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Abstract

"The purpose of this study is to determine
the physiologic relationship between the
cardiac cycle and nonpulsatile impelier
centrifugal Taita No.l left ventricular assist
device (T-LVAD) in chroni¢c animal study.
The relationship of the cardiac cycle, pump
flow, aortic pressure, left ventricle pressure
and pump power were analyzed by five phases
in four stages: the isovolumetric ventricular
phase is form mitral valve closure (MVC) to
aortic valve opening (AVO) and called stage 1;
the gjection phase is from aortic valve opening
(AVO) to aortic valve closure (AVC) and
called stage 2; the isovolumetric relaxation
phase is from aortic valve closure {AVC) to
mitral valve closure (MVC) and called stage 3;



and the passive filling and atrial contraction
phase is from mitral valve closure (MVC) to
mitral valve opening (MVO) and called stage
4. Based on evidence from the physiologic
volume change of left ventricle, the change of
pump flow of T-LVAD in a cardiac cycle by
variable voltages of pump control was
evaluated using animal models. After the left
posteriolateral thoracotomy via the fifth
intercostal space under general anesthesia, the
nonpulsatile  centrifugal T-LVAD was
implanted into 2 healthy calves. The inflow of
T-LVAD was inserted to left ventricle through
MV via left atrial appendage. The arterial
blood pressure waveform was measured and
recorded on the outflow of T-LVAD. The four
phases of a cardiac cycle were defined as
MVC-AVO (stage 1), AVO-AVC (stage 2),
AVC-MVO (stage 3) and MVC-MVO (stage
4) according to the outflow pressure of the
outflow of T-LVAD and differential pressure
between the outflow and inflow of T-LVAD.
We carried out the real-time waveform
measurement for electrocardiogram (ECG),
the outflow pressure, the T-LVAD flow and
the speed as well as open loop and constant
voltage (V). In a cardiac cycle, the sensing
curtent of the T-LVAD was inverse to the
speed. The flow of T-LVAD of the four stages
were measured individually and analyzed with
different control voltages from 10 to 18V. The
highest flow ratio of MVC-AVC/AVC-MVC

was noted when the T-LVAD worked on 14 V.

By using analysis methodology of the flow
ratio of a cardiac cycle, the optimal
physiological effective control of T-LVAD
might be achieved.

Keywords: Cardiac cycle, Centrifugal left
ventricular assist device, Pump control
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Because centrifugal blood pumps have
great potential as new ventricular assist
devices, control of these pumps is of great
interest to many researchers (1, 2). Normal
cardiac cycle is consisted of five phases: the
isovolumetric contraction phase is between
mitral valve closures (MVC) and aortic valve

opening (AVQ); the gjection phase is between
AVOQ and mitral aortic valve closure (AVC).
The isovolumetric phase is between AVC and
mitral valve open (MVO). The passive filling
and atrial contraction phase is between MVO
and MVC. In this study, we divided the five
phases of the cardiac cycle to four stages
according to the movement of aortic valve and
mitral valve. The stage 1 is as same as the
isovolumetric contraction phase, the stage 2 as
the e¢jection phase, the stage 3 as the
isovolumetric relaxation phase and the stage 4
as the passive filling phase and atrial
contraction phase. When using a centrifugal
blood pumps for an LVAS, the arterial blood
pressure waveform changes with the LVAD
condition because of the LVAD produces
nonpulsatile flow and the native produces a
pulsatile flow. From less detailed reports. The
relationship of the cardiac cycle, pump flow,
aortic pressure, left ventricle pressure and
pump power were analyzed physiologically.
The purpose of this study was to analyze the
physiologic effects and the performance of
T-LVAD in terms of the four stages of the
cardiac cycle of the calves in chronic study. In
addition, we attempted to learn how to
recognize the optimal contro! of T- LVAD by
the analysis methodology to achieve the
effective ventricular assistance.
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Materials and Methods

Two calves, were weighing around 80 kg,
were used for experiments. Under
endotracheal general anesthesia (Thiamylal
induction, Halothane maintenance), left
posterolateral  thoracotomy  was  then

petformed to expose the heart and the
descending aorta. A 3/8 inches polyurethane
tube with polytetrafluoroethylene cuff was
sutured to the descending aorta as the outflow
tube of T-LVAD. A 32-French polyurethrane
tube was inserted into the left ventricle via the
left auricle through the mitral valve. The
T-LVAD was fixed on the back just beneath
the scapula for close observation. The blood
pressure waveform of the outflow of T-LVAD
was monitored by Hewelett -Packard
oscilloscope. The ultrasonic flow probes



(T206 Transonic System Inc., Ithaca, NY,
USA) ware attached to the inflow of T-LVAD.
(Fig.1) The T-LVAD was set to function. The
calf was extubated after it was completely
awake, and it was then allowed to stand up
and to eat as early as possible.
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Fig. 1 The inflow tube of T-LVAD is inserted
into the left ventricle via the left auricle cross
mitral valve and the outflow of T-LVAD is
end-to-side anatomosis on the descending
aorta. The clamped point A is on the outflow
tube near the descending aorta and the
clamped point B is on the inflow tube near the
left ventricle.

The measuring and analysis of the pressure
waveform and pump flow waveform was
performed one month after the T-LVAD
implanted. At first, the T-LVAD was stopped
for a while by clamping the outflow tube on A
in fig. 1 or the inflow tube on B in fig. 1. The
pressure waveform revealed the blood
pressure of descending aorta and pointed out
the AVO and AVC when the outflow tube was
clamped completely on point A. Another
pressure waveform showed the pressure of the
left ventricle and pointed out the MVC and
MVO. Then, the clamp was released and
T-LVAD was set to function again. The ECG,
blood pressure waveform and pump flow were
divided to four stages according to the
pressure waveform of descending aorta and
left ventricle pressure. The pump flow of the
four stages in a cardiac cycle was calculated
individually by the equations.
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Under the open loop and constant voltage
control mode, the T-LVAD was driven by 10,
11,12,13,14,15,16,17, and 18 V each for five
minutes. The ECG, the outflow pressure and
the pump flow waveform were synchronously
collected and recorded by 16 bits analog
digital convert DAQ card 6035E (National
Instrument Inc, San Jose, CA) in 250 Hz. The
data was analyzed by Lab View software. The
flow of the T-LVAD was calculated and
recorded individually. The flow index of stage
1/(stage 2+ stage 3+ stage 4), stage 2/(stage 1+
stage 3+ stage 4), stage 3/(stage 1+ stage 2 +
stage 4), stage 4/(stage 1+ stage 2+ stage 3),
(stage 1+ stage 2+ stage 3)/ stage 4, (stage 1 +
stage 2)/(stage 3+ stage 4), (stage 2+ stage
3)/(stage 1+ stage 4), stage 2/ stage 4 were
separately calculated and made of the plot. All
data are expressed as mean £ SD.

Results

ECG(V)
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Fig. 2 The ECG (a), outflow pressure (b) and
pump flow {c) waveform were divided to four
stages by MVC, AVO, AVC and MVO.

According to the Fig. 2(a), the pump flow
waveform was divided to four stages. The
pump flow of each stage was calculated in
equations (1), (2), (3) and (4). The pump flow
was linearly raised by increasing motor
voltage from 10 to 18 V in each stage. The
average flow of stage 1 was the highest, the
stage 4 was second, the stage 2 was third and

the stage 3 was fourth (Fig 3)
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Fig. 3 The pump flow of each stage was
calculated in different motor voltages. The
highest pump flow was noted at stage 1
between MVC and AVO when the blood
volume of left ventricle was full. The lowest
pump was noted at stage 3 between AVC and
MVO when the blood volume of left ventricle
was near empty.

The back flow effect was noted at stage 2
when the motor voltage was less than 14 V,
and the suction effect noted at stage 3 when

the motor voltage was more than 18 V. The
summation of the pump flow of stage 3 and
stage 4 was near zero when the motor voltage
set 14 V and pumps speed at 3200 rpm. The
optimal motor control voltage was specified
by the highest flow index of (stage 1+stage 2)
/(stage3+staged). (Fig.4)
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Fig. 4 The highest flow index of (stage 1+
stage 2)/ (stage 3+ staged) occurred when the
motor voltage was set 14 V because of the
summation of pump flow of (stage 3 + stage 4)
was near zero. The flow index of (stage 1+
stage 2)/ (stage 3 + stage 4) were negative
when the motor voltage was less than 13 V.

Discussion

The motor current waveform is correlated
with the bypass flow through the centrifugal
LVAD so that power spectral analysis of the
motor current wave could provide information
useful in determining the performance of
centrifugal LVAD. (1) Some studies revealed
the current index of systole/diastole and flow
index of systole /diastole which will be a
useful monitoring parameter. (7,8) The systole
phase is from AVO to AVC which is as well
as stage 3, and the diastole phase is from AVC
to MVO to MVC then to AVO which is same
as (stage 1 + stage 2 + stage 3). In this study,
the relationship between the outflow pressure
waveform and valvular movement in the
cardiac cycle are divided clearly by
temporarily clamping the inflow tube to get
the arterial blood pressure waveform which
the AVO is pointed out on the trough and the
AVO on the diacrotic notch. Then, the MVC
is pointed on the first trough of left ventricle
pressure waveform which is get by
temporarily clamping outflow tube and the
MVO on the second trough. The sucking



effect that occurs at higher centrifugal speeds
and regurgitating effect at lower speeds will
create the deformed aortic pressure waveform.
In the stage 3, the sucking effect and backflow
effect reaches the maximum immediately after
the AVC, The optimal motor control voltage
will be obtained on the peak in the specific
plate form of the flow index of (stagel+stage2)

/ (stage3+staged). (Fig.5)
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Fig. 5 Shown is our optimal motor control
algorithm about the use of the flow index of
(stage 1+ stage2) / (stage 3 + stage 4).

In the future study, the definition of four
stages will be achieved by the ECK and
outflow pressure wave and the flow index of
(stagel+stage2) / (stage3+staged) will be
calculated immediately. Then, the optimal
motor control voltage will be set on the peak
of the waveform of the flow index of
(stagel+stage2) / (stage3+staged4). The
T-LVAD is a centrifugal pump that has no
valves. The T-LVAD is advantageous in terms
of simplicity and decreased thrombogenicity.
However, when such a valveless pump will
have sucking and backflow effects which can
lead to damage the blood cells and even the
failing heart. The optimal motor voltage
control will be achieved by such analysis of
the cardiac cycle to reduce the sucking and
backflow effect.

Conclusion

For the implantalbe impeller centrifugal
T-LVAD to be driven with a high flow
without backflow and sucking effects, the flow
index of (stage 1+ stage 2)/(stage 3+staged) is
the optimal motor control parameter.
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