured u;(k) and param-
eters g; and by, that should be identified before implantation
of the VAD.

Supplicd Power Steady State Rotational Speed

VI =» Gain K = N

| I ;

1 Input Ll(k) '

¥

ARX model

a, by

v
ylk)=0Q

Fig. t. Tdea of flow rate estimation based on supplied power and rotational

speed

B. Animal Experiment

Schematic illustration of mcasurement system for the
animal experiment is shown in Fig. 2.

Centrifugal pumps

Supplied d
Power | Current
P
Controler meter
Hall IC Calf .
w output implant
F/V converter
Flow || Pressure
meter |} transducer
{ T
Rotational | A/D converter |
speed
Motor current
. ¢ Flow rate

_¢ Pressure
PC(ponemah)

Fig. 2. Schematic illustration of measurement system

Two NEDO PI Gyro pumps (Miwatec Co., LTD.) were
implanted in a calf, as a biventricular assist device (BVAD),
which consists of left and right VADs. In the LVAD, blood
was drained from the left ventricle apex with a titanium tip
and a silicon cannula, and the outlet of that was grafted to
the descending aorta.

Ulwrasonic {low probe (Transonic Co., LTD. PAX-Scrics,
¢ = 12mm) was placed on the graft. Rotational speed and
supplied power were measured with a F/V converter and a

current meter in the controller of the VAD, respectively. Left
ventricular pressure (LVP) was also measured.

Analog outputs of these measurement devices were stored
with Ponemah Physiology Platform (Gould Instrument Sys-
tems, Inc.), at 500 Hz of sampling frequency. Measurement
was performed every 2 days until post operation day (POD)
63, except POD 3 and 61, while the calf was on sitting
position, except POD 19.

C. Evaluation of estimation method

Parameters of an ARX model were identified with data
acquired on POD 11 and 13. Measurement was performed
twice on POD 11 and 13, and we set rotational speed
different in each measurement. Flow rate was estimated with
every datasets, and estimated flow rate of 20 seconds were
obtained.

Accuracy of the estimation was evaluated with the root
mean square error {rm.s.e) and the correlation (r), given by
(3) and (4), respectively.

I Kp . 2
rm.s.e. = \ *]2; A; {\(k) - )’(k)} 3

SO -5k - 5)
\/Zﬁ’, k) =523k (5 - 51

where, ¥ is cstimated flow rate, and Kp is the number of
data. respectively.

“)

1. RESULTS
A. Evaluation of Waveform Estimation

Fig. 3 shows waveforms of measured electric current, LV P,
and flow rate, and estimated flow rate of the left pump. In this
case, rm.s.e. and r were 0.80 L/min and 0.964, respectively.
The error r.m.s.¢ was not so large but the figure indicates that
most of error is due to small vibration and the rising edge of
the estimated waveform. It means that there is no bias error
between the measured and the estimated waveforms.

Current

Lvr

Left flow
[L/min]

Time [s]

Fig. 3. Wavelorms of measured data and estimated flow rate (POD 11).
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Fig. 4 shows the measured and the estimated waveforms
in the case of reverse flow was found. In this case, rnis.e.
and r were 1.52 L/min and 0.958, respectively. Reverse flow
is one of the unfavorable events, so this should be detected
by the measurement system for the VAD. This phenomenon
was not included in the datasets used for identification of the
parameters. However, it was estimated successfully.

=
=
w3

12 :
= 8 ——measured| |
E 4 _":_'.,Cil!'mawsil’
2 o ana

_45., ] ¥ M

14 16 18 20
Time 3]

Flow pattern estimation in case of reverse flow (POD 19).

B. Evaluation of Long-term Use

Fig. 5 shows the trend of rm.s.e. and r during the
experiment. From POD 11 to 21, rm.s.e was not so large,
but after that, run.s.e. tended to increase as day goes by. On
the other hand, r was higher than 0.90 in all the datasets.

:E_ 3

=22

<

w 0 .
=~ ! ‘ ‘
= WV\-
2
=09 .
E
808 . ‘ ,

10 20 30 40 50 60
POD
Fig. 5. Trend graph of ronus.e. and r during experiment.

I'V. DISCUSSION
A. Evaluation of Waveform Estimation

Fig. 3 and Fig. 4 show that estimated flow rate could
simulate the profile of measured onc and that our method
could estimate flow rate with good accuracy. The value of
r.san.e. was not so small. However, most of error was due

to the small vibration and the overshoot in the estimated
waveform. A low pass filter (LPF) seems appropriate to
neglect such a small vibration but it will also remove the
steep change in the rising edge. Thus, rum.s.e. will not be
improved.

The previous studies {[7][8] mentioned that electric current
is affected by changes in preload particularly in the case
of the pump with a small impeller. Our method can cope
with dynamic response of flow rate to the change in preload
because the ARX model has capability of such change in
input information. However, our method cannot compensate
for drastic shift of the operating point that would change
in the parameters of the model. If we have a technique
that can automatically interpolate the change in parameters
depending on the shift of the operating point, the accuracy
of the estimation will be improved. Fuzzy logic or artificial
neural networks would have such capability.

B. Evaluation of Long-term Use

Increase in estimation error after POD 25 suggests that the
increase was due to several reasons.

The first one is the variation of physiological condition.
Errors from POD 11 to 19 were almost the same, but after
POD 25, a bias error was found between the measured and
the. estimated waveforms. It can be guessed that the implan-
tation of the blood pump was so invasive that physiological
condition was different among a few days after the surgery,
the recovery period and the stable period. If the change in
physiological condition strongly influences the estimation
capability, it will be difficult for our method to cope with
such effects.

Second possible reason is the change in the operating point
of the pump. In this experiment, flow rate decrcased slightly
as day goes by, so rotational speed was also increased to
keep a certain level of flow rate. If this reason is dominant,
interpolation technique mentioned above will be useful.

Third rcason is mild intima lformation at the outflow graft,
which was found during an operation on POD 63. Judging
from the decrease in amplitude of flow rate and the change
in the waveform, we can guess that an occlusion at the outlet
of the pump occurred.

Our method includes the term K to compensate such
a physiological change. However, it is difficult to fully
represent nonlinearity in circulation in a wide range as long
as a linear model is used. To deal with this problem, we
have to gather more datasets including various conditions (o
identify the model, and then we will be able to obtain more
suitable parameters or use several sets of parameter according
to the operation points to cope with such nonlinearity.

C. Limitation

In this experiment, the data to identify the parameters of
the estimator was obtained on POD 11 and 13. In clinical
use, however, it is impossible to measure flow rate after the
implantation. The data {or identification should be obtained
during surgery. In our experiment, however, it could not be
done because of a ventricular fibrillation.
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Tt is desirable that generalized parameters for the estimator
can be approximated before the implantation. In addition, if
we can build a mock circulatory system simulating physio-
logical condition shown in these results, the system also helps
o identily paramelers more shortly and easily. However, it
is difficult to realize such a system until more detailed fluid
dynamics of the actual cardiovascular can be clarified and
there is a new technique simulating the clarified dynamics
regardless of whether the system is composed of mechanical
tanks or computer simulated one.

V. CONCLUSION

Our estimation method was evaluated with the data ac-
quired from a long-term animal experiment. Estimation with
good accuracy was confirmed until 15 days after the identifi-
cation ol the parameters. However, r.s.n.e. started Lo increase
after POD 25 and a bias error was found. This problem has
to be solved to use the estimation method for clinical use.

On the other hand, correlation r was higher than 0.9 in
all the acquired data, and estimated flow rate could simulate
the profile of measured one. Electric current waveform was
atfected by the preload, which was LV P in this experiment,
so it is the main reason of increase in r.n.s.e.. To cope with
this defect, we have to introduce other new paradigm or
model to accurately simulate the actual circulatory system
assisted by the VAD.
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Abstract— Continuous flow blood pumps, such as axial flow
and eentrifugal pumps, have been gaining interest as circulatory
devices for total artificial hearts (TAHs) and a biventricular
assist device (BVAD) because of their smaller size and simpler
structure compared to pulsatile pumps. However, continuous
flow pumps are more prone to suction of the left ventricle than
pulsatile pumps are. Sudden increases in flow rate to meet
changes in physiological demand, especially in the left pump,
often cause ventricle suction. In this study, a control algorithm
to prevent suction from occurring in the left ventricle by
controlling the rotational speed of the right pump, instead of
reducing the cardiac output of the left pump, was developed and
investigated. The wmethod was tested in acute animal
experiments with calves. The results indicate that this proposed
method is capable of preventing suction and could
simultancously maintain circulatory control. A key advantage
of this control system is that flow rates can be maximized while
avoiding ventricle suction conditions particularly when the
circulatory system is unstable such as in a the first few days
after operation.

[. INTRODUCTION

ENTRIFUGAL blood pumps offer advantages for

long-term total implantation because of their small size
and high efficiency compared with pulsatile pumps.
Presently, several groups are developing continuous-flow
blood pumps for use as a total artificial heart (TAH)[ 1], and a
biventricular assist device (BVAD) systems[2]{3].

With centrifugal pumps, blood inflow and outflow rates are
simultaneous, continuous and equal. That is why, in
continuous {low artificial hearts, a sudden large change in
venous return to the heart and, therefore, pump inflow rate
may produce negative pressures at the tip of the inflow
cannula and result in the heart wall being sucked into the
inflow cannula which blocks blood flow and interrupts
normal circulatory control.
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Intlow suction is most likely to occur when the circulatory
condition is unstable such as during the early post-operative
period. Therefore, it is important to control the pump flow
rate and prevent inflow suction during periods of unstable
circulatory conditions.

Yuhki et al. [4] and Fu et al. [5] proposed control
algorithms to reduce atrial suction by decreasing pump flow
rate after detecting the occurrence of atrial suction through
analysis of motor current waveforms. For a BVAD or TAH,
since the pumps support.all or almost all of the circulation,
temporarily stopping or reducing left pump flow rate to
alleviate atrial wall suction could have deleterious effects
including interruption ot'blood circulation to vital organs and
the potential for thrombus formation inside the pump and
cannula.

Our group has developed an automatic control system,
where right pump flow rate is varied to maintain a constant
left atrial pressure, that is responsive to changing physiologic
demands and prevents atrial wall suction, which often occurs
in continuous flow blood pumps [6].

For this method. the inflow cannulas were inserted into the
atriums, therefore atrial pressures can be measured to detect
inflow cannula suction. However. when inflow cannulas are
implanted into the ventricles. inflow suction may oceur
without a simultaneous change in atrial pressure due to
sudden ventricular collapse.

The purpose of this study is to evaluate a new control
method to alleviate inflow suction of the left ventricle by
increase right pump flow in  biventricular bypass
configuration in  which centrifugal blood pumps are
implanted between the ventricles and arteries.

[1. METHODS

A Detection and Alleviation of Suction

In this study, blood pumps were installed in a BVAD
fashion with the inflow cannulas implanted in the right and
left ventricles. Although ventricular inflow cannula suction
can be detected by monitoring ventricular pressure, this is
impractical over the long term because of inadequate
durability and reliability of indwelling pressure sensors. In
addition, it is ditficult to detect inflow suction by measuring
the mean pump outflow rate because flow reductions are
caused by not only inflow suction but also by increased
afterload to the pump.
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The pump outflow waveform during suction condition
generally has negative spikes unlike that when flow
reductions are caused by an increase in arterial pressure.
Therefore. in this study, the index of suction (/) was
determined using the following formula:

1, = LPF{(Q,0r = oo (Qre = Coie ) (h
where, LPF{} denotes the low-pass filtering operation, Omeans
Orax and Oy -are the mean , maximum and minimum values
of flow measured for 2 seconds. respectively. /s is 0.5 when
the mean value is the center of oscillation like sine wave. /; is
increased in a touch of'a suction condition.

B, Animal Study

Animal experiments were conducted in order to acquire
data during inflow suction conditions and to investigate the
proposed suction alleviation method. Two Gyro PI710
pumps (Baylor College of Medicine) and actuators were
implanted in a BVAD fashion. The experimental animals
were healthy half-Dexter calves. All animals received human
care in compliance with the Guide for the Care and Use of
Laboratory Animals, prepared by the Institute of Laboratory
Animal Resources, Commission on Lite Sciences, National
Research Council, and published by the National Academy
Press, revised 1996.

The left pump was implanted in a left heart bypass fashion
between the left ventricular apex and the descending thoracic
aorta. The right pump was implanted in a right heart bypass
fashion between the right ventricular outflow tract and the
main pulmonary artery. In one study, ventricular fibrillation
was induced after surgery. In this case. the alleviation of left
ventricular suction was investigated by increasing the right
pump flow rate.

Measurements taken were rotational speeds of the right and
left pumps (VR [rpm], NL [rpm]). aortic pressure, and
pulmonary artery pressures (4oP [mm Hg], PAP [mm Hg]),
lett atrial pressure (LAP [mm Hgl). central venous pressure
(CFP [mm Hg]). the right and left pump Hlow rates (OR
[L/min}, QL [L/min]) and pulmonary artery flow (PAF
[L/min]). The tlow rates were measured using an ultrasonic
flowmeter (Transonic System, Inc., NY). All data were
sampled at 50ms intervals and stored on a computer hard disk
by Ponemah system (GOULD Instrument Systems, Inc., OH).

I, RESULT

Fig. | shows the changes in OR. C}'P, NR, and /; when the
pump speed was increased. In this experiment, the imprint of
suction was recognized at the ventricular wall after the
experiment though a definite suction condition in which the
pump flow was zero was not occurred. With increasing pump
speed, the mean flow rate increases despite the occurrence of
inflow suction without a change in venous pressure. This
phenomenon is different from that when the inflow cannula is
located in the atrium, and indicates that it is difticult to detect
suction by monitoring the mean value of pump flow. On the
other hand, 7, increases with the deterioration of suction.
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Fig. 1. Changes in CVP, QR.NR. and Is when suction is produced by
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Fig. 2. Homedynamic trace illustrating that inflow suction may occur
(QL around 30, 40 and 30 seconds) while pump speed remains
constant.

Fig. 2 illustrates that inflow suction may occur (QL at 30,
40 and 50 seconds) while pump speed remains constant. In
this case, the cause of suction was most likely due to a
decrease of inflow (pulmonary venous return) to the left
ventricle caused by respiration.

Fig. 3 shows the result of left ventricular inflow suction
alleviation by increasing the right pump speed and flow.
When the flow rate of right pump is increased, cancellation of
left pump suction is instantaneous.
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[V. DISCUSSION

A Suction Detection

These studies demonstrated that the mean pump flow rate
may increase during suction conditions when the inflow
cannula is located in the ventricle as shown in Fig. 1.
Therefore, measurement of mean flow rate alone is not able to
detect the beginning of suction. Most suction detection
methods object the suction caused by an increase of pump
flow and use the rotational speed information in order to
distinguish from a flow decrease caused by regurgitation.
However suctions may also occur by the change in balance of
circulation even when the rotational speed remains constant
as shown in Fig. 2. The Is increases when the foregoing
suction condition occurs.

In general. the relation between motor current /, speed V
and flow Q is expressed as:

KI'= JdN /di +a,N +a,NO+T (2)
where A is torque constant, J expresses the inertia, ¢, and
are constant coefficients, and 7 is the kinetic friction
coefficient of the rotor axis. Since N is almost a constant
ralue. the right-hand side of Equation 2 can be regarded as a
first-order equation on Q. Theretore, / can be calculated
from motor current alone. Fig. 4 compares the suction index
determined from pump flow and that {rom motor current.
This result indicates that Is may be calculated from motor
current. Furthermore, when rotational speed is not regarded
as a constant, /; can be also calculated without flow by using a
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Fig.4. Comparison between the suction index determined from pump
flow and that from motor current,

flow estimation method such as the authors have previously
proposed [7].

B. Suction alleviation

As shown in Fig. 3. the result indicates that the regulation
of right pump flow rate alleviates left pump suction. This
result supports our previously reported method which is the
balance control to prevent left atrial wall suction. However,
there is an important difference, to pay attention to, when the
inflow cannulas are implanted in the ventricles. In the case
where the inflow cannulas are located in the atriums, the atrial
pressure will decrease during a suction condition. On the
other hand, when inflow cannulas are Jocated in the ventricles,
the atrial pressure rises because suction prevents blood flow
into ventricle due to ventricular collapse.

In this situation. the flow balance controller that uses atrial
pressure feedback will worsen the suction condition because
the controller may reduce right pump flow when the left
ventricle is collapsed by suction and increase right pump flow
when the right ventricle is collapsed in order to regulate the
atrial pressures equal.

The advantage of this control method is that prevention of
suction and left circulatory control can be implemented
almost entirely independent of each other. In other words, it
is possible to suppress suction or prevent it from occurring,
without interrupting normal circulatory control. This method
is particularly effective when the bypass ratio is high or a total
artificial heart is implanted.

V. CONCLUSION

In this study, a novel method to alleviate suction of the left
ventricle by increasing right pump flow in a biventricular
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bypass situation in which pumps are implanted between the
ventricles and arteries was evaluated. For this method, a
suction index /, was used for suction detection instead of left
atrial pressure. The results indicate that this proposed method
is capable of preventing suction and could simultaneously
maintain circulatory control. A key advantage of this control
system is that flow rates can be maximized while avoiding
suction conditions particularly when the circulatory systen is
unstable such as in a the first few days after operation.

During future chronic animal studies, we will evaluate a
control system that incorporates the dynamics of the
pulmonary circulation. and investigate the physiological
effects of this control method.
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