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Abstract :Heart is one of most important vital organs, and this inspire the rescarch of artificial heart. This paper describes,
compared, and analvzed the methodologies, trends and current status of Lhe artificial heart control researches which are
studied over the world. Artificial heart control which is cne of most important research area in the development of artificial
heart syslem must imitate the role of native heart. For this various physiclogical contre]l parameters have the hindrance of
practical application in the perspective of sensor’s reliability. So. therc have becn many candidates as input control parameters
for the artificizl heart, bul only a few have remained. This paper explains why other candidates have been abandoned and what
are considered for the selection of present control mechanisms. For this, the mechanism of the native heart control
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is slightly stated before artificial hearl control, and five representative artificial heart contral research groups were introduced

and surnmarized.
Key words : Heart control, Artificial heart, TAH

INTRODUCTION

The control mechanism of native heart is well stated in
numerous popular physiolegy books [11[2). And there are a
lot of articles which have related with the control of native
and artificial heart. Bul most of them have focused only a
few points and the control mechanisms depend heavily on
their own systems. This article focuses on the control of
tolally implantable artificial heart (TAH) with various points
and the differences and similarities of the each control
mechanisms, Also the present trends and current status of
the artificial heart control rescarches which arc studied over
the world were stated.

The purpose of the TAH control can he said Lo imitate
the native heart control 5o it is important to know the
mechanism of the nalive hearl control. For the native heart
control, the mechanisms were well studied and known even
if there are some issues on debate. It is generally accepled
that there are lwo mechanisms which occupy the activity of
nalive hearl. One is known as the Irank Starling
mechznism. which belongs to the intrinsic regulation, and the
other is the cextrinsic regulation, ie, the native hearl is
controlicd by the humoral and neural mechanisms. Clearly,
the nalural heart balances left and right flows mainly
through the Frank Starling mechanism. To respond fully to
changes in metabolic demand, however, particularly during
exercise, the natural heart requires guidance from central
command and other neutrally -mediated signals. To respond
reasonably, al least some sensitivity to the chemical milicu
(hormones and metabolic by-products) is needed. It is
therefore a lofty goal to attempt to achieve both Telt-right
balance and wvariation in systemic flow in a TAH through
sensitivity to atrial pressure alone even if preload (atrium}
sensitive and allerload (aorla) insensitive controls are the
popular artificial heart control {3]. So, there have heen many
candidates as input control paramelers for the artificial heart,
but only a few have remainced. This paper represents why
olher candidates have been abandoned and whal are
considered for the selection of present control mechanisms.
Firstly, native heart control is slightly stated before artificial
heart control. After this, five representative arlificial heart
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control research groups are introduced and summarized.

NATIVE HEART CONTROL

The heart serves as a pump because of its ahility to
contract under an electrical stimulus. When an  electrical
triggering signal is reccived the heart will contract, starting
in the atria, which undergo a shallow, ripple like contracting
mation. A fraction of a second later the veniricles also begin
to contract, from the bottom up, in a motion that resembles
wringing oul a dishrag or sponge. The ventricular contr-
action is known as sysiole. The ventricular rclaxation is
known as diastole. The hearl in & resting adull pumps

. approximately three to five liters of blood per minute (3~5

L/min). Figure I shows the human circulatory system in
simplified form [4].

The heart must adapt its performance te widely varying
needs of the body, in order that cach organ will receive
enough bleod 1o support ils metabolic reguirements. The
limit of adaptation range from the minimum work needs
during sleep to the maximum demands while perforning
heavy exercise. The normal heart adiusts its work outpul to
its Toad by ulilizing any or all of a number of available
mechanisms which enable it to augment or diminish its
performance level. The heart can increase its work output
by increasing the rafe at which it contracts and by
increasing the force of contraction, thercby e¢jecting more
blood with each stroke. The force of contraction can be
avgmented by Aumoral and neural mechanisms which alter
the metabolic state of the myocardium (exirinsic regulation)
or by stretching the myocardium to increase its resting
length or tension (intrinsic regulalion, Frank-Starling mech-
anism) [11.

Pressure and flows in the uncontrolled circulation tend to
be stabilized by the Frank-Stariing mechanism which is
plotted In Figure 2. (a); this may be shown by the partial
recovery of cardiac output after a left ventricular infarction.
However, the normal cardiovascular system has a more
important  stabilization mechanistm as a result of feedback
confrol acting through the central nervous system. This
control depends on pressure signals that are converted to
effcrent nerve signals by the baroreceptors in the carotid
arch. These nerve palhways are shown In Figure 2. {b).
Studies of the baroreceptor control system have shown that
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Fig. 1. The hurman cireulatory system. (Hewlet— Packard.)

the signals returned to the heart tend to reduce both heart
ratc and strength of contraction in response to increased
pressure in the carotid arteries and to increase hoth if there
is decreased pressure In the carolids. In addition, other
signals lead to an increase in peripheral svsterme resistance
and  decreased  venous  volime  with  decreasing  carotid
pressure, and vice versa. It is interesting to add elementary
negative  feedback regulation, corresponding Lo the haro-
receptor syslem, (o the cardiovaseular system [5].

The ellerent innervation of the heart is centrolled by both
the sympathetic and the parasympathetic systems, Afferent
fibers accompany the efferents of both systems. The svnr
pathetic fibers have positive chronotropic  (rate-incresasing)
and positive inotropic (force-increasing effects). The para—
sympathetics have a negative chronotropic effect and may be
somewhat negatively inotropic, but the latter coffect is, at
most, small and is masked, in the intact circulatory system,
hy the increased filling which occurs when the dastolic
filling time is increased [1]. The hormone in the blood can
directly control the contraction and extension of the heart.
And the hormone vary the cardiac output by adjusting the
resistance of vessel [21

TAH CONTROL

It would be generally agreed that a TAH should be
controlled in a noninvasive fashion. Traditionally, the term
noninvasive 1s applicd to systems lacking indwelling cathe—
ters or transducers [3l. A control algorithm for a TAH
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Fig. 2. (a} The curve beiween the preload and cardiac output,
{b) nerve pathways [5].

should meet the following reguirements: 1) simple  and
reliable; 2} smallest physical package to meet anatomic
constraints;  and 3} adequate responscs to  all  possible
hemodynamic demands [6]. A wadeoff between sensitivity
and complexity must be achieved to produce a TAH input
control parameters that maintains metabolic homeostasis and
an acceptable level of component refiability [7].

_There are two elements of Starlings work that are critical
to TAH control theory: 1) the vascular resistance to ejection
(afterload) must have a negligible effect on CO; and 2) the
volume of blood pumped by the heart is the rate of entry of
blood in the heart primarily governed by the volume of
bluod present al  end-diasiole  (preload) [7]. The most
important requirements of a TAH system are o provide a
physiologic flow rate while maintaming a safe left atrial
pressure (LA 8],

The automatic control of TAH must ensure sulficient
cardiac output (C(Q), adaptive regulation to thc organisms
actual need and must save the pulmonary circuit from
overhydration {edema) by left/right balance. The choice of

J. Biomed. Eng. Res ™ Val. 20, No. 6, 1959



612 CEEREE EREL TR TR RE TR

control mode depends on the TAH system used and the
available control parameters. Full-to-empty work without
diaphragm standstill and full stroke is favourable with regard
to anatomical fit and wash—out 9],

Left and right atrial pressures are the most widely used
paramcfers for the control of TAIT function. However, there
are limitations in using alrial pressure for assessing card
iovascular  function.  Afrial pressures arc imfluenced by
mulliple factors and they arc not a direct measure of
metabolic demand. Furthermore, termporary changes in TAH
puming or device position may cause atrial collapse and
erroneous  atrial pressure  measurements.  Atrial  remnant
fibrosis  develops in long term TAH recipients, causing
decreased compliance  and artificially  increased  atial
pressures. Renal sympathetic nerve activity [10], aortic nerve
activity [11], hemoglobin concentration, oxygen saturation,
tissue perfusion, central ncurologic  signals, neurohumoral
input, the eleclrical output of the ala (' wave), pH,
respiration, central venous temperature, and physical activity
have all been considered as potential TAH inpul control
parameters but these are not expected 1o be long term
usage in the perspective of sensor stabilily, reliahility, and
durahility [71.

Failure to match rghtl and left TAIT ventricular flow with
their respective vascular flow demands is termed balance
mismatching, a silualion causing venous congostion in the
lagging circulation. TAII halance mismaiching has plagued
nonpneumatic TAH research and clinical performance. It has
been established that the net leit ventricular CO exceeds the
right ventricular CO by approximately 10% or more. Alth
ough the explanation remains a subject of debate, il is
generally agreed that [low through the bronchial arteries and
left sided valvular regurgitalion arc the primary factors in
this flow discrepancy hetween right and left ventricles [7).

FFrom an engincering perspectlive, alternate pumping is
preferable with regard to both design and size consider-
ations. Left and righl master aliernate (LMA, RMA) control
modes dre version of varlable rate control in which one
pump serves as the master and the other as the slave. RMA
control leads to comparatively lower left sided output, with
an assoclated increase i left atrial pressure (LAD), the
resultant pulmeonary  congestion can  cause  compromised
oxygen transfer and hypoxemia. Although less sensilive to
systermnic venous returm, the LMA control mode cffectively
protects the lungs from fluid overload [71.

For the allernatc pumping mode, a few aspects still
remained to be investigated: 1) long-term effects of the
aliernate  pumping mode; 2) how to protect the lung
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circulation against #my possible  sudden  hemodynamic
changes; and 3) the possible requirements for built-in stroke
volume differcnces between two ventricles. The in vivo
cxperiments suggest that there were no significant effects of
different control modes on the calves survival, daily activity,
and/or major organ functions. Hematologic and biochemical
data oblained from chronic animal studies suggested that the
LMA mode is as coffective and sale as the independent
(IND} mode. IND mode has the best overall sensitivity to
physiologic flow needs, followed by LMA and then RMA.
The LAP changes during these exercise tests indicated that
the lungs were better protected by the LMA and IND modes
than the RMA mode, which tended to elevate the LAP
further in the cqual stroke volume system. The LMA mode
makes the lefl side scnsitive to the pulmonary venous return
but the right side relatively insensitive to the systemic
venous retum. In the RMA mode, on the other hand, the
right side is sensitive 1o systemic venous return, but the loft
side is insensitive to the LAP. Because of the presence of
this [low difference, when the system is run in RMA mode
with the left side rate {ollowing that of the right, the left
pump cannol respond to the increase in LAY Therefore, to
compensate for the flow difference, the right side stroke
must be kept lower than thal of the left. This is the reason
for the inferior performance of the RMA mode shown in the
excrcise tests and also explaing the better performance of
the unequal stroke volume system in RMA. In theory, the
LMA mode is superior (o the BMA mode from the point of
view of lung protection, This is clearly shown in this study
by the lower LAP elevation with the LMA mode
Theoretically the IND is best, since each side of the TAH
produces an optimal [low depending on its own preload and
alterload. The flow dilference can lthus be compensated for
automatically. Three points can be considered as the per-
formance scores of each modes: 1) long-lern blood chemistry
results; 2) flow sensitivily lo demand; and 3} the inlluence
of equal versus unequal siroke volume on various control
modes. The [(ollowing conclusions were drawn from this
study: 1) With the LMA mode, TAH rccipients can be
maintained in a physiologically normal state for long periods.
2} In the progressive exercise tests, TAIl recipients
demonstrated good flow response, good lung proteclion, and
good exercise tolerance in the LMA mode. 3) The stroke
velume difference belween left and right purmps of the TAH
system may not be necessary in regard to the LMA mode,
as long as the right pump is operated al partial stroke. 4)
Overall, the LMA mode is the preferable control mode for a
alternate pumping TAH system [6112)712).
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The findings In the LMA mode with equal ventricles and
n RMA mode with the higger lefl ventricle were comparable
to the IND mode without problems in left/right matching.
One solution is to control with different heart rates (HR),
another is to change maximumm stroke volume by means of
stroke length variation by end-position trigger for pusher
plate system. In consideration of a maximum 5% left-to- left
shunt and about 10% less efficiency of the left veniricle,
magimum designed stroke volume should be right ventricle
> 90% left ventricle for LMA and right veniricle < 8% left
veniricle for RMA mode. The regurgilation flow for the left
ventricle is about 09, because of greater regurgitation with
Bjork Shiley mechanical valves. This is in accordance with
the experience of other groups [GI0410151[16][17].

A TAH control system that links right and left
ventricular performance can address the flow imbalance in
several ways: a reduced right ventricular stroke volume with
compliance  window (Seoul group) [i8], a2 regurgitant
mechanical pulmonary valve, or a air volume displacement
chamber (VVC, Perm State group). To eliminate the VVC
and thus minimize the overall volume of the device to be
implantable, the Utah group inilially proposed to use leaky
valves in the rnght outflow, bul the current approach
employs a so-called interatrial shunt (IAS) in the inflow
cuffs [19], Other control schemes attempt to resolve the
mismatch, either by allowing independent left and right
ventricular pumping modes, or by designing one side as the
pacemaker or master for both systems [7].

The belows are the deep illustrations of the control
methods of representative TAH research groups all over the
waorld. And each systems have their peculiar structural
characteristics.

Penn State University TAH control
(U.S.A)

Figure 3 shows the schematic drawing of the Penn State
University TAH system. A confrol algorithm developed at
Penn State University adjusts the pump rate (PR) in
response to the changing hemodynamic state of the recipient.
All sensing of the hemodynamic state is done through the
left pump (LMA), which 1s readily estimated from motor
speed and voltage and which provides information regarding
the critical halance between left and right pump outputs. In
small steps, the controller decreases right diastolic time until
a decreasing left end-diastolic volume (EDV} is observed,
indicating thal right pump output has fallen and the
pulmonary venous pressure is low. The controller than

increases right diastolic time umtil left EDV is restored, and
then repeats the cycle. At equilibrium, the right diastolic
time permits just enough right pump filing to obtain
matched left and right pump flows. Left EDY remains at
about 90% of maximum over most of the working control
renge. As right alrial pressure rises, shorter right diastolic
times are required to maintain this balance. The pump rate
therefore rises with right atrial pressure (RAP), similar in
function to a Starling cardiac output response [8].

As right diastolic time is decreased, left diastolic time can
be programmed to decrease as well, yvielding an amplified
rale response (sensilive Starling response); to  remain
constant, yielding a modest rate response; or to increase,
vielding little or no rate response. The latter mode permits
the mmplementation of an afterload-based cardiac outpul
control in which cardiac output is responsive to systemic
vascular resistance. Afterload confrol has been used in
studies with the Penn State pneumatic TAH in calves and
in patients, and with a 100 cc stroke volume electric TAH
system in calves. The more limited cardiac output of the 70
ml TAH system limits cur ability to test the afterload
control mode in calves, and we presenlly use a sensitive-
response Starling mode. LAP was shown 1o remain lower
than RAP in all test conditions and less than 15 mmHg for
flows up to 75 L/min. A safe LAP wus maintained even at
low PAP, where right pump volumctric efficiency is highest.
The hlood sacs are not altached to the pusher plates,
allowing the pumps to fill passively. This prevents atrial
suction and allows the control system 1o actively adjust left
and right stroke volumes. An intrathoracic compliance
chamber maintains near atmospheric pressurc in the pump
chamber. Periodic refills of gas are required cvery 4-6
weels through a subcutaneous infusion port. Penn State
University TAH control uses three techniques to hias the
system closer to egual left and right outputs. 1} Less
efficient valves were used, within the normal manufacturing
tolerance range, in the right pump. 2) The right pump has a
slightly smaller pusher platc than the left. 3) Finally, the
control system inserts a short diastasis pericd at the end of
lelt diastole, so thal, with equal speed in left and right
ejection motions in the allernately ejecting pump, the left
pump has a slightly longer filling time than the right.

The control system therefore adjusts automatically over a
range of hemodynamic conditions such as changes in cardiac
output, venous retwn, and pulmonary and systemic vascular
resistance. The operating range can be adjusted by changing
contrel  system parameters via telemetry, which may be
desirable to accommodate operating extremes in  some

J. Biomed. Eng. Res: Vol. 20, No. 6, 1999
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Fig. 3. Schematic drawing of the Penn State University TAH.

patients [8].

As with any passively filling device, the rate at which
blood enters a pump 1s determined primarily by the atrial
pressure and the forward-flow characteristic of the inlet
valve. Secondary effects are ascribable to the mechanical
characteristics of the atrium and the flexibility of the blood
sac. Al a stable point, the left CO will be the right pump
flow plus the hronchial flow, and the LAP will be that
necessary for the left pump to provide the CO. The actual
CO and LAP will depend upon inlet valve characteristics, the
relative competence of left and right pumps valves, and the
magnitude of the bronchial flow. They could control the
relaionship between LAP and RAP by our choice of the
relative left and right ejection speeds [3]. Bidirectional
telemetry is used to monitor the device and to download

parameter adjustments and software changes [8].

Baylor College TAH control (U.S.A.)

Baylor college TAH gystem is very similar to that of
Penn state. Figure 4 shows the schematic drawing of the
Baylor college TAH system. The pusher-plates are shaped
conically to accommodate an actuator in the space between
them. When the TAH was run in the LMA fill-empty or
variable rate mode, the left fill signal was used to turn on
the motor power and to start the cycle. In this mode, the
pump rate varied depending on the left fill rate. The LMA
glecion mode was casily implemented utilizing the Hall
effect stroke signal with the right pump operated in the
fill-limited mode. The left pump fill trigger level was
adjusted to run the right pump at 80% of the [ull stroke. In
this way, increase in the RAP results in increase of the

right pump stroke volume, increase in the LAP, and

o} F 3 A] - A204, A6E, 1999
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Fig. 4. Schematic drawing of the Baylor College TAH [21].

consequent Increase n the pumping rate. The stroke volume
of the right pump was made smaller than the left by
1096-15%. The built-in play length of the left pump stroke
allowed this adjustment without affecting the lefl stroke
volume [20].

When the preload is above 10 mmlbg, there are two
possible approaches to regulate the LAP level. One is to
reduce the nght output by decreasing the right end eject
level. It would not be wise to physically limit the right
stroke length to less than the left because this would limit
the maximum capahility of the device. The second approach
Is more aggressive., The pump rate is increased by further
reducing the left effective stroke volume. Since a small play
length is incorporated in the right side, the reduction in the
left end eject level does not interfere with the end-fill level
of the right pump. Reducing the left end-eject level of the
roller screw enables the actuator to run at the higher pump
rate. This will force more flow from the nght side to
elevate the lefl atrial pressure, which in turn further
increases the pump rate and consequently the pump rate.
The pump rate is computed continuously from the roller—
screw position signal, and when the pump rate falls below
30 bpm (beats per minute), the control is automatically
switched to the internal fixed rate mode. Since the right
pump is more efficient than the left, the left pump must
pump (approximately 10-15%) more than the right in order
to regulate left atrial pressure. The VVC 1s connected to the
actuator chamber, and the difference in volume displacement
of the two ventricles is supplied from this chamber [21].

Helmholtz Institute TAH control (Germany)

This team made an umque idea to enhance the pump
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Fig. 5. Schematic drawing of the Helmholtz Institute TAH [24].

efficiency by transforming the unidirectional constant rota-
tional movemenl of a sensorless commutated brushless d.c.
motor with internal rotor into  translatory  pusher  plale
movements. This figure permits the elimination of roter
position sensors and rotational switches which decrease the
general refiability, Figure 5 shows the schematic drawing of
the Helmhollz Institute TAIT system. The contact time of
the diaphragm of the artificial ventricle to the pusher plate s
detected by a diaphragm contacl sensor which is located at
the pusher plate. This contact time is a function of filling
velocity and the respeclive atrial pressure. But the recent
direction has heen changed from the usage of contact sensor
Lo motor current [22]123].

A fuzzy controller has been implemented for the adapt
adon of the pump rele w hody perfusion demand by left
pump chamber filling detection. The contact tme helween
diaphragm and pusher plate is chosen as the first control
inpul parameter hecause it Is @ reproducible measure of
filling velocily and the respective atrial pressure. The second
control inpul paramcter is the pump rale because it is used
for the pump oculput calculation and for the determinalion of
energy converter cfficiency and limits of porformance. TU is
an adaptation of the left (and consequently of the right)
pump rale to left preload or left filling velocily, respectively.
Left and right afterload conditions can be derived easily
fromm motor energy consumption. The uniform unidirectional
motor rotation simplifies this task greatly. Tinally, left right
pump culpul balancing may be achieved by moniloring right
afterload and reciprocally switching between LMA and RMA.
The present TAH control concept represents only onc
element of the mentioned suporposed contrel strategy, It uses
only the atrial pressure or filling velocity, respectively, al the
left pump chamber and the pump rate itself as input

paramecters. In general, this concept follows the ideas of

Coating layer '"'m_pﬂ" <
Mombrane Pump housing .",

intat owllet

Gddo

Right motor el L oft motor
Right pump Left pump

{c)

Fig. 6. Schematic drawing of the Tokyo University TAH. {(a) the
design of the undulation pump for the UPTAH, (bl the principle
of the undulation pump, (g} structure of the UP-TAHZ [25]

other groups which try to sinudate Frank-Starling law: High
venous retums cause an merease of cardiac output. The
diffcrence in TAH control compared with biological control
is that the increasing venldeular stroke volume of the
natural heart is replaced by pump rate acceleration of the
artificial heart [24].

Tokyo University TAH control (Japan)

Tokye University tcam has developed two types of TAIL
One is an undulation pump TAH (UP-TAH} and the olher

]. Bicmed, Eng. Hes: Vol 20, No. 6, 189489
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is @ flow transformed pulsatile TAH (FTP-TAH). The
undulation pump is a small-sized continuous flow displace
(a) and
principle of this unique pump. The new type of FTP TAH

ment type blood pump. Figure 6. (b) show the
is under a prototype study, And they have developed two
types of UP-TAH, the UP-TAH
(UP-TAHI) UP-TAH type
(UP-TAH2). Because the UP-TAHI did not have enough
controllability, the UP-TAH2 was seclected for an animal

alternate  driven  type

and the independent  motor

experiment.  This  UP-TAHZ2  was  designed  using  two
undulation pumps and two motors (Figure 6. (¢)).
There are not  published control  algorithm  for  the

UP-TALZ. Even though the Tokyo University team showed
long term survival record with their developed algorithm (
1/
control), the algorithm is impractical in the perspective of

conductance and arterial pressure  based  control  or
the need of information of real hemodynamics and  this
algorithm is not testified with their TALH. They tested

control algorithm in extracoporeal two VADs [25][26],

Seoul National University TAH control
(Korea)

This team made an unique idea to exclude the dead space
o actuator by moving actuator allernately. Figure 7 shows
the schematic drawing of the Seoul National University
TAH. As a noninvasive input control parameters, interven
tricular pressure (IVP) signal [27] and motor current were
deeply studied. Motor current based preload sensitive and
alterload sensitive control were established in [28][29]. In the
of EDV,
estimation is more favorite choice than the IVP because VP
reflects the dynamic inflow state not the EDV.

sense the motor current based volume  state

2] 8E) A - 4207, A6E, 1999

- e s - 7

Other famous TAH rescarches are being done at the
Utah Natioan! Center
(NCVC). These teams developed electrohydraulic-type TAIL

University  of and Cardiovascular

But, there is no published automatic control alrogithm for

NCVC  TAH  [321133]. And  Utah  TAH developed  the
automatic  control  algorithm  based on  the noninvasive

pressure signal in the hydraulic fluid. Their automatic control
algorithm find the physiological demand estimated {rom the
oil pressure waveforms-diastolic filling pressure, and control

the diastolic filling pressure (o a set value [34].

CONCLUSIONS

The purpose of the TAH control can be said to imitate
the native heart control. The nowadays control has been
toward variable rate systems (speed control, Seoul TAIL
Penn State University TAH, Baylor College TAH, Helmholiz
TAH). of TAL

pump  efficiency by providing the maximum stroke  volume

[nstitute This  maode function maximizes
(full-fill. governing principle) with each systolic phase and hy
varying heart rates to meel metabolic demands. A predeter
mined end-diastolic volume acts as a trigger to initiate
systole. Animal studies have concluded that blood flow in
the range of 80 140 ml/min/kg is necessary Lo maintain
acrobic metabolism [7],

The LMA mode triggered by the left pump fill can
protect the lungs and can also respond to venous return
change and therefore is a reliable control method for a
one-piecce TAH. One interesting phenomenon observed was
the effect of respiration on the atrial pulsation. Since the left
and right pumps are operated in the alternate ejection mode,
inspiration and expiration result in a 180 out-of phase effect.

There is a delay of approximately 3-5 beats between the
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right and left ventricles, Thus, the feedback regulation of the
motor speed should be hased on the average pump
performance of 5 previous beals or more. The question of
whether an alternating or sinwltaneous gjection (systolic)
phase is more effective remains a topic of debate [7]. In
particular, since the most team's pump size has been
reduced to obtain betfer anatormical fit, both pumps will be
operated more often at full stroke volume. Although the
pump rate can be increased to a higher range of 130-150
bpm, this may reduce the device durability. The physiclo—
gical, pathclogical, and psychological consequences of using
higher pump rates require further investigation [21].
Measurement of body acccleration can be accomplished
easily by incorporating one or more accelerometers into the
implanted TAH controller. Body acceleration has been shown
to be sufficiently predictive of demand 1o be incorporated
nto commercial pacemakers and has been shown to correlate
[3130]. Body
acceleration does not necessarily increase monotonically as

well  with  exercise  Intensity in calves
exercise intensity increases in humans, but a signal is
available at the instant activity begins, making it potentiaify
useful at least to augment other means of determining
quantitative demand [3]. '

Relying solely on a Starling-lke mechanisms, passive
intrinsic TAH control may be adequate at rest and with
mild to moderate exercise, but it requires the alleration of
external control parameters during times ol severe stress [7].
Tt is expected that patients will use the lelemetry to check
the implanl status at routine intervals [8).

For clinical applications of the implantable artificial heast,
nol only physiologic controllability but also other points such
as thrombosis, hemolysis, efficiency, durability, temperature,
size, weight, battery, TET (transcutaneous energy transmi
ssion) systemn, telemetry, psychological effect, etc. must be
considered sirmultaneously for clinical use. ’

The mechanical artificial heart control must be studied
until the appearance of other type innovative arlificial heart
such as genetically engineered devices and technigues in
around 2025 [31],

REFERENCES

I. F. H Netter, The CIBA Collection of
Mustration, vol. H-Heart, CIBA, 1978

2 AEA, AV, sl o EAL 1897

3 A ) Rosenberg, and W. S Pierce,
“Norinvasive confrol of cardiac outpir for alternately

of  Artificial

Medical

Snyder, (5

efecting  dual pusherplate pumps,” ].

o

10.

11

12.

3.

Organs, vol. 16, no. 2, pp. 189-194 1992

. )] Carr and ], M. Brown, Introduction to Biomedical

Equipment Techmology, Prentice-Hall, inc., p. 14, 1993

. V. C. Ridcout, Mathematical and computer modeling of

physiological systems, Prentice-Hall, Inc. pp. 109-110,
1991

. M. Ishikawa, G. B. Jacobs, N. Uchida, M. Nasy T.

Oku, H Emote, T. Watanabe, W. A. Smith, R. J.
Kiraly, 11. Harasaki, and Y. Nose, “Mode comparison
study for a completely implontable TAH (CITAH)
systern,” Trans Am Soc Artif Intern Organs, vol. 33,
pp. 194 200, 1987

G. S. Allen, K D. Murray, and D. B. QOlsen, “Control o
the artificiadd heart,” Trans Am Soc Arlif Intemn Organs,
pp. 932-837, 1996

. W. ], Weiss, (& Rosenberg, A, I Snyder, W. S. Plerce,

W. E. Pae, H Kuroda, M. A, Rawhouser, G. Feldcr, J.
D. Reibson, T. J. Cleary, S. K. Ford, J. A. Marlotte, .
A. Nazarian, and D. 1. Hicksl, “Steady state hemodirni—
amic and energelic chracterization of the Penn
State/3M health aare total ariificial heart,” Trans Am
Soc Artif Intern Organs, vol 45, no. 3, pp. 189-193,
14999

. H. J. Nabel, K. P. Schmitz, W. Urbaszek, W. Scharf, K.

Emmrich, and H Klinkmann, “Relationship belween
design and condrol of artificial heart for profection of
the right/left balance,” Tnt. J, of Artifi Organs, vol. 13,
no 1, pp. 01-54, 1990

T. Yambe, 5. Nitta, Y. Katahira, K Izumi, and H.
Taketa, “Estimation of the following cardiac output
using sympathetic fone and hemodvnamics for the
control of a total artificial heart,” Int. ], Artificial
Crgans, vol. 15, no. 6, pp. 606-610, 1992

K. Taguchi, T. Hjikata, T. Mochizuke, M. Matsumura,
and T. Hasegawa, “Elfmination of monitoring problems
by permanent signalization of aortic nerve activity for
control of artificial heart,” Trans Am Soc Artif Intern
Organs, val. 27, pp. 123-126, 1981

S, Takatani, H. Harasaki, S. Koike, 1. Yada, R. Yozu, L.
Fujimoto, 5. Murabayashi, G. Jacobs, R. Kiraly, Y.
Nose, “Optimum control mode jor a total artifical
heart,” Trans Am Soc Artif Intern Organs, vol. 28, pp.
148-153, 1982

M Ishikawa, . B. Jacobs, N, Uchida, M. Nasu, T. Oku,
H Emoto, T. Watanabe, W. A. Smith, R. J. Kiraly, II
Harasaki, snd Y. Nose, “Mode comparison study for a
completely Implantable TAH (CITAH) Systern,” Trans
Am Soc Artif Intern Organs, vol. 33, pp. 194-200, 1987

J. Biomed. Eng. Res: Vol 20, No. 6, 1999



618

14.

15

16.

17.

18

19.

21

22,

25,

QB - 4AE -

=

E. S. Bucherl, E. Henming, P. Baer, “Stafus o the
artificial heart program in Berlin,” World ] Surg, vol.
9, pp. 103-115, 1985

G. Jacobs, R. Yozu, T. Shimonitsu, . Stacy, T.
Watanabe, D. Sands, T. Morimote, H. Harasaki, and Y.
Nose, “Passthough and nertia contribution to left-right
flow difference (LRFD) in TAH recipients,” Trans Am
Soc Artif Tatern Crgans, vol. 31, pp. 185-192, 1985

ol 4E, =8 AT EEY A 2 T dduA dEda
of #E 47, Pho D. Disserlation, Dent. of Biomedical
Engineering, Seoul National University, Seoul, Korea,
1992

Tanzka T, S. Takatani, M. Umezu, T. Nakatani, S.
Adachi, H Neda, S, Fukuds, H Takano, and T.
Akutsu, “Fuctors effecting  left-right heart ouwtput
differences in artificial heart implanted animal,” Trans
Am Soc Artif Intern Organs, vol. 31, pp. 211-215, 1886
B. G. Min, L Y. Kim, H C. Kim, “Differemt stroke
volumes for the left and right ventricles in the moving
~actuator type toltal artificial heart,” Int. J. Artificial
Organs, vol. 16, pp. 45-50, 1993

D. B. QClsen, R K White, J. W. Long, P. S
Kahnwilkar, “Right-left veniricular output balance in
the totally implantable artificial heart,” Int. ], Artificial
Organs, vol. 14, no. 6, pp. 359-64, 1991

, 5. Takatani, M. Shiono, T. Sasaki, ]. Glueck, G. P.

Noon, Y. Nose, and M. E. DeBakey, “Development of a
folatly  implantable  elecromechanical  fotal  artificial
heart: Bavior TAH,” Artificial Organs, vol. 16, no. 4,
pp. 385-406, 1992

5. Takatani, M. Shiono, T. Sasaki, 1. Sakuma, G. P.
Noon, Y. Nose, and M. E. DeBakey, “Lat and right
pump output control in one-piece electromechanical
total artificial heart,” Artificial Organs, vol. 17, no. 3,
pp. 176-184, 1953

R. Kaufmann, C. Nix, H. Reul, and G Rau, “Artificial
heart withy a highly efficient and sensorless fuzzv-
controlled energy comverier,” Heart Replacement-Arti-
ficial Heart 6, Springer—Verlag, Tokyo, pp. 26-33. 1956

. . Rau, K. Becker, R. Kaufmann, and [ ] Ziem-

mermann, ‘Fuzzy logic and control principal approach
and  potential applications in  medicinge,”  Artificial

Organs, vol. 19, no. 1, pp. 106-112, 1895

. R. Kaufmann, K. Becker, C. Nix, H Reul, and G. Gau,

]

“Fuzzy comfrol concept for a ftolal artificial heart,’
Artificial Organs, vol. 19, no. 4, pp. 355-365, 1995

Y. Abe, T. Chinzei, T. Isoyama, T. Ono, 5. Mochizuki,
1. Saito, P. Guba, T. Karita, Y. P. Sun, A. Kouno, T.

et A« A204, A6Z, 199

£33 - agd- 284 - 4

26.

27,

28

29.

30.

31

32.

33.

Suzuki, K. Baba, K Mabuchi, and K. Imechi, “Present
status of the total artificial heart of the university of
Tokyo," Artificial Organs, vol. 23, no. 3, pp. 221-228
1999

Y. Abe, T. Chinzei, K Mabuchi, A J. Snyder, T.
Isoyama, K. Imanishi, T. Yonezawa, H Matsuura, A
Kouno, T. One, K. Atsumi, 1. Fujimasa, and K. Imachi,
“Physiological  control  of a  totol  artificial
conductance and  arterial pressure-based control,”
Journal of Applied Physiclogy, pp. 868-876, 1998

=45, HY, A4S, AE, 254, 9F 2, o)F,
ol T, AT, AE, W, AU, dEe el
ol g olad dAF AR Q4 T AE =
aldde] #@E A7 ] of the Korea Society of Medical
and Biclogical Engineering, vol. 18, no. 1, pp.25-36,
1997

K 5 Om, . M. Ahn, C. Y. Park, G. J. Yun, H. S. Cho,
J. W. Kim, Y. H Jo, W. E. Kim, Y. N. Park, ]J. &
Choi, J. W. Park, 5. W. Choi, W. G Kim, and B. (&
Min, “The autorcttic comtrol o the moving-actuator

heart:

type totallv-implantable artificial heart using the motor
current,” APCMBE, vol. 4, 1999

K S Om, [. M. Ahn, Y. H. Jo, W. E. Kim, Y. N. Park,
H C. Kim, and B. G. Min, “Fuzzy logic and Jnow-
ledge based automatic control of the mouving-actuator
tvpe totally implantable artificial heart,” IEEE Int. Conf,
on Fuzzy Systems, vol. 8, 1989

K. Imach, T. Chinzei, K. Maeda, K. Mabuchi, Y. Abe,
T. Yonezawa, M. Asano, M. Suzukawa, A. Kouno, T.
Ono, 1 Fujimasa, “Predictive cortrol of fotal artificial
heart during exercise,” In' Vasku ]. ed. Total artificial
heart-problems of regulation (Proc. ISAQ ESAQ
satellite symposium). Brno: University J. E. Purkyne,
1988:101-10

R. A Oi, D E. Guifinger, A. B. Gazzaniga, Cardiac
surgery: State of the Art Reviews, vol. 7, no. 2, p. 461,
1993

#9924k E. Tatsumi, T. Masuzawa, Y. Taenake, M.
Nakamura, S. Endo, Y. Takewa, T. Nishimura, Y.
Wakisaka, T. Ohno, K. Takiura, T. Nakatani, and H.
Takano, 92 1 #37] Aekd A7 G4 93449
AL FEAE” ] of the Korea Society of Medical
and Biological Engineering, vol. 19, no. 2, pp. 163-170,
1998

T. Masuzawa, Y. Taenaka, . Tatsumi, W. W. Choi, K.
[oda, T, Ohne, Y. Baba, T. Nakatand, H. Takano, C.
Uyama, K. Koshiji, Y. Fukui, K. Takahashi, and T.
Ohmi, “Development of an Electrohydraufic Total Arti-



Artifial Heart Control 619

-

ficial Heart at the National Cardiovascular Center, “Development of a Microcontroller-Based Automatic

Osaka, Japan,” Trans Am Soc Artif Intern Organs, vol. Control System for the. Electrohydraulic Total Artificial

41, no. 3, pp. 249-253, 1994 Heart,” IEEE Trans. on Biomedical Engineering, vol.
34 H C Kim, S. Pratap, G. B. Bearnson, D. B. Olsen, 44, no. 1, pp. 7789, Jan. 1997

J. Biomed. Eng. Res: Vol. 20, No. 6, 1999




