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INTRODUCTION

The chief purpose of this dissertation is to document
the design and periormance of an automatically-regulated
artificial ventricle used for short-term animal experiments.
The overall objective of the work was to develop an arti=-
ficial ventricle system of low blological reactance
(physically, chemically, and functionally) for studies of
regulation of the pulmonary and systemic blood vascular
systems in experimental animals. A major aim was a study
of various combinations of animal-machine feedback control
mechanisms in order to find thé most appropriate physiologic
parameter or combination of parameters which must be
monitored and utilized to regulate the fluid outﬁut of the
artificlal ventricles in response to a subject's changing
circulatory requirements. Thls objective was, in part,
accomplishéd by use of the capabilities of an artificial
ventricle system herein described.

To adequately provide, by electromechanical means, the
exact functional duplication of and substitution for any
living organ can be a prodigious task. However, once the
principal'ove:all function of the organ is defined and
understood, the design of a device (oxr, more 1likely, a
system) to reproduce just that function can be undertaken.

The heart is an organ which lends itself very well to
an easy understanding and exact definition of its principal
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function, that of béing baslcally a pump. Its primary
purpose is to provide a pulsatile blood flow to all the
cells in the body for tissue oxygenation, nourishment, and
removal of wastes. |
This apparently simple Jjob asked of the heart is not
at first what 1t seems to be. The heart is a strong
muscular organ about the size of a large fist and weighs
approximately 1/300 of the body weight (123). To keep
all the blood in the body (about eight percent of the body
weight) in continual circulation through the miles of blood
vessels, the normal heart is called upon to perform the
following minimal tasks.
1. It must contract about 72 times each minute
-or more than 100,000 times each day.
2. It mﬁst punp about five liters of blood each
minute cr about 7200 liters (1900 gallons)
each day.
3. Its power requirement is about 3.73 watts (51).
This is an energy requirement of 88.5 watt-
hours per day. If this energy were available
directly from an electric utility company, the
cost per year, at four cents per kilowatt-hour,
would be $1.30!
The normal heart has a resting duty cycle of about 67
percent. But 1t can double both its rate and fluid output

during periods of strenuous physical exercise or emotional
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strain. The faster the heart beats the harder it works
and the less time it has to rest. |

Considering the work the heart is called upon to deliwer,
1t 1s not surprising that nearly a fourth of the U.S. adult
population lives under a threat of heart disease and that
there are more than 500,000 deaths each'year from coronary
artery disease (63). This means that heart disease is the
top killer in the U.S. today, and strokes rank third, Just
behind cancer. But heart disease and strokes both develop
from arterial diseases and together they account for 75
percent of all U.S. deaths (116). The conclusion to be
drawn, then, is that cardiovascular disease is brobably the
most pressing problem of modern medicine.

Considerable mpney}and research effort has been expended
in combating this many-sided heart disease problem. The
fight has been greatly aided by many new drugs, surgical
and recovery procedures, ideas, materials, and machines.

The use of heart-lung machines outside the body for tem=-
pbrary maintenance of circulation during heart surgery 1is
well known.

However, there are many patients with irreversibly
damaged hearts who cannot benefit from cardiac surgery at
the present stage of technical development. Total replace-
ment of the heart is perhaps the only way the lives of
these persons could be saved. The possibility of being able
to transplant a living heart into the human body may offer



4

a solution. But this creates a dilemma -« not only are
there immunologic problems but also there exists the
difficulty of procuring either a human or an animal heart.
According to Nosé (89) there are approximately only 500
potential donors of the heterologous heart if the chim=-
panzee must be relied upon.

Probably as an extenslion of the heart-lung machine
came the idéa of the replacement of & patient's failing
heart with a mechanlical one to take over completely and
permaneﬁtly the function of the natural heart. Recent
engineering progress has made the permanent replacement
of the human heart with an intrathoracic artificial heart
a definite possibility for the future.

hi:gardless of how the time sequence of thoughts for
heart replacement went, the first experimenter to attempt
the implantation of a mechanlcal heart inside the body
vwas apparently V.P. Demikhov, a Soviet investigator (63).
In 1937 he performed three experiments in which a pumping
device was limplanted in animals. The pump was externally
driven by & rotating shaft inserted into the animal through
2 tube in the chest wall. ZProbably the first artificial
heart experiment in the U.S. was performed in December,
1957, at fhe Cleveland Clinic. An air-driven artificial
heart was implanted inslide the chest of a dog, and the

animal survived for 90 minutes (63). There are now in

excess of 30 groups engaging in research on and development
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of artificlal hearts and closely allied problems. The
group with which the author has been associated is one of
the 30. The Iowa Siate University Artificial Heart 2Program
has devoted its effort to the development of both heart
models and control systems. The research was supported

by Iowa State University, the Iowa Heart Association, the
American Heart Assocliation, and the Iowa State University
Affiliate Program in Solid State Electronics.

To gain a better understanding of the problems involved
in developing an artificial ventricle and its power and
control systems,  the anatomy and physiology of the normal
intact heart will be descrived. The desbription will also
include a discussion of the normal heart's accompanying |
loads (pulmonary and systemie circulatory systems) and
céntrol mechanisns (nervous, humoral, and intrinsic).
Following this, various important aspects of mechanical
artificial hearts in general (ideal specifications, types
of pumps already developed, materials and valves, blood
trauma, power, and control) will be discussed. This section
will conclude with a description of various cardiac devices
which are designed for shorte-term assistance of 2 mal-
functioning but recuperating natural heart. Then the
artificiallventricles developed in this study and their
power arnd control systems will be documented and the
experimental results, both in vivo and in vitro, will be

discussed.



THE CARDIOVASCULAR SYSTEM

General Outline
of the Cardiovascular Systen

Figure 1 shows the general plan of the human clrcula-
tory system. In the figure, all the arteries and velns are
shown as single large distgngible'chambers. The actual
system consists of 2 network of blood veésels and the.
heart which pumps blood through them. The heart is composed
of four chambers: right and left atria and right and left
ventricles. The atria, althbugh acting asivgak_ppmps to
transfer blocd from the sysfemic and pulmbnary veins to the
ventricles, primarily serve as entryways for the two
ventricles.l The ventiicles provide the main propelling

force to move the blood.

There are two major subdivisions of the circulatory
system, the systemic circulation and the pulmonary circu-
lation. From the right ventricle blood enters the pulmo-
nary artery, passes through the lungs, and returns via the
pulmonary veins to the left atrium, thus completing the
pulmonary circulation. From the left atrium blood £lows
into the left ventricle, then through the aorta and its
branches tc¢ all parts of the body, and, returning to the
heart, enters the right atrium, thus completing the systemic

circulation.

The aorta and the pulmonary artery undergo repeated
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division with successive branches'(arteries) gradually
diminishing in size., The smallest arterial branches are
called arterioles. The arterioles divide to form the
network of caplllaries ﬁhich are the smallest of all the
blood vessels. Then the post-capiilary vessels undergo

a progressive increase in size., Capillaries Join to form .
small velns or venules; which in turn combine to give rise
to the larger veins. These become bigger as they receive
additional tributaries, until they finally form the large
veins which enter the heart. Blood from the lungs is
returned to the heart in thé pulmonary veins, and from
the rest of the body in the superlior and inferior wvena
cavae.

The cardiac cycle, which averages 833 milliseconds
iskcomposed of a period of muscle relaxation called
diastole (555 milliseconds) followed by a period of muscle
contraction called systole (278 milliseconds).1 The
ventricles are filled with blood during diastole and expel
the blood during systole. The atria and ventricles do not
contract simultaneously. The atria contract first, £illing

the relaxed ventricles and then relax while the ventricles

contract.

1Unless as noted to the contrary, all cardiovascular
data will apply to the human.




The heart, to ensure unidirectional bdlood flow, has
four valves: mitral, tricuspid, aortic, and pulmonary.
Flgure 2 shows in block diagram form the four heart
chambers, the body and lungs, and the four heart valves
(each represented by an ideal electrical diode). The mitral
(or bicuspid) and tricuspid valves, which are the left
and right atrioventricular (AV) #alves, respectively,
prevent backilow of blood from the ventrlicles to the atria
during systole. The aortic and pulmonary valves, which are
the left and right semilunar valves, respectively, prevent
backflow from the aorta and pulmonary artery into the
ventricles during diastole. The AV valves are open during
diastole and the semilunar valves are open during systole.
It is supposed that these valves open and close passively
with their action depending only upon the pressure grédient
across them and nof on any intrinsic muscles connected to
the valves themselvés (123).

When the ventrlcles contract, they do not empty com-
pletely. The amount 6f blood remzining in each ventricle
is called the end=-systolic volume and it averages 80
milliliters. During diastole each veniricle £ills to an
average volume of 150 milliliters -- this is called the
end-diastolic volume. TIThe amoﬁnt of blood ejécted with
each heart beat is the difference between the end-diastolic
and end-systolic volumes and 1s called the stroke volume.

It averages 70 milliliters for each ventricle.



The amount of blood pumped by the heart each minute is
called the cardiec outvyut and in a resting, normal 70
kKilogren 2dult averages almost 5.0 liters ver nminute. The
cardiac output is obviously egual to the siroke volume in
liters times the heart rate in beats per minute. This very
important relationship when carried over to the design of
an artificizal pumping device Shoﬁs that two main methods
are available to alter the f£luid output Of‘fhe‘puhp.'

Blood pressure is the force exerted by the blood against
any unit area of the vessel wall. It can be measured in
dynes per square centimeter or, more customarily, in
millimeters of mercury (mm. Hg). The conversion between
the two is: 1 mm. Hg = 1,333 dynes per square centimeter.

VWhen the left ventricle empties, the normel peak
aortic pressure (or systolic pressure) is 120 mm. Hg. This
ejection of blood into the arterial system causes the
arterial walls to sfretch and raises the pressure in the
arterial system. After the aortic valve is closed, the
aortic pressure falls slowly throughout diastole., This
pressure, in the normal human being, usually falls to
approximately 80 mm. Hg (diastolic pressure) by the time
the ventricle contracts again. The difference between the
aortic systolic and diastolic pressures is called the
pulse pressure and it averages 40 mm. Hg., The pressures in
the pulmonary artery are similar in shape to those in the

aorta only with lower systolic (approximately 22 mm. Hg),



10

diastolic (approximately eight mm. Hg), and pulse (approx=-
imately 14 mm. Hg) pressures. |

The actual blood pressure at any point in the circu~
latory system is determined by séveral factors: 1) the
amount of blood in the cifculatory system; 2) the pumping
activity of the heart; 3) a vessel's resistance to blood
flow; and 4) blood density and viscosity.

Another term which will be of importance later is the
mean circulatorj pressure (MCP). This is the pressure
that would be measured 1n the circulation if one could
instantaneously stop all blood flow and could bring all the
pressures in the circulation immediately terquilibrium.
This value has been found to be almost exactily sevea mm, Hg
(51). The imporiance of the mean circulatory pressure is
that 1t is one of the major factors that determines the
rate af which blood flows from the vascular tree into the
right atrium of the héart, and, therefore, helps to contrsl
the cardizac output itself,

The heart derives its rich blood supply from the
right and left coromary arteries which arise from the base
of the aorta Jjust above the zortic valve. Blood returning
from the tissues of the heart.itself flows through the
coronary sinus into the right atrium or returns by 2 number
of smaller vessels to the atria and ventricles.

The average weight of the normal adult heart is about

312 grams in the male and 255 grams in the female. Its
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approximate dimensions are: 1length, 12.7 centimeters;
width, 8.9 centimeters; and depth, 6.35 centimeters. The
adult heart is about 1/300 of the body weight (123).

The main mass of the heart is formed by its muécular
tissue or myocardium, lined internzlly by endocardium and
externally by the pericardial tissue layer known as
epicardium. In addition, there are blood and lymphatic
vessels, nerves, varying‘amOunts of fat éﬁd4érédlér fissue,
and specilalized conducting tissues.

The heart is composed of three types of cardizc nuscle:
atrial muscle, vertricular nuscle, and Purkinje nmuscle
fibers. The atrial and ventricular muscles act in 2
manner‘similar to skeletal muscle, While the Purkinje
fibers provide a rapid transmission path for the conduction
of impulses.

The heart-beat commences in the sinoztrial node lo-
cated on the right atrium. This node is called the pace=-
maker of the heart and 1ts fibers have a natural rate of
about 70 impulses per minute. From the sinoatrial node
the impulses pass through the atrial wall, to reach the
smaller atrioventricular node. This nodes directly con-
tinues into the atrioventricular bundle (bundle of His)
which provides a single conducting pathway between the iwo
masses of contractile tissue. -

The bundle of His delivers the impulses to the ven-
tricular septum wherein the pathway divides to form the
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right and lef{ bundle branches. These branches carry the
impulses to the entire endocardial surface of each ventricle,

When an action potential occurs in cardlzc muscle,
the muscle continues to contract as long as the membrane
remains depolariéed. ‘When the heart rate 1s increased the
duration of contraction decreases almosit as much as the
rate increases. Thus the ratio cof systole to diastole
remains nearly constant at 1:2.

The nerve supply of the heart is derived from the
autononmic nervous system, and contains both sympathetic
and parasympathetic elements which are antagonistic in
function. The parasympathetic nerves (the vagl) innervatg
the atrial musculature very sirongly. Acetylcholine
secreted at the vagal endings has two major effects on
the heart: 1) it decreases the rate of rhythm of the
sinoatrial node and 2) it slows the trensmission of
impulses into the veniricles. The sympathetic nerves are
supplied to all areas of both the atria and the ventricles.
Sympathetic stimulatlon increases the overall activity of
the heart in three ways: 1) it increases the rate of the
sinoatrial node, 2) it increases greatly the force of con-
traction of all the Qardiac musculature, and 3) it increases
the excitablliity of 211 portions of the heart.

The dynamic behavior of the vascular system itsel?
can also be significantly regulated by neurogenic control.

Sympathetic stimulation, causing a concurrent increase in
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the smooth muscle tone'of the vascular walls, increases the
pressure at each point in an artery or vein. The opposite
situation occurs with sympathetic inhibition,.

Two types of changes in the héart are related to
respiration. The first is the mechanic2l displacement and
change in state accompanying the movements of the diaphragm.
The second change depends upon the indirect effeect of
altered intrathoracic pressure. Forced éxpifatibh'against
‘resistance ralses the pressure in the thorax to a level
above that of thé vlood in the extrathoracic veins, and the
latter become distended with blood which is unable %o re-
turn to the thorax. 4s 2 result of the diminished venous
return, the heart shows an appreciable diminution in volume
and output. Inspiration, especially forced inspiration
zgainst resistance, has the opposite effect and usually
causes a sudden increase.in cardiac volume and output.

The mechanical work oﬁtput of the heart l1s the amount
of energy that the heart transfers to the blood while pump-
ing the blood into the arteries. ZEnergy is expexnded to
create both potential energy of pressure and.kinetic energy
of blood flow. According to Guyton (51), the work output
required to create the kinetic energy is less than one
vercent of the toital work output of the heart. The power
requirement of the heart is about 0.005 horsepower and
the energy for this power is derived mainly from the metabe

olism of glucose {(51). Most of this energy is converted
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into heat and a much smeller portion into mechanical work.

The efficiency of the normal heari: beatinv under 2 normal

load is around five to ten percent.
Cardiac Output and Venous Return

Cardiasc output is perheps the single most important
variabie of the entire circulatory system, for it provides
blood flow through all the individuzl organs and tissues.
Cardiac output is coamsidered %o be the output of blood from
the left ventricle into.the aorta while venous refurn is
considered to be the flow of bloocd Zrom 211 the systemic
veins into the right side of the heart. Cardiac output
nust be equal to the venous return over any extended period
of time.

Basically, cardiazc output is a2 function of thé heart
itself, and any factor that7changes the effectiveness of
the heart as a pump also alters cardlac output. Pathologic
factors can affect the pumping action of the heart as can
changes in the pressure surfounding the heart resulting
from opening the chest. '

The two basic means by which the heart can regulate
its punmping action and thus its volume output are, first,
by changing the heart rate and, second, by changing the
stroke volume. ' |

6bviously any lincrease in heart rate, if the strokxe

volume remains constant, causes a proportiornal increase in
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cardiac output. Thus, any nmeans for regulating the heart
rate is also a means for regulating the cardiac output.

As was mentloned previously, the heart rate, aside from

its basic intrinsic rhythm, is controlled mainly by the
autonomic nervous system. Vagal (parasympathetic) stimula=-
tion decreases the heart rate while syampathetic stimulation
increases i%. The upper 1imit of the heart rate Ior
effectively increasing the cardiac output is about 200
beats per minute. Above this rate ventricular filling is
severely compromised because of a very short diastolic
filling periocd.

To understand the regulation of cardizc output by
changing the stroke volume, an intrinsic ability of the
heart to adapt itself to increasing loads of inflowing
blood should £irst be noted. This is called Starling's
Iaw of the Heart (114). This law states that the greater
the heart is filled during diastole, the greater will be
the Zorce of cardiac contraction and consequently'the
greater will be the gquantity of blood pumped. This law
can also be stated:’ withiﬁ physiologic limits, the heart
pumps 211 the blood that comes to it without allowing an
excessive rise in venous pressure. This law forms the
basis of the automatic control system developed in this
study. |

Starling's Iaw can be graphically depicted as is shown

in Pigure 3. -These curves are called ventricular function
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curves and they illustrate that the greater the volume of
blood in each ventricle immediately before contractilon,
the greater also will be the stroke volume (5i). Now the
regulation cof cardiac output by means of changing the stroke
- volume can be more fully disbussed. The middle curve in
Pigure 3 applies only for a comstant Qegree of cardiac
contractility (the vigor with which the heart muscle con-
tracts). The most important factcr that can change cardiac
contractility is stimalation of the heart by the sympa=-
thetic nervous system. The figure shows that sympathetic
stimulation increases the stroke volume at each level of
ventricular £illing, while sympathetic inhibition decresases
the étroke volume a2t each level of filling. The importance
of this neurogenic regulation of.cardiac contracvility is
that it provides a2 means for controlling cardiac output
separately and independently from the control of heart rate.
The Effects of Right Atrial Pressure
Oan Cardiac Output

Since both ventricles obey Starling'’s Iaw, the study
0o? the effects of atrial (or £illing) pressure on cardiac
output is very important. It is thls pressure which was
chosen as the controlling parametér to regulate the fluid
outprut of the artificial ventricles developed in this study.

Within normal vhyslologic limits, increasing the right

atrial pressure increases the amount of blood that flows
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from the right atrium to the right ventiricle a2nd consequently
also increases the amount of blood pumped by the heart.

The effects of right atrial pressure on cardiac output

can be expressed in graphical form as is shown in Figure 4.
These curves are called a family of cardiac output curves.

It can be seen from the figure that the fluid output of

the heart, whether the heart be normal, weakened, or
strengthened, is highly dependent upon thé'fight atrial
pressure.

The effect of opening the chest on cardiac output
should be noted. The set of cardlac output curves appli-
cable {0 this open-chest situation would be similar to
those of Figure 4 except that right atrizl pressures would
now be about four mm. Hg greater ia each instance for the
previous level of cardiac output. Unfortunately when the
ckest is opened, the right atrial pressure usually does
not become sufficlently enhanced to maintain normal £illing
of the heart, and the heart may fail to pump adequate
quantities of blood.

The three most important factors that affect verous
return are 1) right atrial pressure, 2) mean circulatory
pressure, and 3) resistance to blood flow through the
systemic vessels.

The normal right atrial pressure is approximately zero
mm., Hg in relation to the atmospheric pressure. At this

level the venous return is five liters per minute under
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restiing conditions. Figﬁre 5, which is called the normal
venous return curve, illustrates the effects of right
atrial préssure on venous return when the circulatory re-
flexes have been completely bloqked. Two portions of
this curve should be explained: | |

1) The level %o which venous return can increase
is the plateau caused by venous collapse at
negative right atrial pressures.

2) The venous return is directly proportional to
the difference between the mean circulatory
pressure (MCP) and the right atrial pressure
(RAP) until the vlatezu is reached. Altering
the mean circulatory pressure affects the
venous return curve by causing only a vertical
displaecement from the norma2l curve. The shape
of the curve remains unchanged. Also, since
venous return cer never be negative, the upper
limit to which right atrial pressure can rise
is equal to the mean circulatory pressure.

Figuré 6 illustrates the effects on the venous return

curve of charging the systemic resistance. (Systemic
resistance is the opposition to blood flow.)} Venous
return still becomes zero when the right atrizl pressure
rises to reach the mean circulatdry pressure. Since the
veins have a largér blood volume than do the arteries, the

resistance from the veins to the heart has much more effect
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on venous return than does arterial and caplllary resiste-
ance.

Excépt for a few seconds a2t a timé when blood is
actually being accumulated ur lost from the lurgs or heart,
venous return nust equal cardlac output. Figure 7 shows
the normel cardizc ocutput curve superimposed upon the
normal venocus return curve. It can be seen that venous
return ané@ eardiac output equal each other.

When an attenpt is made toc analyze the effect of some
change on cardiac outout, the effect that the change will
have both on the ability of the heart 4o pump and z2lso on
the venous return must be considered. Then these changes
must be evaluated together to determine the f£inal effect
on cardiac output.

The éffect of sympatheiic stimulation on cardiac ouf-
put will be briefly noted. Sympathetic stimﬁlation
strengthens the heart and thus increases its ability to
pump blood. Also, sympathetic stimulation augments venous
retura by principally increcsing the mean circulatory
‘pressure and slightly increasing the resistance to veznous
return, The combination of these itwo effects is shown in
Figure 8 where moderate and maximum sympathetic stimulation
are conirasted with the normal action. Points A, B, and

C show, respectlively, the equllibrium points for increasing

synpethetic stimulation.
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Other physiclogic states, such as exercise, *raasfu-
sion, Zever, and opening the chest, can be similarly
analyzed. Thus a large anumber of differeant factors can
cause acute (short=-term) chenges in cardiac output. How-
ever, Tthe most important factor that determines cardiac
outout is probably the need of the tissues for oxygen.
Oxygen utilization, then, constitutes a2 means of long=-term

regulation of cardiac output.
‘The Funcwsion of the Velns

The veins, ozmce thought to be only passageways for the
filow of blood to the heart, are capable of constriciing
and enlarging, storage of bloocd, provelling blood forward,
and even helping to regulate cardiac output.

The pressure in the right atrium is a2lso called the
central venous pressure. Right atrial pressure is regulgted
by a balance between, first, the 2bility of the heart to
pump blood and, second, the tendency for blood to flow
from the peripheral vessels back to the heart. This latter
effect is 2 function of blood volume, venous tone, venous
pressure gradient, and by dilation of ﬁhe systemic smzll
vessels., The normal right atrial pressure is approximately
zero mm. Hg but can change in various pathologic states
from -4 mx. Hg to as high as +20 mm. Hg. |

The large velns have almost no resistance when they
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are distended. Since this is not normally the cése, the
large veins ﬁsually do offer comsiderable resistance 1o
blood flow. ’Thus pressures in the peripheral veins
are usually six to nine mm, Hg greater than Tthe right
atrial pressure. UWhen the right airial pressure rises above
its normal value, blood begins t0 accumulate in the large
veins thus distending them. However, the pressureé in
the perivpheral velins do nrot rise until all the collapsed
voints between the peripheral veins znd the large veins
have opened upe.
Hydrostatic pressuxre affects the values of venous
vressure ian the peripheral velans, from & value o +90
mm, Hg in the feet to =10 mm. Hz in the sagittal sinus of
the head. EHowever, the right atrial pressure still remains
approximately a2t its normal value. The veins have sm2ll '
one=way valves in them that help in moviang the blood
centrzlly. These valves are passive and are activated by
the flowing verous blcod. This venous pump is so effi-
clent that, under ordinary 6ircumstances, the venous pres=-
sure in the feet of a walking édult is less than +30 mm. Ez.
Physiclogically, there is one point in the circulatory
system at which hydrostatic pressure does not affect the
bloo& pressure measurement by more than one mm., Hg., This
point is at the level of the itricuspid valve as is shown
in Figure 9. Therefore all pressure measurements are

referred to this level which 1s czlled the reference point
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for pressure measuremeﬁt. The reason for the lack oZf
hydrostatic effects at the tricuspid valve is that the
heart automatically prevents any significant variation

in pressure at this point by appropriate changes in its
cardiac output and filling capacity. In venous pressure
measurements the reference level must be very exact if the
measuremenss are to pe significant; for very smell varize-
tions in venous pressure result in great changes in
cafdiac output.

Aopproximately 50 percent of 21l the blood in the
circulatory system is in the systemic veins (5t). Thus
the veins act as a blcod reservolr for the circulation.
An extremely important funciion of this venous reservolr
is its ability to change both its volume and the rate at
which blood is returned from the peripheral vessels to
the heart, Sympathetic stinulation of the venous reser-
voir, for instance, cen elevate venous return and cardiac
output up to as nmuch as two and one-half times normal.
Increased venous return due solely to venoconstriction,
however, terminates when excess volume 1s transmitted to
the heart. Then the eifects of increased cardiac oﬁtput

through the system maintain the elevated Ziow rate.

Regulation of Arterial Pressure

The arterial pressure is normally regulated at & level

much higher than is needed to provide normel blocd flow to
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the tissues. This allows the tissues to suddenly increase

their bleocod flow by locally dilating their arterioles. The

. systolic pressure of a normal youang a2dult averages about

120 mm. Hg, while the diastolic pressure averages about
80 mm. Hg. The mean arierial pressure is the averége prese

sure throughout the cardizc cycle and it averages about

96 mm. Hg.

An znalog can be made for the pressure~flow character-
istics of a vascular area biuusing the volﬁaéé-current
relationship of an electrical resistor. The voltage drop
across the resistor equals the current.thrcugh the resis-
tor times the resistance. For the entire body then, blood
pressure equals cardiac output times total peripheral re-
sistance. Thus the body can control its mean arterial pres-
sure by changing either the cardizc output or the total

peripheral resistance. One of the most important functions

of the arterioles iﬁ_the circulation is the regulation of

peripheral resistance.

There are three chief methods by which the arterial pres-
sure is normelly regulated. Each method operstes at least
vartially independently of the other two and each has sSpe-
¢ific capabilities for keeping  the arterial pressure regula-
ted at a constant value. These methods are the following:

1) regulation by the autonomic nervous system

2) regulation by the kidneys

3) regulation by the endocrine glands.
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The nervous system is extremely important in regulating
arterial pressure in the head and in conditions of sudden
crises. This method is fast aciing but ternds to adapt
and thus its usefulness in long=-term regulation of arterial
pressure is liﬁited. Renal regulation o¢f arterizl pressure,
which includes a capillary fluld-shift mechanism, is slow
to react but meintains alimost coastent arterial pressure.
Renzl regulation is the best long=-term control ﬁechanism.
The endocrine glands also constitute a2 means of long=-term
regulation of arteriél pressure, The action of the
enéocrine system is complementary to the actions of both
the nervous system and the renzal systemn.

The operating features of these three methods are dise
cussed in Guytor (52). It should be obvious that these
methods are exiracerdiac and thus still should be active
wWith axn artificial heart in place.

Several cther factors concerned with the control of
mean arterial pressure by the nervoué sysiten should be
mentioned. The lntensity of sympathetic activity of the
vasomotor center in the brain increases almost directly in
proportion to the concentration of carbon dioxide in the
extracellular fluids bathing this center. Thus, carbon
dioxide is one of the most powerful of 211 stimuli affecting

the activity of the vasomotor center which, in turan, affects

the arterial pressure.
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Respiratory modulation of the arterial pressure is 2
less important circulaiory reflex. The modulation 1is
caused both neurogeniczlly and by mechanical actions of

the lungs and diaphragm.
Blcod Volume

The average blood volume of a2 70 kilogram adult is
5,000 milliiiters. Approximately 2,750 milliliters of this
blocod is plasma, and the remainder, 2,250 milliliters, is
red blood cells. The percentage of red blood cells in the
blood is celled the packed cell volume (PCV) ard is normally
40 for a men and 36 for a woman."

The percentage of the total blood volume in each por-
tion of the circulatory system is (51):

Iarge VEINS « o o o o o ¢ o o« o o « o o 25

Smell veins, venules,
and venous S1NUSES o o ¢ o ¢ ¢« o« o o 25

HeBZt v o o o o o s o o o o o o o o o + 18
Pulmonary vesselsS + o o o o o o o o o+ o 12
Izrge arteries e o o o s o s e e e s o B
Smzll arteries c s o s o s s e e s s s 5
Arterioles e o o ¢ o o o & s o o o s o '2
CapillarieS o o ¢ o o ¢ o« ¢ ¢ o o« o« « » 5
The term vascular capacity is used very loosely to
mean the amount of blood that the circulatory system will

hold. Since the mean circulatory pressure is somewhat
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‘proportional to the ratio of blood volume to vascular
capacity, it can be seen that the volume must be precisely
reguiated so that it will always fill fhe circulatory system
up to approximately the same constant pressure.

The compliance of the circulatory system 1s the
change in blcod volume that can be accommodated in the
circulatory system for each unit change in pressure. From
pressure-volume curves of circulatory systems it can be
shown that the relaticnship between blood volume and mean

circulatory pressure (MCP) is
Blood Velume = V _ + (MGP) (av/dp)

where Vo is the blocd volume of tke ecirculatory systenm
when MCP is zero and (dv/dp) is the compliance of the cir-
culatory system (52). |

The bloocd volume is regulated by several different
mechanisms, each one having its own special capabilities.
~The plasma volume can increase and decrease markédly in
very short periods of time to regulate the biood volume in -
accordance with the needs of the circulatory system. A
capillary fluid-shift mechanism allows relatively rapid
loss of fluid from the circulatlon into the interstitial
filuid whenever the blood volume becomes too great. How=-
ever this mechanism does not return theﬁblood volumre all
the way back to normal, The final volume adjustment is

caused principally by kidney action. This renal mecharnism
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may require a day or more for blood volume adjustment, in
comparison with minutes to hours for the capillary Zluld-
shift'mechanism.

The total volume of red_blood cells is very slow to
change. The red blood cell volume is regulated almost
entirely independently of the total blood volume. The
volume of cells is regulated primerily to provide adequate
oxygen tramsport to the tissues. The plasme volume is

then adjusted accordingly vo finish filling the circulatory

systenm.
The Pulmonary Circulation

A minute quantity of blood flows through the bronchial
arteries and returns to the left atrium instead of to the
right atrium. Thus 1) ke quantity of blood flowing
through the lungs is greater than that flowlng through the
systemic circulation and 2) the quantity of blood flowing
through the left side of the heart is greater than that
2lowing through the right side. The difference in flow
amounts to, on the average, about one perceat (5i).

The pulmonary arteries and velins are all very short
and do not accommodate nearly so much blood as do their
countefparts in the systemic circulation. The blood in
the pulmonary arteries is venous blood and that in\Ehe

pulmonary veins is arterial bdlood.
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The meazn pulmonary arterial pressure averages approx-
imately 13 mm. Hg in the normal human while the pulse
pressure averages approximetely i4 mm. Hg. The mean pres-
sure in the left airium and ia the major pulmonery veins
averages approximaiely four mm. Eg.‘ Thus the normal prese
sure gradient between the mean pulmonary arterizal pressure
and the left atrizl pressure 1is nine nm. ﬁg. When the left
atrial pressure rises, the pulmonary arterial pressure
a2lso rises almost an equal amount with the pressure gradient
falling only slightly. The right venitricle is able to
compensate for the increased load. Variations in nervous
activity also often 2id the riéht ventricle in load compen-
sation. |

The cardiac outputv caznr iuncrease to three to four times
normal before the pulmonary arterizl pressure begins <o
rise markedly. This is caused by the fact thet the pulmonary
vessels are normelly partially collapsed and can easily
tolerate large increases of flow rate. This mechanism
conserves much energy if both the blood flow and rate of
gaseous exchange must increase’suddenly.

The guantity of blood that flows through the luﬁgs is
controlled almost entirely by the pumping ability of the
heart and by the return of blood to the heart from the
systemié circulation. The pulmornary vessels are mainly
passive tubes. However, the larger arteries of the pulmonary

system are supplied with smooth nuscle weakly innervated
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capillaries supplied by thé left coronary artery falls to

a very low value after the first third of systole is over.
Ihen during diastole, the cardiac muscle relaxes completely

and no longer obsiructs the flow of blood through tae
apilleries. Thereiore, blood flows very rapidly through-
out most of diastole.

Blood flow through the coronary circulation is regu-
lated 21lmost entirely by a local mechanism in the heart in
response To the needs of the cardizac musculature for
oXygen. This mechanism works equally as well whether the
nerves to the heart are intact or removed. It is believed
that oxXygen lack dilates the corcaary arteries to increase
the cororary flow raie (52). However, stimulation of the
sympathetic nerves to the heart can increasé'cbronary blood
flow several times, while parasympathetic stimulation can
decrease corcrnary flow by perhaps 20 to 50 perceht. Yet,

it is believed that these results occur secondarily to

other effects of nerve stimulation.
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REVIEW OF THE LITERATURE

Ideal Specificaticas

A substitute for the natural hezrt must simultaneously

satisfy a combination of difficult requirements. Naturally

most of the requirements are fundamenial %0 normal heart

action.

Some properties mechanically mimic the normal heart.

1)

2)

3)

4)

5)

The

Blood should progress in one direction only.
Blood should be expelled by a squeezing motion in
order to minimize blood trauma.

The systolic residue (exd-systolic blood volume)
should remain in the ceniral lumen in order to
minimize turbulence.

Circulatory stasis (stagnaticn) should be avoided
in order to prevent clotting.

The pump should functiion guietly and reliably for
long periods of time.

following properiies physiclogiczlly mimic the

normal heart. ) .

6)

The prosthesis should be an effective hemodynanmic
support for the circulation by being capable of
prqviding a cardlac output adequate to meet the
metabolic demanﬁs created by a reasonable level of

activity.




8)

10)
i1)
12)

15)

The
clotting
rials is

16)

32

The prosthesis should preferably respond to the
physiologic control mechanisms which normally
maintain hemodynamic equilibrium.

The pump szould include automatic control of cardizc
output 1o be responsive o the body's demands for
blood.‘ |

The fiow rate should be adjusitadble from zero to at
least five liters per nminute (44). |

The pump should not have a2 fixed stroke volume.

The punmp should fill even at low negative pressures.
Por adequate filling diastole should be longer than
systole.

The pump should meintain adegquate perfusion pres-
sure at no expense 0 venous pressure (54).

The nmechanism éhould produce pulsatile flow and
saould be capable of being adjusted in pulse rate
and stroke volume independently (44).

The presence of the pump should not interfere with
the body's normal physiology or sctivities and
should in no way compromise remaining cardiac
functions.

problems of tissue reaction, vlood trauma, and

must be reckoned with. Selecting the proper mate-
extrenely importanf.

The rate of hemolysis produced by the prosthesis

must not only be within the body's capability for
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reroving the products 6£ hemolysis, but also below
the rate of cell destruction which will give rise
to a2 progressive znemia, i.e., the blood constit-
uvents should be desiroyeé at rates smaller than
those which characterize their producticn (16).

17) fThe pump should be compatible with other body
tissues and should not provoke the hazards of
infection a2nd tissue reaction.

18) Iocal turbulence in entrance an& exit zones and
around necessary valves, branches, and other con-
strictions should be minimized.

19} The pump snhould have minimel chances of immedizte
cr latent hemorrhage.

20) The pump should require no heparin or other anti-
coagulants while functioning -- a2t ieast to the
point that unormal clotting mechanisms would not
be significantly altered (54).

21) The materials used and the geometric design chosen
must be such as to minimize the ftendency toward
clot formetion.

22) There should be minimal conitzct of blood with
foreign materials and the blood containing compo-
nents should be smooth.and nonwettable.

23) Surfaces in contact with blood should not touch or
I

occlude during operation (1).
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The pump should be fabricated of strong and.

durable materizal -- rigid material should be

~avoided where possible (5%),

Stress in all moving parts should be minimal and

uaifornm {(1).

Factors suck as size and weight, power and efficiency,

and costs of both menufacture and operation musit be con-

sidered.

26)

27)
28)

29)

30)

31)

32)

The pump should have space and design requirements
which would not compromise edjacent organ struc-
tures. |

The pump should be 1ightweight.

The pump should operate at relatively high
efficiency in order %o minimize the power require=
meats and thus mzke operation independent of fixed
power sources.

In the event of any power failure, the unit should
be capable of manual operation.

There should be minimal heat produciion by the’
artificial pump.

The design should lend itself to standard fabrica-

tion techniques so that many units could be built

without extensive tooling and yet retain as much

flexibility for design changes as possible.

Iritial cost should de reasbnable and maintenance

cost low.
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Finally, installation, operation, and safeily must be
taken into account.
| 33) There should be a reasonzbly simple surgical proce-
dure for insertioza in as short a time as possible.

34) There should be 2 physiclogic access plug to
facilitate connection of the pump to an extra-
corporeal power ané conirol systen.

35) Pumping adjustmenis should be simple to make and
settings should remain fixed for uniform performance.

36) The system should vossibly z2llow for pumping syn-
chrornization with the variable atrial rate, unin-
fluenced by both movement due to paysiologic proc-
esses and electrical ihterference from the outside
(91). |

37) The pump should be completely safe to use - it
should not jam, skip beats, burst, or lezk.

38) The\unit should be so designed that malfunctioning
could be guickly detected, diagnosed, and possibly
corrected.

If a2 pajority of these conditions are realized, it is
very probable that individuals with such prostheses could

engage in reasonably normal social activiiy and occupation.
Types of Pumps Developed

A variety of pumps have been used with various types

of oxygenators in extracorporeal circulation units. Many
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of these pump designs have been carried over into tae
development c¢f intrathoracic artificial hearts. The pumps
most frequenily used have beean the rbller, the finger, and
the diaphragm type. The dual-roller blood pump conrtinues
to bpe employed in most extracorporeal blood circulis de=-
spite the fact that 2 number of pumps have been designed
that are capable of prcpelling blood with less trauma (44).
Pumps which are less traumatic usually consist of ventricles
which are compressed externally by hydraulic orvpneumatic
force.
The operation of a roller-type pump is guite simple.
A flexible tube carrying the fluid to be pumped.is secured
in a circular frame., 4 rolling cylinder moves along the
tube thus squeezing the tube between the cylinder and the
frame. This movizg occlusion then pushes the fluid through
the tube. With regard %o the advantages of one versus two.
(or more) rollers in 2 blood pump, it has been shown that
increasing the number of rollers and therefore reducing
the stroke veolume increases hemolysis for a given volune
of blood pumped (43). Zsmond et 2l. (44) developed a2 single-
roller blood pump which used the minimum force needed to
Just occlude the tubing. This pump produced very low
hemolysis rates but was intended for extracorporeal use only.
Pierson et al. (101) investigated the use of a small
lightweight roller pump to achieve acceptably low hemolysis

rates. Their high speed, partially occlusive pump operated
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2t outputs in the range of two liters per minute.

The shortcomings of roller pumps and of conventional
round tubing for long-term blood pumping are interrelated.
Relatively high degrees of occlusion and/or high speed are
‘reguired in order o minimize backflow. Backflow tends
to produce turbulence wrich in itura induces hemolysis. A4lso,
appreciable nysteretic power losses are inherent with a
round cross-section because of the high deformetion
accompanying the 85 to 100 perceant occlusion usually re=-
quired.

A pump and tubing device has been designed which com=-
bines certalin advantages of valved pumps with the structural
and operational simplicity o roller pumps (100). The
principal design innovation in this low-powered and read=-
ily-miniaturized pump was the use of flat rubber tubing
whose interior was segmented into small chambers by thin
leaflet bicuspld valves. Backllow was avoided and rela-
tively high volumetric pumping efficierncies were obtained
at low degrees of occlusion. This design represented
efficient use of input power.

The fluid-actuated heart pump has sesen little use in
extracorporeal pumping circuits. However it is still a very
popular type of pump beczuse of,ité use in many ertificial
heart designs. It is characterized by low weight, high
reliability, low heat production, and low hemolysis (59).

The outstanding feature of such a puzp, with an external
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contirol system, is that great flexibility of operation is

possible withcut any adjusiments of intrathoracic components.

A fluideactuated artificial heart pump is shown sche-
matically in Figure 10. If the controlled actuating fluld
pressure Py is reduced o a2 value lower than the venous re=-
turn pressure PR’ the moving element (rolling or siretched
diaphragm, collapsing bag, or reciprocating piston) will
travel to the left. The inlet vaive will open and a volume
of blood will be accepted by the pump. If Pg 1s then in-

creased to a value greater thaan the arterial pressure P,

A
the moving element will travel tc the right. This action

j

closes the inlet valve, operns the outlet valve, and Zorces
tﬁe volume of blood into the arterial system. Causing Pg
to pulsate according tc some repetitive waveform will per-
mit continued pumping of the hezrt.

Both 2ir- aand liquid-actuated hearis have been built,
with the former type belng the most popular. Hastings
et al. (56, 57) pursued the development of 2 liquid-driven
artificial heart. They devised a two-chambered, hydrauli-
cally-activated diaphragm pum

The Clevelznd Clinic's Department of Artificial Organs
nas been very imstrumenital in the deveiopment of air-driven
artificial hearts. The fabrication, testing, use, and con-
trol of their artificizl pumps havé been well documented.,

Inportant publications by this group are the ones directly.

concerned with air-driven artificial hearts ( 4, 5, 6, 88,
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92, 94, 110, 111), those dealing with methods of power and

A}

, 66, 96}, and £inally those discussing the

O

control (58, 5
testing and the damaging tendencies ¢f their various pumps
(23, 29, 39). Several of the Clinic’s staf? have written
excellent itreatises oa the problems encountered in artifi-
cial heart Gevelopmert (63, 64, 89).

Several pumps have been designed to specifically over-

come certain inherent problems conmon to most artificial

{-»

hearts. One of the problems is thaat of suction whieh is
not a normel feature waich aids in ventricular filling

during diastole. Uader ncrmel conditions, about one-half of

<

the stroke volume enters the venitricle 2t the teginning of
diastole. The area of the mitral valve shifts upward and
"engulfs" the blood that has z2ccumulated in the atrium
during vezntriculsr sysicle. To prevent suction from occur-
ring, a rather large sliding pump that duplicated this en-
gulfing action wes devised (103)., Another way to obtsin
an adeguate siroke volume wWith minimal suction in 2 diz-
phragm-type pump is to make the pump f£lat and thus have a
large membrane area. Using this idea, Iiotta et z2l. (79)
developed a membrane-type pump in which systolic residue,
£illing time, and the amount of suction pressure were easily
controlled,

A szcond a2ad more seriéus problem inherent in any blood
pumping device is that of hemolysis. In an attempt o

-

alleviate this problem, arn unconventional artificial heart
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using only a single ventricle was developed (99). In this
system a bioclogic circulatory bypvass replaced the right
veniricle and thus elirminated ozne pump. The sysien's main
features were i%s advantages over the conventional two=-
veniricle aftificial.hearts -~ 1ess blood damage, fewer
valves, smaller size, greater reliability, and decreased

energy regquir eﬂents.
A rather novel artificlal heart employed a flexing

iezoelectric crysital (80). The use of this material per-

'd
TS

nitted & direct and eificient conversicn of eleciricel energy
to pumping ensrgy.

Second in popularity ts fiuid-drivenr artificizl hearts
are those hearits which use small integral motors to provide
the pumping power. Their main advantage is in their cone
trollability in that the fluid output is 2lmost directly
proportional to motor speed. Housion gt ai. (60} déveloped
an a=¢ motor-driven two-ventricle artificial heart., The
motor, through a gear reduction sysiem and a set of pivots
and eccentrics, swung back and forikr within a2 rigid housing
The body of the motor alternately compressed each ventricle
against the housing thus expelling its countents. This punmp
exhibited bothk low kemolysis and some degree of a2utomatic
regulation via atrial pressure cbanges.

Akutsu et 21. (3) developed 2 s¢m11ar d=-c motor-driven
hezrt in which the motor drove a small freely moving roller.

The roller rotated Within a brass housing in which there

'
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were itwo polyuretheane ventricles The ventricles pumped

alterrately. Thls pump 21so showed low hemolysls and some

e}
o

degree of automatic regulztion,
The extraco;poreal roller pump i
miniaturized intrathoracic eguivalert (101). Small motor-
driven piston-type blood pumps have also beexn built (24,
62, 97). A £lat pancake-iype d-c moior was built into the
base of a2 piston pump (99). 4L set of cams and gears con-~
verted vhe rotary motion %o pulsaitile motion. Tais motor
consured very litile power «- 10 watis.
A variation of the piston=-ityre pump, developed by Buras
ef 2l. (28), was versatile in that both the pulse rate

and the pressure waveform could be varied independently.

]
'..h
(>

group later repcried on ithe development of another

an

0]

his

IJ
£

otorize
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heart in which the motor provided power to zn
hydrauwlic fluid (27). The f£iluid, when properly controlled
by intermal velves, did the pumping work.

The electromagnetic solenoid has also been employed to
actuate the moving element of an artificial heart. Xoli:z
(65) utilized severzal small solenoids in his initial artifi-

cial hearts.
Materials

The choice of materials for =2 mechanical heart is based

on 2 nunber of Zactors, but prime comsideration is given to

’
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long mechanical life and nou-destruction of the blood ele-
nents.

Cousiderzation of the probler of long-term survivzl with
an artificial heert indicates thal ore of the primary prob-
lems to be solved'is the prevantionAof clot formeticn
either in the prosthesis or in a natural vessel o the body.
Sawyer (105) hes stated that efforts dedicated to the fabri-
cation of mechanical blood pumps will be umsuccessiul until
there is mzde avallable a plastic which rezcts to blobd as
does the normal vascular intima.

Pumping blocd with a mechaniczl, implarniable device
made of impervicus plastics iznveriably leads to the deposi-

¢ the luminal surfaces of the

[~

tion ¢f 2 blood protein on
device. Such a deposition has been observed on many useful
plasvtics, such as methylmethacxylate, polyurethane, silicone
rubber, lucite, teflon, and silk (79). Iiotta et al. (74)
have fournd that scon after such pumps begin functioning, the
unzttached film of blood proiein, which varies in thickness,
is observed on the luminal surféces of both the inlet connec-
tors and the blood champber. Izter it appears disintegrated
axnd accumulated at valves or embolized into the arterizsl
system. The propensity for thrombus formation is not iden-
tical in all animals. It is generally agreed that the prob-
lem of thrombosis on 2 prosthesis is much more severe in the
canine heart than in the human heart (48).

Considerable research has been carried out by 2 number
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of investigators on the relztion between blood coagulation
and the material in immediate coantact with the blocd. Gott
et 2x. (49) have veen able %o obtain an antithrombogeric
surface using a'graphite-be zalkonium chloride~heparin coat-
ing.

ound tc be an excellent blocd-
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contacting surface (74). The velour-type liner Ifosters
development of a2 sirong, permenent mechanical bond between
tae plastic aznd the internsl fibrin lining. Trazpped and held,
this coagulurm forms an zutologous lining within the pump,
provecting the blood from further contact with The foreign
meterial, Ouace this formation has been achieved, the blood=-
plastic 1nuer;acc within the mechanical pumping system no
longer exists and chances of disscciion arnd embolization are
negligible, |
Liotta et 2l. (74) have been instrumental in the use
of tris material and have achieved rewarding resulis. They
reported that, during pumping, plesma hemoglobin levels fell
t0 preoperative values ané 2 prolionged patency of the me-
chanical system was achieved. They found that pumps lined
with nylon velour fabrics dzmonstrated the best fibrin attach-

ment and dacron velour was second. They stressed, however,

that a satisfactory pseudoerdocardium could be obtained only

| B

I the pumping chamber was properly designed, the valves
were so placed so as to eliminate areas of stagnation, and

a2 high hemodynamic condition was meintained throughout the




mechanical pumping system. They a2lso emphasized that the
mechanical characteristics of a material were as important
as 1ts chemical composition.

The main mass of most artificial hearts has besn fabe
ricated from lucite, silicones rudbber, or natural laiex
rubber. The majority of these have used a medical grade of
silicone rubbver which has usually been reinforced with a
woven materizl., Silicone rubber is a synthetic material
which is minimzlly reactive when in prolonged contact with
blood.

Size and weight factors can 21so influence the choice
of materials. A comparisoxn has been made on a waight basis
of normal and artificial heartis. If the normal heart weighs
400 grams, then 2 natural rubber artificial heart witk the
same punping capacity weighs 350 grams; a2 silicone rubber
heart, 650 grams; and a fluid amplifier heart, 800 grams

(92).
Artificial Valves

Artificial heart pumps, which function by the intermit-
tent compression of & chamber by air or fluid require velves
in the inflow and outflow tracts to ensure unidirectional
flow.

The valve designs used in artificizsl hearts are mainly
cutgrowihs cf the various {types of valves used in replacing

diseased heart valves in humans, The two most common ones
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are the ball valve and the flap or leaflet valve., Valves
made with cusps and ofher types which physically duplicate
the actual heart valvés have zlso been used.

Cartwright et 2l. (32) give 2 short history of the
developmeunt and use of ball valves_albng»with a‘déscription
of a never ball valve of their own design. Beczuse of rel- _
atively large size reguirements, bail valves have been used
less and leés in the later artificial heart designs., Leaflet
valves are smaller and lighver in weight, operate with less
mechanical movement and pressure gradient, and are less
sensitive to gravity effectis than are ball valves. Thus

their use is becoming more prevalent not only in artificial

+

hearts but 2lso in human hearts with malfunctional valves.
The formetion of thrombi oz artificial valves is prob-
ably the greatest obstacle to thelr successful application in
artificial hearis, since fibrin deposits are very commoen on
and around the valves. Deposits form rapidly in any stagnant
area. Akers et 2i. (i) have found that the discharge side
of leaflet valves in the aortic vosition quickly develop
large f£ibrin deposits, and thet these deposits'initiate at
any joint or roughness in the surfazce. Mirkovitch gt 21l.
(86) indicated that only plastics with smooth surfaces, sus-
pended in the middle of the blood sitream, and without direct
or extensive cortact with tissue stay free of thrombi. They
alsc set forth some rules Zor the design of an artificial

valve:




1) The leaflets of the valve should have é smooth
surface.

2) The leaflets should be exposed to 2 sirong, moving
blood siream.

3) No small or motionless pockets filled with steg-
nant blood ané no rarrow commissures should be
present.

4) Pae valve parts should exhibit minimal Ffriction
with each other

Naturally, the criteriz by which the artificial valve is
judged are based or how well it.approximates a aormzl, nat-
ural valve,

Dreyer et al. (39} give further necessary specifications

for valves to be used in ariificial hearts

5) fThe vaelve should not induce the deposition of fi-

6) The valve shoulé be atraumatic Yo the constituents
cf the blood.

7) The valve shouid be very durable and exhibit 2
long mechanical life.

8) The valve should be completely competent during
the closing phese. |

9) The valve's zction should be swifi

A final requirement is that of low forward resistance

to the flow of blood. This is especially imporiant on the

irput side to obtzin a sufficient venous return. If the



inflow valve resistance is low the artificial heart will

function zccording %o Stariing's law (92). But when the
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nfiow resicstance is high, the aitrizl pressure required to
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necessary.

Provably the most c*l""al espect of a2 flap or lezflet
valve 1is the selection of a satisfactory leaflet material.
The valve leaflet hes %o be very flexivle so that it can
open With 2 small pressure gradient and yet have the
strength and sviffness so that it cen withstand 2 high back

pressure (140 mm. Hg meximunm). Gott e =21. (48) tested men
- > ommme e

[BS

2

leafilet mater s and found polyv: nylf’uorwae t0 be the most

successful plastic f£iim. They ccaited some of their plastic

(0

sur-aces with colloidal graphite aund found a very definit
reduction in clot formation. Colloidal graphite is ex-
tremely non-wettable, conductive, and chemically inert and
1% is a very smooth surface.

In 1964, CGott et 21. (49) described a new type of anti-
thrombogenic coating which contained graphite, benzalkonium,
and heparin (GBH). The importan’t antithrombogenic property
of graphite is that it has the ability to bord firmly =
cationic surface agent (benzalkonium), which in tura can
bond hepazrin, They obiained routine long-term survival of
dogs with GBH coated prosthetic valves,

Gott et 21. (48) have also designed a flap valve con-

structed of a2 rigid plestic housing and a2 flexible
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"putterily-wing" leaflet. This velve was subsequently GBH
coated aznd has become a very popular prosthesis for humen

heart valves.

de from the thrombosis problem, the other major
?

[0

As
concern in valive design is that‘cf hemolysis {(blood cell
trauma)., Nunn et 2l. (95) have indicated that dizphragm
and other compression=type artificial hearts cause litvile

cell damagz. The zctuzl degree of hemolysis is largely

a study to determine tae relative amounts of hemolysis
caused by three typves of valves (fliexible Pricuspid,
butterfiy", eand ball) suitebie for use ir z2ir- or fluid-
¢riven artificial hearts., They established that all valves
tested showed & linear increase iz plasma hemoglobin pro=-
cuction as pumping time increased. Akers et al. (1) found
thet the raite of hemolysis was alimost directly related %o
the pulse rate and was only slightly affected by flow rate.

cuspid, and soft disk valves

{=to

They showed that leafled, ir
n=2é the lcwest rates of hemolysis, ball-%type valves were

W

termediate, aznd rard disk valves were the highest. ¥ith

[0
I3

regard to backflow, this same siudy found that it wes highest
in bali-type valves, intermediate in disk-type valves, and
lowest in leaflet and mezbrane valves.

All ariificial valves should be tested in a mock
“clrculatory systen 0 ascertain their performence., Dreyer

et 21l. (39) and Steinmetz e} 2l+ (115) describe mechanical
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systens to carry outv such tests. The latier group has
developed au accelerated fatigue machine which can subject
a valve 30 paysiolegic pressure veriations alt rates up to

2,500 cycles per minute.

Blood Trauna

—da

bny seriocus effort at prolonged mechanical suppqrt of
the circulation must consider the bioiogic tolerance to
continuing damege imposed by the support system. Such
damage includes the immedizte breakdown of red blocd cells,
the presencé of the envelopes of the cells in the circula=-
tion, and otker, more subtle, forms of Qdamage to the blood
cells which may impair their 2bility to survive or fuancilon
over a mormel life span (i2). This damage is one obstacle
waich precludes the continucus use ¢2 mechanical circulatory
suppor® systems for pericds of urlimited duration (70).
Eémolysis, or the separation of the hemoglobin frenm
the corpuscles and its appearahce in the fluid in which the
corpuscles are suspenrded, is the usual way of measuring the
degree of traume inflicted by artificial pumps and valves.
The preseuntly accepted method of revporting hemolysis is
the index of hemolysis (I.H.) (118). 7This index is deter-
mined by the total production of Ifree plasmz hemogliobin

divided by the number of passages the blood has made itarough
g g

the device:
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= flow rate (liters per minute)

b}
I

time {minutes)

()
I

V = opriming volume (liters)
The units on the index of hemoclysis are grams of free hemo-

globin released per 100 liters of blood pumped. Esmond

et 21, (4%) heve staved thet the pumping rate and %the pres-
sure ageinst which the blood is pumped must be given for
this index %o have significence.

Wesolowski (118) irndicated that reveated passages
through a given pump a2t a given flow led to 2 linear in-
crease in production of free plasme hemoglobin and thus
there was apparently no great summetive effect of the same
red cell having been traumetized twice by the pump. This
suggests that hemolysis may be an all or nothing effect for
any particular red cell. This group found ithat free hemo=-
globin producition was 2 funciion of the flow rate wihereas
Akers et al. (1) indicated it was a2 function of the pulse

rate. However, these two factors are interrelated since flow

rate equals cardiac output (liters per beat) times pulse rate
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(beats per minute).

akiz tween the degree ¢f hemolysis
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caused by different pumps; the test circult snould be en-

tirely in vitro. The reason thet an animsl should not be
the circulit is that free nemogzglobin is withdrawn Ifronm

the circulation contiguously by tnhe xidneys, liver, and the

reticular-gndothelial system and the rate of removal varies
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a true measure of the cellular destruction. It has been
found that hkumens, not in a2 sizte of dehydration or shock,
an clear doses of up ic 14 grams of fres hemoglobin within

24 hours if they possess norral renal funection (i2). It

ct
Ly

should be polinted out tha ed cell destruction is 2 normal

-

event in animals, In a 70 xilogram humzrn, blood is de-
stroyed at the average rate of 0.093 milligrams for every
100 milliliters of blood circulated (44).

Plasma hemeglobin measurenents, however, do not tell
the whole story about traume to red cells. Kusserow et al.
(71) suggested that prolonged circulations with reasonzbly
atraumetic blood pumps resulited not only in the outright
or prompt destruction oI a certain fraction of the red cells
initially present, but also in the infliction of signifi-
cant damage on other erythrocytes short of outright de-
strucvion, foliowed by premature senescence of the cells

and anemia. Since these abnormalities also do not show up
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in in vivo tests, in vitro studies of the mecheniczl fragil-
’ ————— . . . . - . g

v——at—

®

ity of cells are very impcriant (23).
Most prosthesis-~development groups have tested their

devices for degrees of hemolysis. Pierson et al. (101)

staved that fresh heparinized blcocd should be used within
four hours of extraction from axr animal for the hemolysis

otorized roller pump gave an index

B

studies. Thelr smell
hemolysis of 0.17 %o 0.29 with canine blood. Using an
improved version of their roller pump, this same group later

reported an index of hemolysis of 0.35 with humean bicod

serow and Clapp

<&
V{

(100). The pumping system Cevised bj
(69) gave an inGex of hemolysis 2% a flow rate of 1225
miliilifers per minute of 0.08 with fresh heparinized canine
blood iz 2 0.5 liter capacity system. Gasta%eda, et al.
(33) reported an index of hemolysis of 0.08 %0 0.18 at flow

rates of 1.5 U0 3.5 liters per nminute with the army heart

Other Problems Asscciated
With Artificial Hearts
An artificial heart is a prime example of z homeo-
stesis-maintaining artificizl organ which experiences and
provides for the flow of blocod in it while traasferring
mechanical energy to the blood. To guarantee its intended.
purpose, the blocd handling must be achieved under atrau-

matic physical and chemical coanditions.



Many artificial blood pumps presently being used are
$00 texic for prolonged use because they destroy the formed
elements in the blcod. Iecnerd (72) stated that the primary

gra

cause of mechanical degradation appeared to be shear forces

n 2 regiocn with a2 high fluid velocity

(20

exerted on & particis
gradient. However, Salisbury et 21. (i103) believed that

the functicnal disadvanitages were due not only to turbulence
but aiso to negative bloocd prressure during the filling

phase in the pumping chamber and to crushing of blood cells
between cpposing surfaces.

It appears that there are distinct advantages in having
an artificzal heart produce z pulsatile blcod flow. The
.evidence suggests thet pulsatile fiow is importent not only
in the desizn of an artificial heart dut a2liso during lorg-
term extracorporeal circulation., Burms ei 2i. (28), in a
series ol tesus found that both systemic and pulmonary
vascular resistance increased (925 perceant and 127 percent,
respeciively) with non-pulsatile flow as compared to pulsa-
tile flow. Further, they indicated that this resistance
change was unaffecited by sympathetic or parasympathetic
biockade, nephrectomy, or baroreceptor denervaticn. It is
also possibie that uaphysiologic pressure curves generated
by an artificial ventricle, even thoﬁgh they be pulsatile,
might herm the lungs azd the systemic vasculzar ved. Foriue
nately, the elastic zorta will compensaite for a grest deal

of abnormality in the zortic waveiorm (89). Nosé et al.
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(9L) founa th at if tke air pressure driving 2 paeuzmatically-
powered ventricle had a kigh, sharp initial peak, then the
vpulmonary arterisl blcocd pressure atitained a desirable wave=-

Shzype.

s to be cbtained with

I
}-o

If surfficient vencus retur
artificial hearits, & proper circulating blood volume is
necessary. Low blood volume clsg leads o poor arterial
blosd pressures. In many axiificial heart %rials by many
groups, the biocod volume hal a tendeéncy to decrease in the
course of pumping, regzrdless ¢f trarsfusion to replace
the bleed loss. In a series of experimentsfﬁsing'an'extra-

%

corporeal artificial heart, Atsumi gt (9) found thet

al.

(¥ =1

1) total vascular resisitance decreased o aboui 70 percent

of the initial level after one hour of circulation, 2)

irculating blood volume had decreased

8]

gfter three nocurs, tue
to 67 to 75 percent of the initial value, aznd 3) blood pool=-
irg occurred mostly in tThe mesentery, intestine, and liver.
Nosé e% 2l. (92) found thet both blood pH decreased and
ascites formation cegcurret uncder conrditions of low flow and
vpcor veznous return. They also stated that low molecular
weight dextrazn was a useful infusion for increasing venous
returrn, atrial pressures, and vaus cardiac ouitput.

Vencus return is 21so zided by proper operaiion of
the lungs. During normal inspiration the negative int
thoracic pressure <iends 1o incresase the venous return to the

right heart. The increased volume of the lungs during
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inspirztion ellows tiis iuncreased flow to be accommodzated -
Witk ro increase in pulmonary érte;y pressure. On expiration
the less negative intrathoracic pressure causes itae venous
return to the right heart tc ve reduced. However, there

is a reduction irn %hs volume of +the lungs during expiration

t venrtricular output o increase. The phenomenon de-

[0)

)

e

scribed above led Biritwell e al. (17} to sitate that the
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venous retura o

thar=-cpiinum perfcrmence of an arsificial ventricle under

heart experiments. Dogs khave probably been the most popular
species mainly Becéuse of their aveilability, cardiovascular
anatomy, &nd ease of handling. One of the more serious ‘
compliéaﬁions in the dog hes been the occurrence‘of throm=
tosis and emboli, I? is pessible that this complicetion is
less of 2 problem in man, since 1% has been proved that man
can live with heart valves of a type that will inveriabdbly
lezd to thromboembolic death ia a dog (66).

For long-term trizls, fewer complications have been

reported by using other species. For total replacement of

[

the natural heart with an aritificial heart, the czlf has
been an effeciual experimental arimal (5). The use of the

calf not orly closely simulates humen coznditions (providing
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that the ca2lf's intra- and extracardiazc fetal shunis are
absent and that the bronchial zriery blood flow is minimzl)

o

but also avoids the probienm of bicod clotiing fourd in the

dog (94).

Sheep have some cdistines
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calves. The heart in large cheep approaches the size of a
human heart, <the tidal volume of the lungs in sheep andé men
is very similar, ané the varomboembolic phenomenon experi-
enced with dogs is not 2s much of 2 problem with sheep (21).
More importazri, the puincuary shuniing of blood thai has
been experienced in calves 1s notl knowzr t0 cccur in mature
sheep. Also, since tne red bilcod celis of sheep are more
fragile than those of men, Gogs, or calves, sheep provide &
more zccurste index of the nemolytic potentials of the ex-
perimental procedures and devices (i06).

When calves were used as the experimental animal for
heart revplacenment, pulmonary hypertension and poor oxXygena=-
ticza Ifrequently occurred as soon as the artificial heart
began %o pump bilood (&, 117). The loss of oxygenation
usually followed the development of zn increased pulmonary
arterial pressure. AIlter prolonged extracorporezl circula-
tion in dogs and to & lesser extent in man indication of
similar impairmeat in pulmonary function is well known (5).
Lkutsu et al. (6) surmised several possible causes for this
pulmonary damage. They went on to shown that a2 sudden large

flow into the pulmonary circulation afier there had been




occlusion for a certain period of time produced the in-
sufficient oxygenation sydrore. They recommended a2 gradual
trensition from the pump-oxygenator to the artificial heart

as dictaied by the c;yéeﬂ“*"on saturation of the pulmonary

venous blood. However, in & later set of calfi experinents,
the group reversed this recommexndation and adopied 2 proce=-

dure in which the pt mn-oxygenaoc? was stopped before the
ertificial heart staried pumping (94). This abrupt change
over &id not 2ffect pulmoxary funcilon. 4 sure reason Ifor
this event was not given.

Pulmonary complications may also develop if 1) pulmge
nary venous nypertensiocn is allowed to occur during perfusicn
of the entire vody (117) or 2) the output of the right
ertificial ventricle exceeds that of the left (94). This
latter siituation is azzlogous o lsit ventricular neart
failure in the natursl keart.

Experimental znimels undergo guite a serious biologic
skock in heart bypass and replacement trizals. Thus criteriz
for survival need to be esteblished. The irdicators oi the
preservation of vital funcivion might include femorzal arterial
pressure values, pupillary zad deep tendon refléxes, re-
cuperation of spontaneous respiration, and EEG findings
(9, 79). Also for trouble-free pumping there must be mini-
mam destruction of blood elements, no pulmonary edema, and
no serious tnrombl formation. The above criteria are by

no means exnhaustive but they include the more important




indicators of 1ife, ¥or a closed~chest heart replacement
experiment, the rezlly only accepitable test of success is
the awakening of the animal even if for only a short period

~

of tinme.

R

To conclude ithis sectibn, a2 listing cf the various
causes of death in artificial hezart experiments will be
given., Disappearance of most ¢f the reflexes and sustained
detrimental values of the measured ?arameters are usually
considered as signs c¢f approaching death. The most frequent
causes of death are as follows:

1. Pulmonary edema (9, 57, i121)

2. Clotting (9, 110, 121)

3. Bleeding in chesi cavity (2, 79)

4, Pulmonery hemorrhage and cerebral damage (9)

5. Air emboli snd anypovolemic shock (121)

6. EHepestic engorgemeunt due o high venous pressure
(57)

7. Metabolic ascidosis (i10)

The chart reproduced in Figure i1 1s representative of
the causes of death which have occurred with artificial
hearts, It iists how various procedures can cause events
to occur which ultimately result in the death of the experi-

ntal enimai. Finally it should be obvious that meny
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cial heart experiments have been termirzted due to
mechanical breakdown of the artificial heart itself, the

external machinery, or the monitoring systen.
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Cardiac Work

R P
garereac

replacement and heart assistence

idez of the expecied energy
artificial plocé pump. For

mined that 2 pump with an e

nu
of 100 millimeters of mercury (109).
ieft ventricle expenés

to propel blcood Througt

work is imvortant both in heart

studies since it gives an

demand to be placed on the

instance, it has been deter-

Ificiency of 25 percent when
J

power could circu-

te against a pres-

the cardiovascular

systen, most formulae for

Tunctioning

Work can be

Where W =

cardiac work are applied to the
The left ventricular

formulz (102)
=727« (1/2)(w/g) v

cardiac work in kilogram-meters

P = nean zortic pressure in nmeiters of blood
V = nninute volume in iiters
w o= hit of blood in kilograms
g = eacceleration aue o graviiy in meters per second2
v2 = square of mean blood velocity in meters? per
seccnd2
The kinetic energy compoznent represented by the second term
of the formula is about five percent of the total work under
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ary resting conditions (73). This latter term along

Q
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with the work associated with the coronary bloocd flow is

ticns.
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In 2 practical seznse, left venitricular minute work can
be calculated as the product of left ventricular cuﬁput
in liters per minute ¢ivided by 100 and the mean sysiolic
pressure in centimeiters of water (76). Other formulae are
evident in the litsrature but they differ mainly in the
units used to measure the pressure (18, 73, 120). However,
these formulae fail to show that the product of flow rate
divided by 100 and the pressure does not lead directly to

work in kilogrem-meters per minute. IFor the above formula

(1 1iter) (

\minute

eagimeter of water ;=% Xilogram-meters
100, - minute

v("
(\,__,'

| ta

For a normel heert it has been found that the mechanical
energy necessaéy t0 propel <the blood of a resting humen is
about 0.25 gram-calories per miznute (i3). This is equiva-
lent to 0.106 kilog azometers.per minute and includes the
work of both ventricles.

Lnother przctical way of determining cardiac work is

o

by measuring the oxygen uptake of the cardiac muscle itself.
This is closely associated with a parameter called the time-
tensioz index (37). This index is the product of the pres-

sure gradient against which the left ventiricle nmust eject
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sumpiion. Ome group applied the time-tension index to
the design 0F their auxililary veutitricle ia a2n attempt vo

reduce left vertricular work (of the natural heart) by 40

The overzll success of an artificial heart is highly
dependent on the sype of ensrgy conversion system which is

selected to power such 2 nechenisn, A% the present time

dependent on 2 permerent power supply f£rom outside the
body. Power transmission through the ckest wall by means
of wires (e*ecﬁri ca2ily) or tubiags (liquid or gas uander

pulsating pressure) appears %o be the most feasible method.

bz

igure 12 demonsirates some of these possibilities.

The use of electricity is extremely inviting. Elec
vrical energy is readily available, easily stored, and cen
be reliably controlied. In spite of these advantages,
there are several problems inherent with the present elec-
trical energy counversior systems which inciude excessive
heat production, low efficiencies, ard mechanical failure.
Toree devices known for eleciromechenical meaﬁs to

drive azn artificial heart are solenoids, electromotors,

R




and piezoeleciric crysials.

The first aritifici eart buillt by Xolfi was driven
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by five smell solencids (635). An eleciromagnetic solenoid

is an atiractive prime msver for 2 prosithetlc heart because

i{ is simple and may be loceated cutside the body as an air

egart implanted in
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There are three classes of solenoids that may be con-
sidered Ior energizing an artifigizl heart: d-c powered,
a-¢ powered, and pulse powered (14}, Xoif? (64) discusses
the fact that pulsing solenolids makes it possible to reduce
thelr weight by 75 percent aznd yel have the same pumping
capacity as d=c powered ounss., Bindels (13) calculated

values of eificiency of soleroids dellverirng the mechanical

K-

energy necessary to drive axrtliZ? icizl hearis which were
capable of supplylng only baszl flow rates and pressures.

For a proxribitively large solencid ne found an efficiency
figure of 98 percens.

Most motor-powered artificial hearts have been of two
tyoes. In one tyve, the molor, through a sysiem of gears,
pivets, and eccentrics, swings back ard forth within 2
rigid ncusing (60). As it is driven baék arnd forth, the
body of the motor alternately compresses each ventricle
against the housing and expells t“e ventricle's contents.
In the second type of motorized artificial heary, the motor

-

1s fizxed and 2 driven member performs the work (3, 100, 101).




The driven nmember can be a freely moving roller Which ale-

ternately compresses eivher 2z set of ventricles or a single

riven

£

section of tubing. TIne other pessibiiily for 2
member is a pision (24, 28, 62, 97, 99). Buras et al. (27)
described & hkeart in which the bulli-~in motor provided
power (pressure aead) ic 2 hydraulic 2iuid which, in turn,

built=in valve. The movement of tie

1]

was conirolled by
fluidé causzd the compressicu ¢f the vea’cr:‘.c’es°

Various power requirements for moiorized hearts pumpiag
2t physiologic flow rates axnd pressures have been reporisd.
oW power levels of i5 waits and 10 watis have been atizined,
with the lowest reported value %o de 7.5 waits (99, 100,

—

101).

The third mechanism witilizing electrical power is s
piezoelectric artificial heart. 4 piezoelecitric materia
changes shepe on electricel sitimulation ané thus, in some
respects, behaves &s nuscle itissue. The use of a2 raterial
of this type permits a dirzet aznd efficient coanversion of
electrical emergy to pumplug energy. Loehr gt 2l. (80)
developed a piezoelectric device which pumped & working
fluid of low density and viscosity dvack z2nd forth to an
artificial heart. Their crystals exhibited an excellent
response o a variety of voliage excliztion paititerns. The
units genrerated no heat and the conversioa of electrical to
mechanical energy was found to be nezrly 00 percent

The use of air eliminates problems of weight, size,




shape, heat producticn, and insufficlent power, since air-

driven hearts are spailer, lighiter, more relizble, and

easier o insert in the chest than z2rtificisl hearits that

e
use motors or magnets (1i0). Iz this regard, the advan-

efficient working rluwid z% the 1oW pressures reguired zand
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advantage of an alir-driven system is that more componernts

of the systen can be located cutside the body, ithus easing

meintenance and repair. Operation of &z preumatic system
with carvon dicxide prevides a2ddeé safeity in case a lezk

ct

should develop in & diaphragm of thls typge of Leart since

carbon Cloxide dissolves ia biocd much faester than does air.
Phere are two types cf air-ériven power systems both

of which require & iube into the chest cavity (73). 1In

the "closed system™ a2 rolling diaphragm pump, driven by a

sm2ll motor, pumps &ir in zlternate directions. There are

other methods 10 prcduce the alternating air flow bui the

12

orking

0

comacn factor to these systems is thaet the mass o

substance remzins counstant. The "closed system”, if air
is used, does not tend to produce excessive elevation in
arterial pressure, since the systolic stroke is regulated
by the actual arterizl pressure.

\ In the "open system” power is derived from & compressed
air line, oZXygen tark, or a similar source. The systolic -

- -

and diastolic times are regulzisd by electric or paeunmatic




valves., This systen works under high pressure and is so

g dizstole the volume of air used

[

ramed because, durl
during systole escapes from the pump. The "open systen"
requires constant regulaiion.

dydrazulic systems of the "closeé" t&pe havé élso been
employed to drive ariificial hearts (57, 80). A4gein o
tube into the chest cavity is necessary.

It would ve advanitageous from the standpoint of avoiding

)

oo

ne

n

infection %o have nc power conaecticzn {(wires or 2ir 1
through the chest wall. Xusserow (68) described a method

in which 2 nmotor-driven vermaznexnt magaet on the outside of

a2 tissue barrier drove & slave mzgnet within.

[}
¢l
ck

between z& flzt pancake-shapel coil on the surface of the

chest and ano*ther similer coil withia the chest. Schuder

0 watts through the chest wall with no
apparent discomfort to the znimal and without appreciable
temperature rise in the coils or iissue. They fursher stated
thet this energy could be transported with losses in the

coupling coils and tissue of zpproximetely five percent of
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the transported power. The 5
eporoximately 150 percent of the calculated power input fo
the biolcgical heart of an adult under conditions of exer-

cise (109). 1In seeking methods for improving the transport




efficiency, Schuder and Stepkensor (i07) also iznvesiigated

the possibility of utilizing magnetic material, ferrites

Biopsies from the tissues of cdogs exposed on 2 chronic
basis to an eleciromegnetic field equivalent to that re-
quired to transport 50 watis through tne chest wall have
been negative &% twe ard three years (38). Furthermore,
studies ozn hea? dissipaiticn 1n dcgs have indicaited that
Irom one-fourth to cune-half caliorie per kilogram per second

e

can be dissipated into the blood stream without ill effects

(25).

Totally implzuntable nuclezr nower sources are also
conceivable (26)., If perfected, they would pernit a
complete and longeierm rsplacement of 2 normal heart with

no dependence on extermal energy sources.

The possibility of utilizing a relatively large
skeletal muscle mess To power 2 small blood pump directl
and continuocusly over extended periods of time has nodt

lapp (69) described such a
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thet celluler injury took rlace under the conditions of the
experinment, despite the satisfacitory kinetic performance of
the muscle un”OAgaO"* the period of stimulation. ALnother
disadvantage of this method is that it necessitates wires

passing through the chest wall to stimulate the muscle nmass.
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Control Systems

The objectvives of most research groups concerned with
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ing needs of the experipezntal su
cle systems have been des igqedlwnich reascnably duplicate
the flow and pressure wavelorms ¢f the naturel intact

heart (89, *i11;. FHowever, the developmeni of an automaii
coxntrol mechanism for these ertificial pumps is 2 different

T8 OB nm g 2 s o -
and more difficul® tyse of design problem.

humoral chennels which are responsive %0 many bod y zunctions

end acticns. When an ariificial heari replaces the normsl

functioning heart, the problem of control bscomes exceed=-

ingly importent. Almost eny air-driven artificial heart
L the diaphragm type that éces not have 2 fixed siroke

.

extent (i14). (The consecuence of $his law is that the

-

amount of blood pumped is proportiocnal to the degree of
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£illing). Por adegquate performance, however, more
sophistica tbd control is abscluiely necessary. The control
gysten must be concerned with the transduction of appro-

priate physiologic signals, :a"‘occ-:c*s;nr7 these signaels and




mun demandé upon voiuntary countrols and artificial energy
sources.

responses 1o exercise, drugs, and stimull would be krown.
Ther on the basls of this knowledge the behavior of the
systen could be predicted well in advance aad the proper

actiorn o take to holld a2 coniurol parameter ia line with a

Unfortunately the literature describing the automatic
control of ariificial kearts is nol aoundanu. The reason
for this may ve that the cuplicaticn of the primary func-

was envisioned To
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be a2 much easier task than the duplicaition of the complex

The first coatrol systems, and many znow iz trial use,
depended on an easily obitainesd method of control -- human

attendarnts., By observing several paysiologic perameters,

a numen overator {or sometimes an entire team) could easily
djust the operating point of an artificial heart This

mezas ci control, however, 1s a waste of both money zund

human talent.




quate cardiac output. Since cardizc ouitrzut is <he precduct
of heart raie (in beats per mixnute) 2nd sircke volume (in

: D) KR Y EIPop P E-3 Fe a2 o, -
iters per veav), There are We means ci effecting control

of heart output. UWiith air-driven ardtificisl hearis chang-
d.
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cgntrol systen

Q

uciversally zccepted. In any eveant the
must at 2ll tipes provide sufficiznt blood f£low to avoid
tissue ischemiz. The blocd fiow rates of each veniricle
shoulé be balenced. However, it is 20t nescessary to have
this equality hold on & peat-to-beat basis., It is probebly
adequate To base the fiow equality on a few minutes timing
(94). Maintenance of flow balance zvoids pooling of bloed
toth in the pulimonary circult and in the sysiemic circuit
and prevents air empoli and the disruption of pump-to-vessel

conneaciions. The use of atrizl olood pressure as a ‘control

r provides some deéree of flow balance. This will
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later,
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be descrive
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There have been severzl notable means of exiernzl




(¥R

f=regulation consti-

rial pressure regulation and
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2ny utilizec 11 iz dheir control gyst ms, Nose {89}
stated that the Ifeedback sysien Taat controlied the arti-
figiel cevice should be seznsitive to the venous pressure

end thet this iznput pressure should be kXept within & desired

rznze. He furitiher stated that this mechenism itself was
sufficient. Verous pressure regulatiocn of an sriificial
ventricle's fluid output prevents both abnormally high and
low venous pressures from occurring and thus inhibits the

venous system from experiencing overdistension and collapse.
The efificacy of atrial pressurs reguiation 1is probvadbly

best summed up by Dr. Jesse Meredith (82) when he com mented

on the work done by Pierce &t al. (97): "If one assumes that

under standard corditions the heart is a2 coastant flow pump

or & counstart current generator a2nd that it is controlled

0y pressure to produce a counsiart flow under a givexn sed of

ad
v

standard conditions, aliso if cre considers that urnder normsl
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conditions the venoué return is a2 good measure of the blood
flow, and if one agrees that ceantral venous pressures are
proportionate to verous return, then.the device described
by Pierce 1s a device which tends by negative feedback to
produce a constant cardiac output. By this copcept it has
an important virtue in development of replacements Zfor the
heart.”

An added benefit of having ventricular output con-
trolled by atrial pressure is that 1t automatically leads
to an adjustment of the amount of blcood pumped by each side
of the heart (66). Flow equality occurs since a deficlency
on one side inevitably leads to an increase in venous pres-
sure on that side which, in turn, increases the cardiac
output on that side.

Norton, Akutsu, and Kolff (88), Ltsumi et al. (9),
Bastings et 21. (56, 57), and Burmns et 2l. (26) have based
the construction of their hearts and control. systems-upon
the hypothesis that cardiac output should be controlled by
venous or atrial pressure. Fosé et al. (94) controlled
their air-driven pumps by changing the'air pressure to the
individual ventricles. They attempted to maintain right
and left atrial pressures within a2 range of 10.0 to 15.0
centimeters of water (7.36 to 11.03 mm. Hg). Kolif et zl.
(66) found that, by using a N.A.S.A. servomechanism, there
was an instantaneous response in change of output from one

side of the circulation to the other. They stated that this
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action was the strongest argument they knew of to predict
the success of 2 regulating mechanism in which the atrial
pressure determined the cardiac output.of the ventricle.

Seidel et al. (110) developed an artificial ventricle
which permitted an increased’diastolic £illing a2nd hence
an increased siroke voiume proportional to a rising venous.
pressure. They regulated the driving air pressure so that
the blood chamber just emptied within a given systolic
tine. As long as the chamber completely emptied during
systole, the artificial ventricle used venous pressure for
the automatic adjustment of its output.

Pierce et z2l. (97, 98) and Burmey et 2l. (24) have
designed 2 control system based on continuous regulation of
venous pressure. Their system used two integral diaphragm
punps of the piston type which were driven by small d-c
motors. Thus each pump reguired only a source of electri-
cal power. The motor speed and hence the pump's fluid
output changed as a funciion of the integral of the venous
inflow pressure. A problem with this system was that rapid
and undesirable fluctuztions in pump speed were caused by
pressure transients in the inflow line. Mechanical damping
of the pressure catheter eliminated this.

" The conirol system described in this dissertation
follows the above idea except that continuous correction is
not provided. Also the system is designed to regulate a

pulsating pneumatically-powered artificial ventricle.
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Recently Nosé et al. (90) described a very sophisticated
control system which duplicated the Starling regulation of
the normal heart. They found that the normal right ven-
tricular curve (fluid output versus filling pressure) had
a slope of 4.3 liters per minute per millimeter of mercury
at the operating point. Using a closed-loop computerized
control system they were able to duplicate this sensitivity
in vivo with an artificial heart. The command signal to
the pressure servomechanism was modulated by the average
atrial pressure in}such a wvay that an increase in atrizal
pressure proportionally increased the strength of contrac-
tion of the artificial heart.

Edwards and Bosher (40) described an automatic control
system based on both arterial and venous pressure regulation.
‘fTheir argunent was that these pressures are the only vari-
ables which instantaneously reflect changes in blood flow
anﬁ thus they should govern the arterial delivery rate.
(Their argument is possibly true since some measurable
irdices of body chemistry change only after the blood has
passed through the patient's tissues for metabolic exchange).
Thelr system exhibited a seven to eight second lag between
tne time a correction was made and the time when the change
was noticed in the circulatory system. The deley in feed-
back caused the system to oscillate. Oscillation is also
a problem with other control systems (35, 41, 97). In-

cidently the Edwards and Bosher control system was capable
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of changing thé cardiac output at a2 maximum rate of two
liters per minute per second.

A major oﬁstacle in automatic control is that of in-
adequate blood return from the animal'’s circulation toAthe
artificial ventricle., Iiotte et al., (79) concentrated their
efforts on regulating the end-diastolic volume of their
artificial heart so as to i) maintain a systolic residue
of one-third of the stroke volume to avolid excess trauma
to the blood, 2) meintain filling pressures of 10.0 to
15.0 centimeters of water without provoking negative pres-
sure in the atria, and 3) provide maximum’filling‘time.

Since the natural heart serves. as a recipient of meny
signals from the body i1t is obviously an important element
in normal control. If the pacemeker of the natural heart
were to be lefi{ intact e2nd functionzl, it could be utilized
to pace an artificial heart (54). This would allow for
a2t least partial bilologic control of cardiac output. This
method of biologic control has been utilized but not without
some problems. ILiotta et 2l. (78) found that attaining an
acceptable degree of relizbility was a2 dilemma. Motion
artifacts a2nd noise were problems. However, the placement
of electrodes appeared to be relatively unimportant and
ventricular fibrillatlon never occurred.

Many of the artificial hearts developed had 2 high
degree of intrinsic control and needed no sophisticated

external contrcl system. An intrinsically-controlled
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ventricle must obey Starling's law as closely as possible.
To do this, provision must be made to 1) a2llow the ventric-
ular volume to vary and 2) limit ventricular pressure during
diastole. These requirements eliminate rigid mechanically-
coupled driving units and mechanically-powered hydraulic
units. However, pneumatic unlts easily meet these reguire-
ments and also allow for easy incorporation of other desir-
able characteristics. Akers et al. (1) developed a system
based on the above criteria for a self-regulating device
which contzained both a specialized air pulse generator and
a2 bypass pump.

The fluid emplifier, a device for controlling the flow
of fluids without moving parts, secems to be an appropriate
intrinsic control mechanism for an artificial heart. Sev-
eral fiuid amplifier-controlled artificial hearts have been
built which demonstrated relatively stable control of atrial
pressure (10, 33, 121).

The operating principles of fluid amplifiers are
excellently described in an ariicle by Angrist (7). The
advantages of an artificial heart controlled by 2 fluid
emplifier are listed in Figure 13. It should be obvious
that the fluid amplifier provides control flexibility not
enjoyed by pneumatic control elements.

Barila et al. (10) developed a plastic ventricle which
was powered by compressed 2ir and controlled by a fluid

amplification system. The flow rate of the ventricle was
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governed by the filling blood pressure, the .resistance of
the outflow tract, and the'driving air pressure. The air
pressure applied to the ventricle was regulated so that the
minimal fo;ce necessary to just overcome the outflow re-
sistance was used. The pump responded automatically by

an appropriate alteration of both stroke volume and pulse
rate. The pump pfoduced flow rates from 0.5 to 10.0 liters
per minute at rates of 20 to 125 pulses per minute. ¥hen
tested in vitro, the pump produced very little hemolysis.

Castaheda et 21. (33) developed the Army Artificial
Heart, a fluid amplifier-controlled pump, whose operation
was governed by four factors: 1) systolic air pressure;
2) pulse duration; 3) pulse rate; and 4) ventricular suc-
tion. The fluid output varied directly with changes in
filling pressure and inversely with output resistance.
They also found that all the factors except systolic air
pressure played relatively minor roles in determining the
fluid output.

Woodward et al. (121) designed an intrathoracic fluid
amplifier-controlled artificial heart which maintained
venous pressure properly when adequate venous returﬁ was
present. Thelr intrinsic control system allowed the ven-
tricle to £1ill more rapidly when the venous pressure was
high, and this increased the pulse rate. Conversely, low
venous pressure caused the ventricle to f£ill more slowly

and the pulse rate decreased. They also stated that high
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venous pressures resulted in somewhat larger stroke volumes,
but that pulse rate was the dominant means of flow regulation.
Although it 1s thought by some that‘automatic control
of an artifiicial heart is a relatively simple problem, no
one can say that it is a minor field of investigation. With
implant trials of long duration a very definite possibility
it may very well be that additional serious post-implant
problems will be observed in vascular tone, blood clotting,
healing, and the matching of subject and machine control
systemé. These complications may be due to very subtle
incongruities in the performance of the mechanicél system
with respect to the optimal performance of various body
systens., .Optimizing the response of the physical control
systemn to those controls operating in the living subject
will tend fo minimize or eliminate any occurrence of irre-
versible circulatory embarrassment. The development of a
miniaturized, implantable, self-regulating control systenm
responsive to the body's own remaining signals is a fasci-

nating challenge to both medicine and engineering.
Cardiac Assistor Devices

There is another area of prosthesis development which
can be tied in with artificial hearts. This area is con-
cerned with mechanical devices to assist, not replace, the
failing heart. Some research groups would rather leave the

diseased heart intact and replace or supplement only the
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heart's function, thus enabling the heart to heél. These
circulatory assistor devices must 1) reduce the ventricular
diastolic pressure of the failing heart chamber or reduce
the flow of the weakened ventricle, 2) provide suffiéient
blood flow to the body, and 3) not cause further damage to
the heart or other vital structures.

Methods of accompiishing prolonged heart assistance.
include: 1) counterpulsation or arterio-arterial pumping;
2) diastolic augmentation; 3) left ventricular bypass; 4)
synchronous respiration; and 5) automatic heart massage.

No matter what method of assistance is used, 1t has
been found that to relieve the load of the left ventricle
the pump circuit has to carry at least 50% of the cardiac |
output (36). Also it is difficult to carry out controlled
evaluations of the efficiency of assistive techniques since
the experimental animal cannot readily be placed into a
standardized degree of cardlac failure for testing the
beneficial effects of mechanical cardiac assistance.

Counterpulsation aims at increasing coronary arterial
verfusion by ralsing the pressure during diastole and de-
creasing the work load of the left ventricle by lowering
the pressure during systole (18). The method is based on
the concept that a competent aortic valve effectively iso-
lates the left ventiricle from the increased diastolic
perfusion pressure created by a synchronous pulsatile pump.

Most of the machines have been designed to withdraw blood
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from the arterial tree during systole with consequent re-
duction in systemic resistance and to return it during
diastole, using a portion of the electrocardiogram as a
triggering signal. Callaghan et al. (30) found that if
myocardial work was to be lowered, not only must the sys-
tolic arterial pressure be reduced, but the end-diastolic
pressure, whiéh represents the static load on the heart,
must also be reduced. Mantini et 21. (81) found that
synchronized counterpulsation was a2 useful therapeutic
remedy in eXperimental canine cardiogenic shock.

There are several ways of accomplishing counterpul-
sation. Callaghan et al. (30) described a computer-auto-
mated counterpulsation system which was connected to a
femoral artery. A cardiac homotransplant with an insuffi-
cient aortic valve can be synchronized to function as an
arterial counterpulsator. Gannon et al. (46) demonstrated
this novel method by sutﬁring a2 donor heart to various
portions of the thoracic or abdominal aorta in dogs. They
obtained favorable results with a maiimum survival time of
14 days.

Diastolic augmentation of pressure in the aorta, like
counterpulsation, promotes coronary flow with no additional
burden on the left ventricle. Diastolic augmentation dif-
fers from counterpulsation in that during heart systole the
augmentor device remains passive and becomes active only

during heart diastole.-
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Intrathoracic methods of dlastolic augmentation will be
discussed first. Only one biologic method has been at-
tempted -- the use of a skeletal muscle to assist myocardial
function. Xantrowitz (61) wrapped the autogenous left
hemidiaphragnm around thé distal thoracic aorta and applied
intermittent stimulation to cause muscle contraction in
time with normel heart diastole. Iiotta et al. (76) also
applied diastolic compression to the descending thoracic
aorta, but used a five to eight centimeter length of pneu-
matic sleeving. Moulopoulos et 21. (87) developed an aug-
menting systenm which periodically inflated and deflated =2
long, narrow ballon inserted in the descending aorta. The
balloon was inflated during diastole of the natural heart's
cycle and increased the diastolic blood flow to the periph-
ery.

Nosé et al. (93) developed what they named an auxiliary
ventricle. This pneumatically-cperated, rubberized, col-
lapsible bulb was implanted end-to-side in the ascending
and descending aorta, thus bypassing the aortic arch. The
valveless unit filled passively during normal heart systole
and then during diastole it expelled its blood back into
the aorta. In later papers in which the same pump was used,
the ascending aorta was ligated above the unit to increase
blood flow in the auxiliary ventricle and thus diminish the
risk of clotting (50, 91). Birtwell et al. (16) developed

an externally actuated, subcutaneous "in-series" prosthetic
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left ventricle. The ventricle was energized by applying an
external pneumatic actuator to the device. Infectlion prob-

lems were reduced considerabvly since the skin barrier was

intact.
The most notable method of extrathoracic diastolic

augmentation is that of external compreésion of the lower
extremities. ZExternal compression is an effective approach
for assisting the circulation for long periods since the
requirements of cannulation, anticoagulants, and anesthesia
are eliminated. Dennis et 2l1. (37) found that, in the dog,
the arterial blood expressible was of the order of magnitude
of three milliliters per kilogram of body weight. In a study
by Birtwell et al. (15) the data indicated that venous return
and aortic pressures could be modified effectively so as to
reduce left ventricular work and, a2t the same time, increase
cardiac output.

The "in-series" zuxiliary ventricles mentioned above
aid the heart by reducing the pressure work of the heart.
This is in contrast to ventricular bypass devices (or
"shunt" auxiliary ventricles) which 2id the heart by reducing
the flow work of the heart. Much effort has been concen-
trated on left ventricular bypass devices and procedures
due to the relatively higher occurrence of left ventricular
failure over that of right veniricular fallure.

The air-driven, tube-type pump developed by ILiotta
93|§;. (73) performed successfully in 47 left ventricular
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bypass procedures in dogs. The pump functioned up‘to 44
hours in one case. This group's pump and their later ones
(76, 77, 78) were in the form of small U-shaped tubes and -
were connected vetween the left atrium and the descending
aorta. Birtwell et al. (16) developed a similer pneumat-
ically~-powered device for use as a left ventricular shunt.
Axers et al. (1) and Hell et al. (53) described a para-
corporeal bypass pump powered by air pressure. The bulk

of this pump was on the outside of the body. TIwo tubes

led into the chest cavity for connection to the lefit atrium
and to the aorta. The use of two artificial ventricles in
a double ventricular bypass procedure has also been reported
(75).

Roughly in the same area of ventricular bypass devices
was an intraventricular artificial heart described by Hall
et al. (54, 55). They developed silicone rubber pumps which
were placed inside the contours of the right and left ven-
tricles. The sac-type pumps incorporated atrioventricular
valves and utiiized the existing aortic and pulmonary valves.

Right heart assistance by synchronous respiration is
based on the hypothesis that the lungs can be made to exert
an optimal pumping effect if the size of the pulmonary vas-
cular bed can be increased at low alveolar pressures during
right heart systole, and decreased by a higher alveolar
pressure during diastole (113). Naturally this type of

assistance has a2 large influence on the pulmonary circulation.
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Birtwell et al. (17) found that the venous retura to
the right heart responded quickly to synchronous changes in
intrathoracic pressure. Soroff et al. (113) studied the
effect of synchrqnizing the inflation and deflation o the
lungs with different portions of the cardiac cycle. They
found that, with proper phasing, the pressure which must
be exerted by the right veniricle was diminished.

The last method of cardiac assistance to be discussed
is that concerned with heart massagers., In this method,
the cardiovascular system remains intact. This eliminates
both a Very large operative procedure and total body hepa-
rinization for prolonged periods. Alsc the normal endo-
cardium, as well as the normai cardiac valves, are func-
tionally retained. The heart muscle exerts force by con-
tracting and shortening, both of which are simulated by the
massage devices. A finzl advantage of this type of cardiac
support is that it can be used with either 2 fibrillating
or a failing heart. '

Za jtchuk et al. (124) developed a heart-shaped piastic
enclosure into which the heart was slipped. DPulsating air
pressure provided the energy to massage the heart. Upon
histological examination of the heart, liver, lungs, kidney,
and blood elements no tissue damage could be demonstrated
at the time of sacrifice of the experimeﬁtéi aniﬁéis.

Anstadt et 21. (8) described a pneumatic instrument

which assisted the heart during both the systolic and
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diastolic phases of the cardiac cycle. The force was applied
exclusively to the walls of the ventricles with no inappro-
priate force applied to the atria. They obtained cardiac
outputs from 70 to 100 percent of control values in dogs
during ventricular fibrillation and had survivals often up

to eight hours of total circulatory support.

Both of the previously mentioned massagers caused the
assisted heart to go into systole with the application of
air pressure. The rubber massager developed by Kolobow
and Bowman (67) normally compressed thé heart into its
systolic form. Upon the application of suction, the device
allowed the heart to go into its diastolic form. This
device functionally simulated the contracting atria in

addition to energizing both ventricles.
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THE ARTIFPICIAL VENTRICLE SYSTEM
The Artificial Ventricles

Three pneumatically-powered artificial ventricles

were developed 1in the course of this study. 4All of the
models were oversized prototypes designed mainly for the
evaluation of the power and control system during extra=-
corporeal use. None of the models were designed for intra-
thoracic implantation. Also, the artificial ventricles
were used only in shorteterm trials during which the natural
heart of an experimental animal was bypassed but left in
place. All of the ventricles (except Model I) operated
in a position adjacent to and outside of the chest. Con-
nections were made to the animals' great vessels by short
polyvinyl chloride catheters.

The design, fabrication, and testing of only artifi-
cial ventricles were originally undertaken. The hope was
to utilize the intact atria of é deventricularized heart
to serve as filling and pressure-buffer chambers for the
artificial ventricles. However, since none of the ventricles
were implanted within the chest and only hearti-bypass exper-.
iments were conducted, the fabrication of artificial atria
was necessary. These small, collapsible chambers not only
facilitaeted ventricular f£illing but also absorbed the nega-
tlve pressure impulses which occurred during the filling

phase and which tended to collapse both the artificial
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atria and the great veins.

The basic construction and the operating principle of
all three modelé are essentially identical and all are pow=-
ered by short pulses of compressed air. All models employ
small flap valves to insure unidirectional liquid flow and
a thin stretchable diaphragm to transfer the pneumatic
energy into liquid pumping energy. The liquid stroke volume
is altered by changing the pressure of the air being pulsed
to the ventricle. This is the means by which the automatiic
control system functions to regulate the ventricle's ligquid
output.

}The flap valves used in all three artificial ventricles
are cut from thin -(0.050 inch) medical-grade silicone rubber
sheeting. The valves for the Model II ventricle are shown
in Pigure 14. There are two pieces to each valve unit -~
the flexing flap part (C) and the stationary seating part
(D). The seating part 1s not necessary if a proper valve
seat 1s constructed into each valve housing. However, the
use of a seating part of like material does compensate for
roughness and unevenness in the machined valve housings and
provides an excellent seal to any backflow of liquid.

The operation of the flap valves is electrically anal-
ogous to the action of a diode. The valves operate entirely
passively and offer l}ttle resistance to forward liquid flow
while offering considerable resistancé to reverse liquid

flow,
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These valves would not be considered adegquate for long-
term use since there is a substantial amount of flexing along
the hinge line. Also with repeated usé, the flap part of the
valve has showa some tendency to take on & permanent."set" in
a partially opened position, thus requiring greater backflow
of liquid to close the valve. Redesign of the valve or the
substitution of a better material would help to solve this
problem. Ease of comnstruction and meintenance and small dis-
placement volume were distinct advantages of these valves.
The flap valves were used throughout the project since
appreciably better valves of other types were neither readily
available nor adaptatle.

Ls was mentioned p;eviously, all three artificial ven-
tricles follow the same principle of operation. The method
of operation will be described with reference %o Figure 15
which 1s a cross-section view of the Model II artificial ven-
tricle. ‘A flexible diaphragm divides the ventricle into two
compartments, & liguid chamber and an air chamber. When a
volume of compressed air is puised into the air chamber, the
diaphragm bulges upward into the blood chamber (emptying
phase). This action closes.the inlet flap valve and displaces
a volume of liquid through the flap valve in the outlet port.
During the filling phase the compressed air is vented to the
surrounding atmosphere, thus allowing the diaphragm to recoil
to a rest position (or beyond). This action creates pressure

gradients which close the outlet valve and open the inlet
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valve, thus allowing the 1liquid chamber to be refilled
through the inlet port. (The amount of refilling is a func-

tion of the input f£illing pressure, the inlet port diameter,

the liquid volume available for filling, the elasticity and
degree of stretch of the diaphragm, and the time 2llowed for
the filling phase.) The ventricle is now ready for the next
pulse of compressed air and the cycle repeats itself. A
continued series of air pulses, then, causes a periodic
liquid pumping =zctiocn to take place,

The three artificial ventricles are shown in Figufe 16.
Model I was used only to ascertain the feasibility of the
pumping methoé. It was not used in any animal experiments.
The size, weight, and volumes of interest pertaining to
this ventricle can be found in Table 1. Design specifica-
tions were made to conform to data of the functional per-

formance of the left ventricle of 2 20 kilogram dog.

The body of the Model I ventricle was made of plexiglass.

The two chambers of the pump were held together with & ring
of elght screws. The flexible diaphragm separating the

air and blood chambers was cut from a section of thin (0.030
inch) rubber drainage tubing. Connection to the air chamber
was made by attaching an air hose to a brass adapter which
was sealed into the air chamber. Two short lengths of
polyvinyl chloride tubing ( 1/2 inch I.D. x 11/16 inch 0.D.)
made up the inlet and outlet fluid lines. The tubes were
bonded to the plexiglass valve housing with a silicone
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rubber medical adhesive.! The silicone rubber flap valves
were attached 1lnside the valve housing in a2 similar fashion.

The purpose of the large adjustable air chamber in the
Model I ventricle was to determine the optimum size for an
air chamber. A large chamber tends to damp any fast pres-
sure rise introduced into the chamber. This absorption of
preumatic energy, then, lowers the peak pressure seen in
the blood chamber and lengthens the rise itime of the pressure
pulse. The use of too small an a2ir chamber can result in
- very rapid and detrimental pressure changes in the fluid
output line. It was found, however, that an external air
chamber in series with the air line functioned as an adequate
damping mechanism., Thus as small an alir chamber és possible
was chosen for all subsequent models. This cholce was ob-
viously advantageous from the standpoint of possible later
intrathoracic implantation. |

Following completion of tests on the Model I ventricle,
a second prototype artificial ventricle was designed (Mbdel
II) and fwo units were constructed. These pumps were used
extensively in in vitro tests and exclusively in both in
vitro and in vivo control studies. These ventricles were
made of medical-grade silicone rubber and teflon.

Medical-grade silicone rubber materials presently offer

Tsilestic B (Type A), Dow Corning Corporation, Medical
Products Division, Midland, Michigan.
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distinct advantages over other synthetic materials for use

in artificial ventricles (22). They possess a low degree

of biological reactivity. They are flexible and can be
molded into ovractically any desired shape. A disadvantage

is that they are somewhat friable. Also since they are good
electrical insulators, it appears that the ilnability to
dissipate surface electric charge might actuate the clotting
mechanisms of normal blood (22). Advances in meterials
research, either in improved silicones or other new products,
will most likely eliminate the disadvantages listed above,

Teflon similarly possesses low reactivity in the inter-
nal environment of the a2nimal body. Teflon coustruction
has presented two majér difficuities. Though it can be
machined to a desired configuration, it is difficult %o
produce fluid-proof threaded conrnections. Secondly, its
low degree of chemical reactivit& makes it very difficult to
bond teflon to itself or to other materials with adhesives
or encapsulating materials. However, more reactive synthetic
materials, when made blood-~compatible by coating with heparin,
offer distinct advantages in the design of blood-handling
devices (49, 119).

All of the parameters of the Model II ventricle except
overall dimensions were designed to approximate the cardio-
vascular parameters of a 20 kilogram dog. The parameters
pertaining to this ventricle can be found in Table 1. ZEzch

one-ventricle unit has been used in short-term right- and
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left-ventricular bypass experimenis to assess servomechanisn
control of "cardiac" output. The teflon unit has also been
operated singly to evaluate other components in the entiré
system. In addition, & single unit has been found to perform
as well as, if not veitter than, a2 commercial blood pump for
extracorporeal circulation dﬁring'total heart-lung bypass
procedures.

The disassembled teflon ventricle 1s seen in Pigure 17
and is shown diagrammatically in Figure 15, The identifying
letters in the two figures correspond. The ventricle is
basicaily a two-chambered éylinder (). Two valve housings
(B) each of which contains a one-way flap valve (G, D) are
threaded into a cover (E). The cover is threaded into the
cylinder. The depth to which the cover is inserted determines
the volume of the artificizl ventricle's ligquid chamber.

The cover is then usually sealed with a silicone rubber
adhesive. The ofther section of the main cylinder is the air
chember. The thin (0.010 inch) diaphragm (F) is attached
(with rubber cement) to a thin plexiglass ring (G). This
member and another thin plexiglass retaining ring (H) are
seated onto a ledge of the mein cylinder and secured with a
teflon threaded ring (I). PFinally another cover {(J) with
its air hose connector (K) is threaded into the main c¢cylin-
der. Note that the volume of the ventricle's air chamber

is also variable. The simplified construction of this

ventricle made 1ts maintenance and cleaning a simple task.
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Pigure 17 a2lso shows the accessory artificlal atrial
chamber (L) which is connected to the ventricle's fluid
.input port. This chamber buffers the pressure transients
developed by the elastic recoil of the diaphragm during the
filling phese. It is made of 0,020 inch dacron-reinforced
silicone rubber. This chamber greaily aided the ventricular
filling and therefore the pump's liguid output. Other arti-
ficial ventricle designers have reported the need for simi-
lar accessory chambers (92, 94, 121).

Again, this teflon model was not designed for intra-
thoracic implantation. It was always operated in e position
outside the chest and was connected to the great vessels
by short, flexible plastic catheters (3/8 inch I.D. x 9/16
inch 0.D.). The ventricle proved to be quite acceptéble
for the experimentazl trials in which the intrathoracic
placement of a pumping device was not required.

Due to the small size of the liquid orifices in the
Model II ventricle, abrnormally high blood pressures occurred
with attempts to obtain adequate blood flow rates in larger
dogs. Thus a third extracorporeal model was fabricated.
This model was designed not only with larger orifices bdbut
also to exhibit minimal stretching of the diaphragm at
proper siroke volumes. No in vivo control siudies were
conducted with this model and only a few in vitro pumping

tests were done on it.

The main body, valve housings, thin rings, and covers
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of the Mcdel III ventricle were made of plexiglass. See
Figure 16. Medical-grade silicone rubber, again, was used
both for the one-way flap valves and the stretchablg dia=-
phragm. This was the only ventricle to be explicitly de~
for a long pumping life. It has been suggested thet if the
amount of stretch in a2 plece of silicone rubber is less than
ten percent of its original length, the'dynamic life of the
viece 1s greatly increased.! This ventricle, then, was
designed to aave a liquid siroke volume of O to 100 milli-
liters with a corresponding linear stretch in the diaphragm
of no more than ten percent. The parameters pertaining to
the Model III ventricle can be found in Table 1.

Althougn this artificial ventricle was designed as a
substitute for the natural ventricle of a large dog (weight
greater than 20 kilograms), it also found limited use in
several heart-bypass experiments on sheep. In these exper-
iments the ventricle was quite inadequate due to 1) too thin
2 diaphragm (0.005 inch) and 2) improper extracorporeal
placement of the device. Negative pressures resulting fron
large vein collapse caused the thin diaphragm to be pulled
to the top of the liquid chamber thus severely affecting the

filling process. Improved ventricular placement and a

1Cholvin, Neal R., Professor and Chairman, Biomedical
Engineering Program, Iowa State University, Ames, Iowa.
Seminar by ¥r. Silas R. Braley, Director, Dow Corning Center
for Aid to Medical Research, Midland, Michigan. Private
communication. 1967. ’
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thicker diaphragm would have heléed but sheep trials were
abandonad and no further tesis were conducted on the Model
III ventricle. |

One member (Cholvin) of the Iowa State University
artificial heari group has designed an implantable two-
ventricle model which conforms to the shape of the natural
heart. This model replaces only the animai's ventricles -=-
the natural atria remain intact and are used for attachment
and flow-buffering purposes.

The performance of the artificial ventricle as a source
of pressure and flow is depexndent on meny variables: 1)
pulse rate; 2) percent systolic time (duty cycle); 3) pulsed
air pressure; 4) positions of the air-bleeder valves; 5)
output pressure head (load); and 6) inmput filling pressure.
4 Tamily of curves showing how liguid output varies as a
function of any of these variables could be drawn. However,
probebly the best way to depict fhe operation of the arti-
ficlal ventricle is 1o show how liquid output varies with
1) the output pressure head and 2) the input filling pres-
sure. Varying the pulsed zir pressure inAgaph_test set-up,
then, will generate za family of curves. The remaining
variables must be kept constant.

Following the ideas Jjust described, 1iquid output tests
were conduc%ed on the Model II artificial ventricle. In
each experiment water was used for the circuleted fluid. The

pressure conversion factor used was: 1.0 millimeter of
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mefcury (mm. Hg) = 1.36 centimeters of water. The other
constants common to both tests were: duty cycle -- 33 1/3
percent; rate -- 70 beats per ninute; and air-bleeder valves
-- closed. The same ventricle was used in each case. The
results of these experiments are depicted in Figures 18 and
19. It should be mentioned that these figures merely dem-

onstrate the in vitro capacity of the pump and lack the

utility of in vivo studies.

Figure 18 clearly shows that, with constant input
fiiling pressure, flow rate and output pressure head are
inversely related at any given level of pulsed air pressure.
Thus the ventricle is load sensitive. This is to be expected
since the ventricle is not a fixed displacement pump. The
meximum flow attained in this test was 2.6 liters per minute.
Slightly higher flow rates are possible but the rubdbber dié-
paragm is prone to break if greatly oversiressed. It should
be mentioned that the output pressure head is analogous to
the diastolic pressure level in the intact human circulatory
systen.

The model II ventricle falled to demonsirate any reli-
able degree of intrinsic regulation. That the fluid output
was not 2 function of input filling pressure indicated that
the ventricle did not follow Starling's law. This property
is demonstrated in Pigure 19 wnere the output pressure head
was held constant while the input £i1ling pressure waé varied.

The pulsed air pressure was alsc varied to obtain a family




of curves. The majority of the curves show relatively little
variation in flow rate as the input filling opressure was
varied from -i10.0 to +15.0 mm. Hg. These results were un-
expecteld since most diaphragm-type vumps that do not have a
fixed stroke volume show some degree of self-regulation.
Other artificial ventricles have been dbuilt which do show
some intrinsic control by means of input filling pressure

(3, 5, 56, 57, 60, 100).

The lack of self-regulation was probably caused by 1)
an unlimited f£illing volume available and 2) the rubber
diaphragm being meximally stretched during each systole (for
a given level of pulsed air pressure). During diastcle the
diaphragm recoiled to its rest position and crezted enough
negative pressure to £ill the liquid chamber to the same
level each time. The lModel II ventricle mey be self-regu-
lating when used in vivo, however, since 1) venous return
volume is not unlimited and 2) during diasiole the recoiling
diaphragnm often creates enough negative pressure to collapse
the great veins, thus further limiting venous return.

4 distinctlon should be mede between the distensible
diaphragm ventricle (the itype used in this study) and the
rolling diaphragm ventricle. The latter type of diaphragn,
being relatively inelastic, requires the applig;tioh of a
negative air pressure during the filling phase to assist in
moving the diaphragm back‘to 1ts pre-systolic position. The

degree of diastolic filling, then, is dependent on both the
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ligquid input pressure and the level of negative air pressure
applied (other factors being coustant). Thus, if the level
of negative air pressure was not too great (to cause venous
collapse), a rolling diaphragm artificial ventricle would be
expected to exhibit a2 dependency of stroke volume on the
liquid input pressure. A rolling diaphragm ventricle which
does show this dependency has been reported (88).

LA single hemolysis study was conducted on one of the
Model II eartificial ventricles using freshly drawa and
heparinized canine blood. The degree of hemolysis, as meas-
ured by the amount of free plasme hemoglobin present in
milligrams per 100 milliliters of whole blood, can be plotted
as a function of time, the amount of blood pumped, or the
number of passages of blood through the test circuit. Since
these three variables are interrelated (see page 50), time
vas used as the independent variable.

A graph of plasma hemoglobin determinations made at
specific times oVer a continuous 75 minute period 1s shown in
Pigure 20. The ventricle pumped into 2 constant pressure
head of 80 mm. Hg. The remaining pump adjustments were z1so
neld constant: rate -- 70 beats per minute; duty cycle --
33 1/3 percent; input filling pressure =-- 5.0 mm. Hg; and
air bleed~off valves -~ closed. The initial priming volume
was 800 milliliters and the blood flow rate was adjusted to
two liters per minute. The graph shows that the destruction

of red blood cells increased approximately linearly with
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time, a phenomenon previously reported (118).

The index of hemolysis (I.H.), as determined by the
method of Wesolowski (118), was 0.1533 grams of hemogzlobin
released per 100 liters of whole blcod pumped for the first
30 minutes, 0.217 for the second 30 minutes, and 0.1748 for
the overall 75 minute period. These values compare favorably
with reported index of hemolysis ranges of 0.17 to 0.29 with
canine blood (31, 101). Obviously, the silicone rubber flap
valves caused some of the red blood cell destruction. Addi-
tional damage could have resulted from 1) 2 high blood flow
velocity through the ventricle's oufput port,IZ) incompati-
bility of blood with the components of the test circuit, and
3) blood turdbulence both in the return line and in the filling

reservoir.
The Pneumatic Power System

An important aspect of artificial heart research is thét
of power transmission and conversioﬁ. Several sources of
power are potentlally useful for developing in an artificial
device the power necessary %o circuiate blood. Among these
are electric motors, hydraulic and pneumatic pumps, and
nuclear devices. Other possible power systems include
electromechanical converters utilizing electrical power trans-
fer through inductive coupling (107) énd conversion of bio-
logical mechanical energy utilizing the pilezoelectric effect

(80). In both of these latter instances there need be no
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direct connections between the thoraclc cavity and external
body surfaces.

Many research groups concerned with the problem of power
have selected dompressed gases to drive their artificial
ventricles. DPneumatic methods are characterized by high
transmission efficiency, relatively great energy storage
capacity, easy controllability, availability, and poritability
(19). However, the type of power unit to be used is speci-
fied, to a large extent, by the desired operating character-
istics of the wventricle.

The artificial ventricles used in this study were
powered by compressed air in an "open system” arrangement.
The pneumatic power system was designed to be reliable and
to adeguately match the power reQuirements of all artificial
ventricles developed in this study. It has prdven itself
to be sufficiently capable to perform these tasks. Basically
the pover system simply controls the movement of compressed
air to and from the artificial ventricles. Oscillator-
driven electromagnetic solenoid valves function to control
the rate and durafion of the pulses of compressed air. The
amount of air pulsed to a veniricle in each cycle is a
function of 1) the pressure of the air source, 2) the amount
of time the solenoid valve is open, 3) the degree of air
bleed-off in parallel with the ventricle, and 4) the load
imposed upon the ventricle by the animal's circulatory system.

4 block diagram of the pneumatic power system for one
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ventricle is showvn in Figure 21. External to the actual
power module are the source of compressed air, an "on-off"
air valve, and the artificial ventricle. The pressure of the
air entering the module (a2pproximately 90 pounds per square
inch) is indicated on a 0-100 pounds per square inch pres-
sure gauge (labeled LINZ PRESSURE). - At the point where this
gauge is connected, the a2ir line branches to the remaining
components of both the right and left pneumzatic power sec-

tions.

) Since the rémaining components of both sections are
identical, a description of only one sectiorn will be given.
The next component in the air path is a pressure reducer
and regulator valve (labeled ADJUST) which sets the air
pressure distal to it. This working air pressure is indi-
cated on a 0~30 pounds per squafe inéh.pressure gauge
(lzbeled PRESSURE). The range in which the ventricles are
normally operated is from four to 12 pounds per square inch.
However, these relatively high pressures (207 to 620 mm.

Hz) do not appear in the air chamber of the artificlal ven-
tricle.

Next in this series is the three-way electromagnetic
solenoid valve whose operatlon is governed by the rate, duty
cycle (MSMV), and solenoid driver circuits. In its unener-
gized position, the solenoild valve blocks air pressure at
point A and provides an open air path from B to C. In this
position, the air in the ventricle is vented to the
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surrounding atmospnere and the ventricle refills with liquid.
ihen the solenold valve is elecirically energized, the
exhaust port C is closed and there is én open air path from
A to B. With the solenoid valve.in this position a2 pulse

of pressurized a2ir is sent along three paths -- to the arti-
ficial ventricle and to the surrounding atmosphere by way .
of two air bleed-off valves. These adjustable needle valves
are labeled MANUAL and CONTROL VAILVE in Pigure 21. The
MANUAL valve provides a limlted amount of fine control over
the action of the CONTROL VALVE.

In normal operation of the power unit the MANUAL valve
is usually closed a2nd the ADJUST control is initially set
to obtain an adequate operating point. Then the CONTROL
VAIVE (actuated by the motor in the automatic control system)
alters the veniricular air pressure around the initial set-
ting. This latter action is in part responsible for deter-
mining the liquid output of the artificlizl ventricle.

A photograph of the front panel of the rack-mounted
pressure conirol module is shown in Figure 22, In addition
to housing the alr pressure controls and gauges mentioned
avove, this module 2lso contains the motors of the automatic
control system and various lamps which indicate the status
of the control motors. The air pressure output connectors
to the artificial ventricles are at the botiom center of the
panel. 4 Model II ventricle is seen attached to one of these

connectors.
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A photograph of the back of the pressure control module
is shovwn in Figure 23. The electromagnetic solenoids (la-
beled SOL), control motors (labeled MOTOR), and the a2uto-
matically-controlled needle valves (labeled CONTROL VALVE)
are easily seen. The air pressure input to the module is
through the long ribbed hose in the center of the chassis.
Other interconnecting air lines are evident in the photograph.
The terminal blocks on the right and left edges of the chassis
are for electrical connections to the solenoids and control
motors respectively.

A1l of the electronic circuits associated with the
power system utilize solid-state devices. The basic rate of
each ventricle is determined by means of a relaxation oscil-
ator circult employing & unijunction transistor (47). The
rate can be varied from 15 to 240 pulses per minute. The
wide range in pulse rate was chosen to encompass not only
normal heart rates but also very fast and slow rafes for in
vitro testing purposes.

The oscillator pulses are fed into a fthree-transistor
monostable multivibrator (MSMV) circuit (47). This circuit
provides one output pulse for each pulse received at its
input. The output pulse width 1s variable from 0.2 to 3.0
seconds. Taus, the duty cycle (or percent "on" time) of the
MSMV circuit's output pulses is variable from five to 75
vercent (at a rate of 15 pulses per minute) or from 80 to

100 percent (at a rate of 240 pulses per minute). At a
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normal rate of 70 pulses per minute the duty cycle can be
varied from 23 1/3 to 100 percent. Relatively long duty
cycles permit the possibllity of having a programmed pres-
sure wave applied to an artificial ventricle.

Another circuit in the device can be swiltched into
operation to take the place of the previously described rate
and MSMV circuits. This 1is a variable frequency, variable
ratio pulse generator circuit (47). The rate is variabdble
from 20 to 200 pulses per minute and the duty cycle, at
.any pulse rate, is variable from 0 to 100 perceant. Thus
either one of the two parazmeters can be set and will remain
constant as the other parameter is varied. This circuit,
when switched into use, operates both solenoid valves
simultaneously at the set rate and set dutthyCIe."This
circuit is most useful when two ventricles are being driven.

The output pulses of elither the above circuit or the
MSMV circuit are fed to a2 solenoid driver circuit which
utilizes a silicon controlled rectifier. The solenoid, then,
meters the compressed a2ir to and from the artificisl ven-
tricle as described earlier. Other than the potentiometers
and switches, the solenoid velves (one per ventricle) are
the only components of the power system which are subject to
mechanical wear.

The power system is extremely versatile in that two
artificial ventricles can operate either in unison (with or

without identical duty cycles) or asynchronously at the same
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or at different rates (again with or without identical duty
cycles). Pushbuttons are provided both for menual operation
of each ventricle individually or together and for the in-
dependent stooping of each ventricle if necessary. Visual
and aural indications are given for each "beat" of each
ventricle and meter indications are provided for quick deter-
mination of both rate and duty cycle. Provision has also
been.made for accepting an external rate signal, for example,
the atrial electromyogram of a deventricularized heart or the
limb electrocardiogram of an animal with a bypassed normal
heart. These elecirical rate signals constitute other pos-
sible means of artificial venitricle regulation by feedback
control. Figure 24 is a photograph of the module which
contains the rate and duty cycle circuits, switches, and
indicators along with several electronic power supplies for
other modules of the overall system.

There are four parameters wnich can be adjusted to alter
the liquid output of the artificial ventricle: 1) the pres-
sure of the pulses of compressed air; 2) the duty cycle
(fraction of entire cycle during which air enters the ven-
tricle); 3) the air bleed-off rate in the pulsed air line;
and 4) the pulse frequency. In this study automatic 2d-
justiment of the third parameter regulated the stroke volume
in response to an animel's changing circulatory needs. When
the entire system was first put into operation, the rate,

duty'cycle, and working air pressure of the ventricle were
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adjusted to give a satisfactory blood pressure and flow rate.
These adjustmentis, then, usually remained fixed. Then the
control system took over the function of keeping the blood
pressure in the input line of the artificial ventricle within
a predetermined reference zone.

An actual air pressure waveshape taken at the base of a
Model II ventricle during a right ventricular bypass experi-
ment on a dog is shown in Channel 6 of the recording repro-
duced in Figure 25. This waveform was measured by means of
a strain gauge pressure transducer 1 connected to the air
chamber of the veniricle by a short air-filled cannule.
There is some distortion to tThe air pressure tracing since
the pressure-proportional electrical signal was capacitively
coupled to the recorder. The resulting waveforms of both
the pulmonary arterial blood pressure (Channel 2) and the
relative blood flow through the artificial ventricle (Chan-
nel 5) are also shown in this recording.

The shape of the air pressure waveform suggests that
it is simply a2 periodic train of rectangular pulses. How-
ever, the actual waveform can be modified by many factors:
1) the load imposed upon the prneumatic power system by the
artificial ventricle; 2) the settings of the various zir

bleed-off valves and the regulator-reducer valve; 3) the

1Statham PR23AC, Statham Instruments, Incorporated,
Hato Rey, Puerto Rico.
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diameters and lengths of the tubing used_innthe pneumatic
circuit; 4) the orifice sizes of the solenoid véive and the
speed with which the valve opens and closes; 5) the pressure
reserve of the compressed air supply; and 6) the density of
the gas uséd.

No attempts were made to produce a particular air pres-
sure waveshape. The pneumatic power sysiem could be improved
by utilizing an air pressure wavelorm shaping device. Stud-
ies could then be conducted to investigate the effects of
verious a2lr pressure waveforms upon systemic and pulmonary
arterial blood pressure and blood flow waveforms.v An in-
crease in the rise time of the air pressure pulse would
result not only in lower accelerative forces being impressed
upon the blood in the ventricle but alsc in lower peak blood
pressures in the outflow line. lood trauma, as well as
inertial movements of the ventricle itself, may occur if the
air pressure_increases too abruptly. Another desirable
feature would be the incorporation of a negative pressure
adaptor to assist the diaphragm of the artificial ventricle
during the filling phase. Waveshaping devices have been
| developed and utilized (58). Xolff et zl. (66) produced
an instrument to study the effects of various air pulse
waveshapes upon an animal's actual érterial blood pressure.
They found that an h-shaped air pressure waveform produced

the most natural arterial blood pressure waveform.




107
The Automatlc Control System

Concurrent with the development of the pneumatic powver
system, a feedback control system was designed to automat-
ically adjust the liguid output of the artificial ventricle.
Briefly, the control system altered the veniricle's siroke
volume {and thus its liquid output) in response to changes
in pressure in the ventricle's liquid input line. By tkis
means, the control system was sensitive fto changing regquire=~
ments of an experimental animal's circulatory system. Input
line pressure (similar to atrial pressure) was selected as
the controlling parameter since this variable has been found
to be a significant factor in normal heart regulation and
in other artificial ventricle control systems and it is
easily measured (24, 58, 66, 98, 112, 121).

Some basic considerations of this pressure servomecha-
nism are worth briefly noting. Being a feedback system it
is immune to many shortcomings of open loop systems since the
input knows what the output is doing (but possiblj not
immediately) and makes any necessary corrections. It is
reasonably immune to alterations in valve friction, tubing
size, airlpressure, and other difficulties which affect the
forward path (59). However, it has a low tolerance to
difficulties in the feedback path. Thus the necessity of a
reliable feedback path is obvious.

The liquid input line pressure was converted to a
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voltage to which the control system was actually responsive.
If the pressure~proportional voltage left a preset reference
zone, a motor-valve assembly was activated. This assembly
altered the air pressure available to the artificial ventri-
cle and thus the ventricle's stroke volume.

Following the fabfication of the control system, two
artificial ventricles (Model II) and the power and the
control systems were integrated to produce a semiautomatical-
ly-controlled two-chambered artificial heart which had a
variable stroke volume and a fixed pulse rate.

The operation and components of the control system will
be described with reference to Figure 26. This figure is a
block diagram depicting & one-ventricle control system in
relation to the cardiovascular system. Depending on the
animal procedure being used to tést the system, the pressure
signal was taken from the right atrium (or vena cavae) or
from the left atrium. In any event, the chosen pfessure
corresponded to that in the liquid input line of the artifi-
clal ventricle. |

The pressure transducer used wes a Statham' PR23-1D-300
differential type with a range of -50 to +50 mm. Hg. This
is a strain gauge transducer with four active arms in 2

Wheatstone bridge configuration. The frequency response of

21 1Statham Instruments, Incor?orated, Hato Rey, Puerto
Rico.
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the transducer is essentlially flat from zero to 20 cycles
per second thus making it quite adeguate for its purpose
(122). The transducer was powered from a2 ten volt power
supply and was connected to thevliquid input line of the
artificial ventricle by a small liquid-filled catheter. Care
was taken to assure that the transducer's pressure-sensitive
diaphragm was at the same level as the desired point of
pressure measurement in the artificial ventricle. The
transducer’é electrical signal was amplified by a small
solid-state, fixed-gain operational amplifier.1 The output
of this amplifier was made availzble for recofding purposes.
The disadvantage to this means of pressure measurement
was in the use of a large external {ransducer and its
accompanying catheter. The inclusion of a2 small and accurate
pressure transducer in the artificial ventricle would be
advantageous. Any measurement error due to position and/or
movement would then be reduced to 2 minimum. 4 small (1/4
inch diameter x 1/4 inch thick) pressure transducer2 which
used resistive paint was tested for use. This unit had
several advantages other than its sme2ll size: 1) large out-

put voltage change per unit change in pressure; 2) very

Yyodel 106C, Analog Devices Incorporated, Cambridge,
Massachusetts.

®¥odel CS-1-54M, Clark Electronic Laboratories, Palm
Springs, California.




110
simple circultry needed; and 3) low cost. The transducer
showed good sensitivity and response time but lacked good
repeatability and was sensitive to mechanical vibration.
Higher priced units are commercially available, however,
wnich have comparable specifications to the Statham trans-
ducer,

Next in the signal path (Figure 26) was the highly
essential indlcating and main controlling mechanism -~ a
double set-point O-1 milliampere d-c meter relay.1 The
pressure-proportional voltage signal (heavily damped to
suppress transients) was continuously indicated on this
meter. The meter relay not only made possible an easy and
exact initial calibration procedure but also provided a
visual display of pressure regulation.

Continuous error correctlon of liquid input line pres-
sure was not possible since the upper- and lower-limit
detectors of the meter relay gave the control system an
ad justable "dead" zone. The use of a reference or "dead"
zone allowed small and normal pressure variations (those due
to respiration) to occur without control circuit activation.
Thus the control system wes inoperative when the artificisl
ventricle's ligquid output was adequate enough to assure the

maintenance of the chosen pressure reference zone.

TModel 502-L, API Instruments Company, Chesterland,
Ohio.
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The upper and lower limits of the pressure reference
zone could be easily and quickly set anywhere within a2 maxi-
mum pressure range of 40 mnm. Hg and thé reference zone could
be as small as 0.24 mm. Hg. Ndrmally the meter was cali-

rated so that mid-scale (0.5 millizmpere) corresponded to
zero mm. Hg, zero milliamperes corresponded to "-x" mm. Hg,
and 1.0 milliampere corresponded to "+x" mm. Hg.

The upper- and lower-limit switchihg functions of the
meter relay determined the direction of current ia the con-
trol motor's armature and thus its direction of rotation.
The control motor was a small separately-excited shunt-wound
d-c unit.! Its field was continually excited by 2 27 volt
d-c supply whlle a separate O to 35 volt d-c¢ supply provided
the armeature voltage. The speed of the output shaft of the
conirol motor was variable from zero fto 30 revolutions per
minute. Thus the error-correcting response time of the con-
trol system could be varied simply by changing the speed of
the conirol motor. The motor was connected to the air bleed-
off CONTROL VALVE of the prneumatic system. This valve was
responsible for controlling the stroke volume of the artifi-
cial ventricle.

Figure 27 is a photograph of the control motor power

supply module which can drive two motors. The relays (two

1T‘ype B-9-1, John Oster Manufacturing Company, Genoa,
Illinois.
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DPDT types per motor) which control the current direction in
the armature are ai the top of the module. The black knobs
set the desired motor speed. The other switches allow either
for automatic operation or for manual operation with control
over the direction of armature rotation. The meter provides
an indication of relative motor speed (30 revolutions per
minute = maximum speed = 1.0).

Figure 28 is a photograph of the module which contains
the meter relsys and the necessary electronics for both
powering the pressure transducers and processing their sig-
rals. The Siatham pressure transducer is also shown in the
photograph. CThe pressure reference zone is determined by
the settings of the thick meter pointers. The accompanying
electronics for the meter relayé are located in another
module (Figure 24). The meter relay module is a completely
self-contained unit (except for a-c power) as far as pressure
measurement is concerned and can be used as a two-pressure
monitor for any surgical procedure.

The remaining components of the two-ventricle control
system are shown in Figures 22 and 23. The module shown in
these two figures has been described earlier. The latter
figure shows the air bleed-off valves (labeled CONTROL VALVE)
at the rear of the chassis, To perrit a2 linear displaceument
of the CONTROL VAiVE shaft, this sheft was connected to the
control motor shafi{ by a six-inch flexible coupling. The

verious lamps (labeled INC, DEC, A, B, C, and D) seen in
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Flgure 22 indicate both when the control motor is operating
and what it is attempting to do. The RESET button reverses
the direction of control motor rotation -- an event which
becomes necessary when the CONTROL VALVE reaches elther
i4s fully closed or fully opened positidﬁ;4“ .

The control sysiem is a regulator type (as opposed to a
follower iype) since its purpose is the regulation of the
liquid preésure in the artificial ventricle's input line
within a set range regardless of any fluctuations that occur
as a result of external disturbances (84). The reference
input, which is the "signal" established as 2 standard of
comparison for the feedback control system, 1s determined
by the limit markers on the meter relay. The directly con-
trolled wvariable is Tthe liguid input line pressure since
it is directly méésured‘and controlled. The stroke: volume
of the artificial ventricle is actually an indirectly con-
trolled variable even though it constitutes the output of
the entire system. The stroke volume could also be called
the output forcing function.

This is a closed-loop control system since it contains
a2 feedbacx loop and éorrective effort is determined by both
the desired value and the actual value of the controlled
variable. DNegative feedback is utilized to cause the infilu-
ence of a disturbance to the regulatof to pe minimized so
that the system maintains, within limits, a constant liquid

input line pressure. Also the controller is a continuous
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system as opposed to a sampled-data system.

Finally the control system is subject to further sub-
division due to the relationship between the output forcing
function (stroke volume) and the actuzating or error signal
(abnormel liquid input line pressure deviation). The system
is called a maximum-effort type of controller (84, 85). The
pexinun-effort principle 1s an intentionzl use of nonline-
arlity. It is a nonlinear system since there is no tendency
for the relationship between the output and input to be =2
constant. A linear controller grades its output in propor-
tion to the error signal (and possibly also to its deriva-
tives and integrals). The linear design therefore arises
from an error-oriented viewpoint. The maximum-effort view-
point, however, 1ls energy-oriented and involves using =211
available effort to counteract an error whenever corrective
action is called for. In other words, when the error signal
leaves a}preset range, the control system switches in a2 set
‘amount of power to drive the controlled variable back toward
its chosen setting.

To better illustrate this regulator's degree of fine
control over a measured variable, several simple control
systems will be described. With reference to Figure 29,
vart 2 shows 2 simple on-off response to a2 measured parameter,
such as turning on room lamps when the sun goes behind a
cloud. There is no regulaztion of the measured parameter and

there is no feedback. DPart b represents the usual home~
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heating system where feedback is combined with on-off re-
sponse. The furnace goes on 1if the room temperature falls
below the desired cortrol point. However the room tempera-
ture may climb much higher than desired since no cooling is
provided. The system of part c provides both heating and
cooling and could represent the temperature control of a
water bath. Note that the rate of heating or cooling is
reduced as the control point is approached. The control
problem of part d is the same as that of part ¢ except that
two modifications have been incorporated to improve the speed
and accuracy of the system's responmse. Heating and cooling
now operate at a constant rate when called for. This is the
meximum-effort response. However, in addition a computer
measures the time derivative of the controlled parameter,
takes account of the lag time in the femperafure-recording
device, and shuts off the heating or cooling before the
control point is reached. Thus oscillation of the system is
quickly damped. Another way to minimize the "hunting" action
is fhe use a '"bang-bang"” controller in which maximum positi#e
effort alternates with meximum negative effort in the same
cycle (85).

The transfer function for the maximum-effort regulator
of the artificial ventricle's control system is shown in
Figure 30. Note that there is a wide degree of adjustment
possible in sevefal variables: 1) the chosen optimum fluid

pressure (P); 2) the width of the pressure reference zone
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(W); and 3) the degree of effort (h) to be expended (actually
control motor speed). The point P does not necessarily have
t0 be in the center of the pressure reference zone. For the
contirol system built in this study, the magnitude of the
effort exerted is independent of the direction of the error

. The alternate case, |h_| #

present, i.e., |1 | = [ .
’h+} , would be necessary if, for example, 2 positive error
were to be welghted more than a negative error.

The pressure reference zone (in PFigure 30) could be
compressed to a single vertical lirne but then the control
system would be trying to correct for small and continual
variations. These corrections are unnecessary since small
pressure variations (respiratory modulation) are normal and
do not constitute detrimental errors. Thus the control
system cannot "fight" with the animal in trying to alter
these normally occurring variations. The zero-widih refer-
ence zone control system is briefly discussed by Merriam
(83). He also demounstrated that, in general, when only
response errors are weighted in an error measure (i.e., the
control effort is not weighted), the optimum controller is
always of the maximum-effort variety.

The actual optimization of the artificial veniricle's
control system is an attractive idea but no sﬁch attempt to
do so was undertaken. The underlying concept of optimization
is quite simple: generate a signal that will vary the con-

trol settings for the process in such a way that a2 selected
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performance 1lndex stays at an optimum value despite random
variations in eny factors thet affect the process (84).

There are two disadvantages to the maximum-effort con-
trol system. One is that it has a tendency to hunt around
the zero signal level. However, thls is, in part, 2 function
o the width of the reference zone. The other is that in
systemns with time constants it is not easy to predict the
proper noment ito switch off the actuétor"iﬁ‘brdef to‘prevent
overshoot. The experimental performeance of the control
systen will be discussed in a later section. However, it
should be ﬁointed out now that resulis of animal trials
indiczted thet the pressure-responsive coﬁtrol system often
exnibifed a hunting respounse. It appeared that the animal's
response time1 was relatively long. In other words, the
input (reference zone on meter relay) did not know what the
output forcing function was doing until a significant amount
of time later. The hunting response was minimized by using
2 small rate of change in error correction, i.e., a rele-
tively small magnitude of effort h. The problem could also
possibly be alleviated by incorporating a sampling neiwork
into the control system.

Although only one pressure signal was used as a

17ne response time of the animal can be considered to be
the interval of time between a change in arftificial ventricu-
lar stroke volume and the resulting change in liquid input
line pressure.



118

contfolling parameter, there was no guarantee that it pro-
vided the best match with the animal's remaining control
systems (which include various vascular and respiratory
reflexes). Much work needs to be done on matching these
remaining regulatory mechanisms of the experimental animal
to the inanimate control and power systems associated with'
the artificial ventricles. It may be necessary to have a
rapid response to and a rapid correction of small errors,
or, quick error response with slow correction may be a beiter
combination. Another possibility would be to have a slow
(or delayed) respomnse to an error along with either 2 fast
or a slow rate of error correction. It is very likely that
various combinations of responses and correctiions may prove
to be optimal. A comprehensive study not only of other
selected functional cardiopulmonary variables but also of
various response-correction combinations should be underf
taken, with the goal of determining which one or combination
of variables would best reflect the circulatory requirements
of the body and activate the conirol mechanism.

More important, it might be desirabvle to incorporate
into the system the capability of response to multiple input
signals. With several physiologic signals as possible
feedback parameters, it is apparent that some sort of logic
system would be deéirable in order to make optimum use of the
available physiologic information. A logic system, glven

the parameters and their limits, could decide which parameter
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should do the controliing and under what circumstances it
should dominate. Alternately, combinational control of the
artificial ventricle might be advantagéous. By this means,
several different functlons of the artificial ventricle (rate,
duty cycle, air pressure rise time; etc}) would be controlled
by separate feedback parameters. .This might allow the regu-
latory system to more closely approximate the natural_heart’s
mechanisms for control.

Consideration should also be given to means which will
assufe equal blood flow from both right and left ventricles
or wnich will contlnuously minimize their time-integrated
flow differences. The scheme of pressure sensing used in
this control system does give an indication of flow balance.
If 2 flow imbalance develops over a short period of time,
the liquid input line pressure of the aritificial ventricle
changes. The control system senses this change in pressure
and acts to correct it. The correction also alters the blood
flow rate and thus tends to suppress the flow imbalance
(providing vascular resistance does not change appreciably).
Sinmultaneous pressure and flow measurements need to be made
to completely validate this action.

It can be appreciated that the use of biochemical pa-
remeters might more accurately reflect the varying metabolic
needs of the tissues., The use of both arterial and venous
oxyhemoglobin concentrations as feedback parameters has been

attempted with the system described in this dissertation
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(34, 35, 41, 42). Satisfaciory control (in 2 dual ventrice-
lar bypass experiment) was atizined by using venous oxyhemo-
globin concentration to control the right artificial ventri-
cle and by using left atrial pressure to control the left
artificlal ventricle. The advantage of using this combination
of control parameters was that one (oxyhemoglobin councentra=-
tion) insured that the blood flow met the metabolic require-
ments of the tissues, while the other (atrial pressure)
tended To assure the proper disiribution of circulating blood
volure.

Finally such factors as the amplitude, auration; and
frequency of the electrocardiogram's P-wave might possivly
be utilized in the regulation of the artificial ventricle;
The atrial contribution to the elecirocardiogram signal is a
manifestation of central nervous system moderator activiiy.
The surglcal attachment of the implantable artificial
ventricle, as is contemplated in future experiments in this
research, is such that the atria will remain iatact and,
hovefully, viable. If +the electrical signal remains active
and coordinated with circulatory needs, it would make zn.

ideal feedback parameter to control the "heart" rate of an

artificial ventricle.
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EXPERIMENTAL RESULTS
In Vivo Experiments

Both in vivo (animal) and in vitro (bench) experiments
were conducted to evaluate the artificial ventricles, the
prneumatic power system, and the automatic control system.
These experiments were done in order to properly test the
entire device's overalllquality éé'a normal heart substitute.
Once a few preliminary bench tests were performed on an
inanimate model of the circulatory system, in vivo studies
with the device were conducted. Due to the testing sequence
adopted, 2 large number of maneuvers were carried out on
animals before they were done on the circulatory model. The
animal exXperiments not only gave a better insight into the
operation of the complete device, but also led to several
observations which were ;ater attempted on the external cir-
culatory model. PFor these reasons, the animal exXperiments
will be described first. |

Evaluation of all components in the artificial ventricle
system was through the use of the dog as the experimental
animal. Dogs were used in the acute studies mainly because
of their availability, cardiovascular anatomy, and ease of
handling. All animals utilized in this research were han-
dled and cared for in the manner described in "Principles
in the Care and Use of Experimental Animals in the College
of Veterinary Medicine, Iowa State University."
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A team counsisting of two or three surgeons, an engineer,
a medical technologist, and an instrumentation technician
performed the experimental trials. In these procedures 32
dogs weilghing from 15 to 40 kilograms were used. They were
anesthetized by giving sodium pentobarbital intravenously
to attain surgical anesthesia. Intermittent positive pres-
sure ventilation was maintained by using.a commercial res-
pirator.1 Ventilation fate for the anesthetized animals
wes about 200 milliliters of oxygen per kilogram per minute
(81).

The in vivo testing involved the development and utili-
zation of three types of short-term, open-chest procedures.
Since the goal of the project was to develop a successful
system, the protocol for each procedure varied from one ex-
periment to the next because it incorporated changes sug-
gested from the results of earlier trials. The three pro-
cedures used were 1) total cardiopulmonary (heart-lung)
 bypass, 2) right ventricular bypass, and 3) left ventricular
bypass. (Dual ventricular bypass eiperiments were performed
on 33 dogs using this system in conjunction with another
project (34, 41). In these procedures, both right and left
natural ventricles were surgically removed and circulation

was maintained using the Model II veuntricles.) Generally a

1Prothoracic PR-3 respirator. Professional Veterinary
Supply, Miami, Florida.
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fixed artificial heart rate of 80 beats per minute was
employed and 33 1/3 percent of the pumping cycle was systole.

The majority of the in vivo trials were individual right
and left ventricular bypasses. In these procedures, the |
natural ventricles were bypéssed but left intact and did not
pump blood (except for flow into the coronary circulation
from the left ventricle). The lungs oxygenated the blood.

The Model II artificial ventricles were located extra-
corporeally in 21l experiments and were connected to the
animel's vascular system with short lengths of polyvinyl
chloride <tubing. The connections used were from the right
auricle {or vena cavae) to the right artificial ventricle
and then to the pulmonary artery. The blood from the 1eft'
auricle was passed through the left artificial ventricle
and into the aorta (or femoral arteries). ZEach artificial
ventricle was used interchangeably in these trials. 4
series of surgical procedures was first required to establish
these techniques as standard test methods.

Naturally open-chest experiments do not impose normal
operating conditions on the animal's cardiovascular system
since the pressures in the thorax are obviously altered.

To get optimum performance from an anesthetized animal, the
chest should be closed. This will also reduce the suséepti-
bility to surgical shock. However, open-chest trials nat-
urally precede closed~-chest trials and the data obtained can

be validly related to other types of procedures.
. , ,
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The pumping system (without feedback control) was used
effectively in total heart-lung bypass experiments. This
preparation was utilized in 12 dogs to evaluate the pumping
ability of both the pneumatic power system and the Model II
ventricles. Normal flow rates for a dog (at normothermia)
of approximately 100 to 400 milliliters per kilogram per
minute were sought (20).

A right thoracotomj was performed through the fifth -

- intercostal space. The azygos vein was ligated. Heparin
(three milligrams per kilogram of body weight) was given at
this time in order to prevent blood coagulation during the
ensuing procedures. The pericardial sac was incised and
cannulas were lnserted into the anterior and posterior vena
caval veins through incisions in the wall of the right atrium.
Loops of umbilical tape were placed around thé vena cavae
1.5 centimeters from the tips of the cannulae, The left
femoral artery was cannulated with a relatively large can-
nula. Catheters were inserted in the fight femoral artery
and right jugular vein for the purpose of measuring central
arterial and venous pressures respectively. By occluding
the caval ligatures all systemic venous blood, except that
returning through the coronary veins, could be shunted
through the extracorporeal circult.

The total heart-lung bypass procedure is schématically
illustrated in Pigure 31. The external blood path consisfed
of a bubble oxygenator, a device for heating or cooling the
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blood, and‘the artificial ventricle. Blood-gas lnterchange
was accomplished by bubbling either 100 percent oxygen or
95 percent oxygen and five percent carbon dioxide through
the bubble oxygenator. In these trials, the artificizal
ventricles performed as well as a commercial finger-type
blood pump. |

The second procedure used was a right ventricular by~
pass. This procedure Wés the primary technique used to
evaluate the complete system. In 14 dogs a left thoracotomy
was performed through the fourth intercostal space. 4An in-
take cannula for the artificial ventricle was placed in the
right atrium. A second cannula was insertéd in the pulmonary
artery through a right ventriculotomy incision. A loose
ligature was placed around the pulmonary artery. By tight-
ening this loop around the cannula outflow from the right
ventricle was prevented and all the blood entering the right
atrium was made to flow through the external circuit. This
procedure is shown in Figure 32. The artificial ventricle
was evaluated as a replacement for the natural right ventri-
cle using this openfchest technique.

The third procedure involved a left ventricular bypass,
and was used in six dogs. The blood shunting technique was
similar to that described above, except that the intake can-
nula for the extracorporeal circuit was placed in the left |
atrium and the outflow cannula was placed in the right fem-

oral artery. During bypass a clamp was placed on the aorta
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downstream from the origin of the coronary arteries, thus
blocking aortic blood flow to the periphery. In this proce-
dure the artificial ventricle replaced the function of the.
natural left ventricle except for furnishing coronary arte-
rial blood flow. This third procedure is illustrated in
Figure 33. Bypass techniques in which the individual ventri-
cles were shunted did not require an external blood=-gas
exchanger since the pulmbnary circulation was not interrupted.
In order to evaluate not only the components of the
artificial ventricle system but also the condition of the
animal, the following parameters were monitored utilizing
appropriate transducers and multichannel paper recorders.’
1. Electroencephalogram (EEG)
2. Electrocardiogram (EXG)
3. Aortic blood pressure -- strain gauge transducer
and fluid-filled cannula
4. Pulmonary arterial blood pressure =-- strain gauge
transducer and fluid-filled cannula
5. Right atrial blood pressure -- strain gauge
transducer and fluid-filled cannula
6., ILeft atrial blood pressure -- strain guage
transducer and fluid-filled cannula

7. Thoracic esophageal temperature -- thermistor

lgrass Model 5 and Model 7 Polygraphs, Grass Instru-
ments Company, Quincy, Massachusetts.
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8. Blood flow rate through the artificial ventricle -~

electromagnetic flowmeter

9. Air pressure waveform in the artificlal ventricle «-

strain gauge transducer and air-filled cannula
Note that parameters No. 5 and No. & are the signals asso=-
ciated with the automatic control systen.

EXG and EEG potentials were monitored because they are
sensitive indicators of myocardial and brain function re-
spectively. Deterioration of these signals during the trials
could be interpreted as evidence of inadequate oxygenation
of these vital tissues.

During each surgical procedure blood biochemical and
hematological studies (pH, Pops PCOps hematocrit, total
hemoglobin, and plasma hemoglobin) were also used to evaluate
the animal'’s condition. The blood samples used for gas
concentration determinations were refrigerated and then
transported to a local hospital for testing following com=
pletion of the experimental procedure.

The presurgical bioelectric and blood biochemical and
hematological control values for each animal were compared
with those values determined during experimentation. It
should be mentioned that in trials where maximum survival
time is to be sought, additional criteria (physical condi=~
tion,'mental alertness, etc.) might be included in the
overall evaluation of the animael-machine combination.

The primary criterion for evaluating the performance
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of the artificial ventricle system in the above trials was
the ability of the equipment to maintain the animals in as
near normal state of homeostasis as possible concommittant
with adequate atrial (input line) pressure regulation. In
the right ven?ricular bypass procedures, experimental ma-
neuvers were conducted to vary vena caval blood pressure.
Circulating blood volume, one of the determinants of venous
pressure, was varied by 1) removing blood, 2) infusing five
percent dextrose solution or ten perceﬁt dextran in five
percent dextrose, and 3) infusing, in single doses or con-
tinuously, hypertensive drugs and ganglionic blocking agents.
Venous pressures were alsc momentarily changed by varying
intrapulmonic pressur§.§uring intermittent bositive pres-
sure ventilation. Finally perturbations were induced in a
satisfactorily functioning animal preparation by manually
‘altering the fluid output of the artificial ventricle. The
control system's function, then, was to restore the animal's
altered venous pressure back to its normal level (determined
by the limit points on the meter relay) after these changes
occurred. The response times of the venous pressure regu-
lating system were of particular importance in these trials.

Figure 34 shows recordings of EKG, pulmonary arterial,
systemic arterial, and vena caval blood pressures, relative
mean blood flow rate through the artificial ventricle, and
EEG taken during a right ventricular bypass test of the

system. The hash-marked sections of the time channel
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(center recording) indicate intervels in which the control
motor was active. The D and I markings indicate attempts

ol the control system to decrease or lncrease the vena caval
blood pressure respectively. The slow corrections in vena
caval blood pressure are easily seen as are similar waveform
changes in pulmonary and systemic arterial pressures and
artificial ventricular blood flow. In this control seguence,
the overcorrecting response of the animal-machine system was
due to too fast a response time of the automatic control
system. This overcorrecting (or hunting) response can be
minimized by matching the control system's response time to
that of the animal's. Varying the speed of the control motor
conveniently changes the control system's respounse time.

This latter effect is also demonstrated in Figure 34 where
the motor speed in the right half of the recording was

faster than that in the left half, The various blood pres=-
sures and the blood flow show continual change as the CONTROL
VALVE varies its position when the conirol system is oper-
ating.

Another example of corrective control sequences with
different system response times in a right ventricular bypass
vprocedure is shown in Figure 35. The first and second hash
marks on the>time channel indicate, respectively, an in-
crease and decrease in control motor speed. The third hash
marx indicates where the automatic feature of the control

system was turned off. It is easily seen how changes in




130

control motér speed affect the period and amplitude of the
cyclic vena caval blood pressure waveform. Again these
cyclic variations are evident in some recorded parameters
other than the vena caval blood pressure.

The control system's response to alterations in vena
caval blood pressure can also be studiéd by perturbations
to the animal-machine combination such as those shown in
Pigure 36. In these instances the source air pressure was
manually decreased. This caused an immediate decrease in ,
stroke volume of the artificial ventricle which in turn
allowed the venous pressure to rise., The increase in venous
vressure triggered the control system and within 70 seconds
of the onset of the initial change the blood flow and blood
pressures were back to their previous levels. The right
section of the figure also shows a similar perturbation
only with mean levels of some of the paramete:s being‘re-
corded. Again the contfol system equilibrated the venous
pressure within several cycles. The extreme left endlof the
figufe shows expanded recordings of the measured parameters.

During the right ventricular bypass trials it was pos-
sible to maintain a2lmost normal systemic arterial pressure
and blood flow with only a slight increase in vena caval
blood pressure, providing the circulating'blood volume was
adequate and kept fairly constant. ©No changes were observed
in the waveforms of the EKG and EEG biopotentials during

bypass. The preservation of normal waveforms (for the
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anesthetic state) inferred adequate oxygepat;on of t@ose
tissues which have high oxygen requiremeﬁts.

Negative pressure, developed in the input line during
the filling phase of the artificial ventricle, often caused
the collaps; of atrial tissue into the right atrial cannule,
thus severely limiting the blood flow. It is possible that
this phenomenon is more pronounced in a shorit-term open-
chest trial than it would be in a closed-chest trial using
an implanted device. In the latter case, surgical connec-
tions to the natural heart would allow the atrizal chamber
to function more efficiently as a buffer chamber to reduce
the pressure gradients occurring between the central veins
and the artificial ventricle's blood chamber.

In addition to ventricular bypass experiments, it is
important to conduct both ventricular assist studies and
total ventricular replacement studies. The circulation
pattern in the assistive studies puts two artificial ven-
tricles into parallel operation with the natural ventricles.
By controlling the blood flow through the natural ventri-
cles, the blood flow through the artificial ventricles can
be varied from zero to full "cardiac" output.

In order to conduct the total replacement studies a
method must be developed to attach the proper ports of each
artificial ventricle to the aorta, pulmonary artery, and
right and left atria. Also a surgical procedure to perform

a satisfactory bilateral ventriculectomy is necessary. This
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procedure will assure that an adequate portion of the coro=-
nary blood supply will be retained to maintain atrial myo-
cafdial tissue in a viable state., 3By not removing the aitrisa,
important reflexes from their walls will be preserved and
may possibly be utilized as 2 means of feedback control.
Finally a technique must be established for a smooth, flaﬁ-
proof conversion from totzal cardiopulmonary bypass to total
implanted artificial ventricular function. The best combi-
nation of anesthetic procedures must be determined to mini-
mize depression of the central nervous system and the re-
spiratory and vascular regulatory mechanisms. There is a
likelihood that a more efficient external control system is
reéuired for an animal preparation lacking the control
mechanisms of a natural heart.

Providing that all of the above listed phases #ere
carried out satisfactorily, an artificial ventricle could be
implanted using aseptic techni@ue and then evaluated in
closed-chest, consclous animals., Cardiovascular studies
might include those enumerated above and, when possible,
postoperative clinical, clinicopathological, and gross and
microscopic tissue evaluations to determine the adequacy of

the artificial ventricles.
In Vitro Experiments

This section 1s concerned with the performance of a

single Model II artificial ventricle and its control systenm
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in conjunction with a specialized test circulation. The
response of the ventricle's liquid input line pressure to
various disturbances was sought under differing conditions
of control motor operation. Water was used for the ecircu-
lated fluid in all cases,

A diagram of the experimental layout is shown in Figure
37. The output of the artificial ventricle was returned to
the constant level reservoir. This reservoir was also sup-
plied with tap water to assure a counstant flow from the
reservoir régardless of the artificial ventricle's flow rate.
The constant level reservoir drzined into the ventricle's
filling reservoir. The liquid input line pressuré (control
signal) was proportional to the level (hv) of the water in
the filling reservoir above the pressure: transducer.’

Note that a closed circulation was not used. Since the
“est circulation possessed no distensibility, there were no
temporary storage areas for the liquid. Thus to transfer
volumes of liquid, both liquid inflow and outflow tracts were
a2dded to the test circulation. Note that since only one
ventricle was employed in the test circulation, interaction
between two pumps was absent. Naturally this interaction is
present in the normal circulatory system.

Even though the test circulation was not closed, the
control system did possess a closed loop. In Figure 37 it
can be seen that the loop was a combination of electrical,

meckanical, pneumatic, and hydraulic elements. The sensing
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and conitrol path was composed of the following sections in
sequence: ligquid input line pressure to the artificial ven-
tricle; pressure itransducer; amplifier; meter relay; control
motor; air bleed-off control valve; and the artificial ven-
tricle.

Consider the test circulation to be in equilibrium.
Then the flow rate through the artificial ventricle is con-
stant and 1s such that there is no'change in the level h,.
In other words, the artificial ventricle is pumping all thet
comes to 1t by way of the comnstant level reservoir. Into
this steady-state condition suppose a perturbation is intro-
duced by a change in any one of the following variables: 1)
vulsed air pressure (i.e., stroke volume); 2) flow rate into
the filling reservoir; 3) the level hy; or 4) limit markers
on the meter relay. Any one of theselchanges will lead %o
the establishment of a liquid input line pressure which is
outside the chosen pressure reference zone. In other words,
an error signal will be generated. The control motor will
then be activated and the artificial ventricle's stroke
volume will be altered in an attempt to restore the original
operating point. 3y varying the speed of the control motor,
with a1l other variables being held constant, various re-
sponses can be obtained and recorded as the control system
rezacts to the disturbances in the test circulation.

All of the above perturbations were induced into the

equilibrated test circulation. In all trials the air bleed-
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off conirol valve was initially éet a2t the same position and
the artificial ventricle's rate was 70 beats per minute wnile
its dutly cycle was 35 percent. All of the in viiro trials
exnibited the same behavior -~ the liquid input line pressure
showed an osclllatory response with a linearly increasing
amplitude. This behavior continued until the air bleed-off
control valve reached its fully closed position at which time
the control system was automatically deactivated and the
trial termirated. Thus the test circulation~control system
composite was unstable.

Two recordings will be presented which illustrate the
sysiem's response to two perturbations under two different
control conditlons. The recordings were made on a Grass
Model 7 Polygraph at a paper speed of 0.50 millimeters per
second. The slow paper speed was the reazson that only the
envelope of the air pressure waveform is seen.

Figure 38 shows recordings of control motor effort, air
oressure at the bvase of the artificlial ventricle, and liguid
input line pressure. The two pressures were measured in
millimeters of mercury (mm. Hg). In this trial the meter
relay was calibrated for a full scale pressure reading of 8.0
nm, Hg (thus the meter's sensitivity was 0.16 mm. Hg per
division), the width of the pressure reference zone was 5.0
divisions (0.80 mm. Hg), and the relative motor speed was
0.20. The meter relay limlt markers were set so that the

meter indication was in the center of the reference zone in
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the steady-state condition. o |

At the event mark (foﬁrth tracing) both liﬁit markers
on the meter relay were increased by three divisions (0.48
mm. Hg). This action simulated 2 step decrease in the liquid
input line‘pressure. The control system interpreted this
event as a condition in which the artificial ventricle's
stroke volume was excessive., A reduction in stroke volume
was initiated to bring about an increased liquid input line
pressure. These events are obvious in all three tracings
of Figure 38. The INC and DEC designations indicate, re-
spectively, efforts by the conitrol system to increase and
decrease the liquid input line pressure. The unstable grow=-
ing response (which terminated a2t the asterisk) is easily
seen. Note also that the duration of each individual control
~effort period was longer than its predecessor.

In an attempt to eliminate the unstable respvonse,
intermittent operation of the control motor was next used.
A timing circult allowed the conirol motor to function for
only a percentage of the time whenever an error signal was
present (47). The "sampling" rate was adjustable from two
to 60 samples per minute and the duration of control motor
action was adjustable from 0.5 to 25 seconds. Different
settings of these two adjustments, then, could produce control
motor duty cycles of 1.67 to 100 percent. The cycling of
the Timing circult was independent of the error signal.

Figure 39 shows the result of a trizal in which the
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sensitivity of the meter relay was 0.16 mmfﬁﬁg'pervdivision,
the pressure reference zoné width was three divisions (0.48
mm. Hg), and the relative motor speed was 0.40. The duty
cycle of the control motor was 50 percent (five seconds "on"
and five seconds "off"). At the event mark a slight decrease
in liquid flow raﬁe into the filling reservoir was initiated.
The control system interpreted this.event as a condition in
which the artificial ventricle's stroke volume was excessive.
A reduction in stroke volume was initiated to bring about

an increase in the liquld input line pressure. Again, these
events are obvious in all three traces of the.recording as 1s
the resulting unstable growing response.

There are several possible explanations for the unstable

responses obtained in these trizls: |

1. The stroke volume of the artificial ventricle was
not a function of its input f£illing pressure. Thus,
with a deactivated control system, the ventricle's
liquid flow rate would be stable regardless of the
level h, (in Figure 37).

2. Only one parameter was utilized as a conirol signal
(liquid input pressure) even though two parameters
were varying (liquid input pressure and pulsed air
pressure). Thus a return to a stable condition
necessitated that both parameters attain their pre-
perturbation values simultaneously. It was not

sufficient that only the control signal parameter
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returned to its initial value.

3. The use of too large a dizmeter (14 centimeters)
filling reservoir caused a considerable degradation
in the control system's performance. A pressure
reference zone width of five divisions (0.80 mm. Hg)
meant that the level hv had to change by 1.09 centi-
meters for the meter indication to travel the width
of the zoné. Thus. with a small ventricular flow
imbalance, a‘significant amount of time was needed to
change this level and the control system was not
immediately aware of either what or when corrective
maneuvers vere taking place.

The above results were presented only to show the control
system's performance when used with a specific test circula-
tion. Many refinements could have been added t0 the systen
such as rate feedback and synchronization of the intermittent
control motor operation with the initiation of an error. 3Bux
since the test ciréulation itself was not a true model of the

normal circulatory system, effort spent on refinements would

be of limited value.
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SUMMARY AND CONCLUSIONS

The research described in this dissertation is ultimately
directed toward a problem which occurs in heart attack cases,
that of adequate treatment for the irreversibly damaged heart.
Such a heart is one where partial recovery and healing cannot
occur even after temporary assistance by either a heart-lung
machine or an artificial intrathoracic bypass pump.

The many technical problems relating to the development
of a éatisfactory heart substitute have been discussed.

These include the use of proper materials which will satisfy
both the physiologic and physical reguirements imposed by
years of uninterrupted service. For portable automatic con-
trol, transducers for permanent implantation together with
miniaturized circultry must be designed and optimally uti-
iized. A driving mechanism must be provided to continuously
energize the artificial heart. The intrathoracic pump must
minimize heat production to levels which are safe and toler-
able by the body. TFinally, an energy source which is port-
able, reliable, and powerful must be provided. Significant
advances in all the above-mentiioned areas will open new
possibilities of sustaining useful and productive life in
certain selected clinical cases of otherwise fatal heart
disease. |

The design and performance of the artificial ventricles

and the power and control systems developed in this research
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have been described. The limitations of the system were
mentioned along with recommendations for improvement. Both
in vivo and in vitro experiments were conducted with the

in vivo trials being the ultimate tests for adeguate per-
formance. The main emphasis in the in vivo experiments was
on the performance of the entire system in short-term animal
trials. Long-term animal survival was not sought. The in
vitro experiﬁents were conducted to determine some capabil-
ities of the overall system.

The results of automatic control of an artificial ven-
tricle using a single physiologic parameter were, for the
most part, encouraging. However, situdles should be conducted
to compare the relativé efficacy of several physiologic
events utilized to control single and dual artificiazl ven-
tricles both in assistive and in total ventricular replace-
ment modes.

it is hoped that this research can contribute both to
the investigations of control problem gspects of implantable
artificial hearts and to the treatment of the irreversibly
damaged human heart., Although many obstacles impede the
achievement of total success in this endeavor, the difficul-
ties seem not to be of any greater magnitude than those found
as 2 result of natural heart transplantation.

FPinally, to philosophize a 1ittle and borrow some words
of Willem J. XKolff (64):

"Life might still be acceptable if 2 vigorous artificial
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neart could be supplied, even if two small tubes would have
to connect the patient with some kind of pressure system.
It is not a solution that any normal man would look forward
to, but for the patient in desperate heart fallure, what

would be the alternative?"
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Pigure 16. The three artificial ventricles

Figure 17. The disassembled Model II arii-
ficial ventricle (Letters are
explained in the text.)
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pressure was five nm. Hg. .



Flow rate in liters per minute

WL
TL

-10

=5 0 5 10

Input £illing pressure in millimeters oi mercury

Figure 19.

Liguid outout of the Model II ventricle as a
funcition of both input filling pressure and
pulsed air pressure. The number in ( ) is
the resting level of the pulsed air pressure
in pounds per saquare inch. The output pres-
sure head was 80 mm. Hg. .

15




170

70 — : .

s
#E 6ok °
93 e
32 0, 7
~ O
fa 7
oF .7
els}
f{% 40 70
o /
e d
50 4
.y 4
alk 30—//
48 6
p

20 : -

o 20 . 60

Time in ninutes

Pigure 20. Appearance of plasma hemoglobin as
a function of time for a Model II
artificial ventricle



> T0 SECOND SYSTEM

AIR ON-OFF ADJUST ///ﬂ
SOURCE VAIVE (regulator)
PRESSURE
//)“ LINE
PRESSURE A
RATE DUTY CYCLE SOLENOID SOLE- |
) - -~ 3 ( - e -3 - -~ - => NOID [ >
(oscillator MSHMV ) DRIVER VAIVE
B
N | B —
MANUAL : CONTROL
| VAIVE
ARTIFICIAL CONTROL _ _j
VENTRICLE MOTOR

Figure 21. Block diagram of a one~ventricle pne¢ .natic power system

11



172

Pigure 22. ZPressure control module -- front view
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Figure 24, Heart rete a2nd duty cycle module

Pigure 25. Flow and pressure recordings




Figure 26. Block diagram of a one-ventricle control
system and the circulatory system
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Figure 27.
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Figure 31. Schematic diagram of the totzal
cardiopulmonary bypass procedure

Pigure 32. Schematic diagram of the right
ventricular bypass procedure
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Figure 33. Schematic diagram of the left
ventricular bypass procedure

Figure 34. Recordings taken during an in vivoe
automatic control cequence -- stable
oscillating respouse
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TABLE




Table 1.

Specifications of the three artificial ventricles

Size in
centi-
meters, Welght Air chamber Diastolic Stoke
length x in volume 1in volume in volumne in
Model diameter grams milliliters milliliters milliliters
I 30.1 x 9.5 406 44 -~ 196 70 0 - 25
II 7.0 x 6.5 234 15 ~ 40 34 -~ 90 0 - 40
III 15.0 x 11.4 666 70 - 200 155 0 - 100
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