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INTRODUCTION

This paper presents some of the
results of our experimental studies
with a new circulation model. The
advantage of the new model is
evaluated, particularly in relation to
testing of artificial hearts.

In 1912, Krokh 1 and in 1940,
bayliss2 described the forerunners
of such a model. In 1961 Rushmer3
also gave an example of such a
model, which consisted of a pump,
a compression chamber, a variable
resistance, and a reservoir. In 1959
Kolff4 showed the importance of
using such a system to test artificial

hearts. He called it a ‘““mock circula-

tion”’. In 4 mock circulation the out-
put of an artificial heart in relation
to various resistances, the response
of the heart to various venous pres-
sures, the function of the atria and
of the artificial valves, and the best
positive and negative driving pres-
sure can be tested. The question of
equilibrium of output of the right
and left ventricles can be studied. In
long testing flaws, such as leaks of
the artificial heart becomes ap-
parent, and can be corrected so that
subsequently the lives of animals,
as well as money will be saved.

METHOD AND MATERIALS

The new circuation model was
designed and constructed by Hydro-
space Research Company in Rock-
ville, Maryland. The entire system
is built of medical grade Silastic. It
is comprised of two discrete parts:
(1) the circulatory system which
is called the circulator, and (2) the
controller (Fig. 1 and 2).
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Figure 2,

The Circulator. Each ventricle is
connected to a long tube that is the
artificial aorta and the pulmonary
artery. Approximately midway be-
tween the heart and the end of this
tube there is a manifold area where
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260 small tubes (Fig. 4) each hav-
ing an internal diameter of 0.058
inch emerge and pass under the two
bags that serve as air chambers.
These bags can then exert a pres-
sure on the small tubing, forcing
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them against an aluminum plate,
thus constricting the lumen and
thereby increasing the resistance to
flow. These small tubing then emp-
ty into the artificial vena cava or
into the pulmonary vein, which
returns the fluid to the atria. The
aorta and pulmonary artery have
tails (Fig. 1 and 2) comprised of
tubes 1-inch internal diameter; they
are surrounded by polyurethane
foam. The foam is then covered
with 0.020 inch thick Dacron rein-
forced Silastic. The basic difference
between the systemic and pulmon-
ary circulation is the length of the
small tubes. That is, the tubing on
the systemic side is 36 in. long,
while on the pulmonary side it is
4 in. long.

The Controller. The controller
can be described as two subpackages,
one being the air supply, the other
the electronic control system (Fig.
2). The air supply system consists
of two large air reservoirs that
supply compressed air to the com-
pressing bags. The electric controller
consists of two controlling systems,
one for the systemic and one for the
pulmonary side. Each side of the
controller adjusts the peripheral re-
sistance of each side of the circula-
tory system independently. The
controller is capable of measuring
venous and arterial pressure and
aortic flow. It can be set to control
one of the three variables. This is
accomplished by means of 4 linear
core pressure transducers, two per
side, and an electromagnetic flow-
meter for each side. All the signals
from the system are read as mean
values, and the pulsatile measure-
ments can be recorded. The console
is capable of controlling one vari-
able per side of the circulator. The
other two variables can be consid-
ered as dependent variables, e.g. if
arterial pressure is controlled in
each side, the venous pressure and
the variation in flow must depend
upon the set arterial pressure. The
console at present can predetermine
or regulate either the arterial pres-
sure or the arterial flow. As yet it
can hardly maintain the venous
pressure.

The electronic console simply
controls only one function, i.e. the
amount of air that is admitted to
the air reservoir that compresses the
small tubing or the quantity of air
released from the tubing. We added
pressure manometers to the air bags

to have some indication of the re-
sistance produced.

The circulatory system is filled
with normal saline to a capacity of
approximately 10 liters. Saline is
used because of the dependency of
the flowmeter upon a conductive
fluid. In order to continuously
check the measurements of the elec-
tromagnetic flowmeter we put a
mechanical rotometer (Fischer and
Porter) in the circuit. The artificial
hearts used in this experiment were
mainly the Holter hearts5. The
Detroit Coil timer5 or the Thomp-
son Ramo Wooldridge driving sys-
tem6 (Fig. 2) were used as the
driving systems for the artificial
heart. The pressure and flow re-
cordings were made with a San-
born 2-channel recorder and a
Honeywell 12-channel recorder.

RESULTS

The reaction of the new circula-
tory system to changes of the peri-
pheral resistance was traced (Fig.
3). The tracings are of the aortic
and venous pressures and of the
aortic flow. In the medium section
of the figure the peripheral resist-
ance was increased and a significant
reduction of aortic flow occurred.
The venous pressure fell slightly;
the aortic pressure increased. At the
right side of the figure the starting
values are achieved again by de-
creasing the peripheral resistance,
that is by allowing the air to escape
from the air bags.

Figure 4 demonstrates that aortic
flow was a function of the aortic
pressure. The heart was driven by
5 and 8 psi; the vacuum for both
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curves in 5 inches of mercury. The
setting for the arterial pressure was
increased manually. The peripheral
resistance varied steadily as indica-
ted by the pressure in the air bags.
With an increase of aortic pressure
there was a decrease of aortic flow.
When the console showed, for ex-
ample a mean arterial pressure re-
cording of 65 mm. of mercury, flow
rates of 1.5 liters per minute and
4.5 liters per minute could be read
for the two driving forces. The
machine changed the air pressure in
the air bag, which produced the
change in peripheral resistance from
6.8 to 4.7 psi.

In order to get reproducible
measurements it was important to
always have the same amount of
fluid in the system. The determina-
tion of the mean circulatory pressure
was a good gauge to control this
amount. According to Guyton7 the
mean circulatory pressure is the
pressure that would be measured at
all points in the entire circulatory
system if the heart were stopped
suddenly and the blood were redis-
tributed instantaneously in such a
manner that all pressures were equal.
The mean circulatory pressure is an
expression of the volume contained
in the circulatory pressure. Figure 5
shows a typical example of how to
determine the mean circulatory pres-
sure. In this case it was found to
be 9 mm. of mercury. The balance
of pressures, the increase of venous
pressures and the decrease of aortic
pressure can clearly be seen.

Figure 6 shows the influence of
the venous pressure on the cardiac
output. In this certain experiment
a twin sack heart was used. The in-
crease of venous pressure was a-
chieved by infusion of 300 ml. of
saline in the venous system. There
were two distinctly different reac-
tions of the artificial heart. In the
two sets of curves to the left the
heart was driven without negative
pressure during diastole. One rea-
lizes an increase of cardiac output
of about one liter per minute. In the
two curves to the right the heart is
driven with negative pressure dur-
ing diastole; there was no increase
in cardiac output. In Figure 7 the
flow measurements of the aortic are
shown when the artificial heart was
driven by various pressures. The
air bag pressure to affect the peri-
pheral resistance was set at zero,
which is as low as possible. Increas-
ing the driving pressure showed an
crease of aortic flow. After having
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reached a peak the cardiac output
decreased. For some types of artifi-
cial hearts we realized that the nega-
tive phase of the driving pressure
during diastole had an important
influence on the cardiac output.
Driving a heart with a positive pres-
sure of 10.5 psi and a negative pres-
sure of 7 inches of mercury the
cardiac output was approximately 7
liters per minute. This was the
highest cardiac output obtained
with a Holter heart. Other types of
artificial hearts had a still higher
cardiac output.

A group of curves correlating"

aortic pressure to aortic flow is
shown in Figure 8. The driving
force of the artificial heart was
gradually increased for the construc-
tion of each curve. A constant vac-
uum of 5 inches of mercury was
used. The electronic control was set
out of action. The peripheral re-
sistance was dictated by a hydro-
static head produced by raising the
artificial vena cava above the table
level (Fig. 8, curves a and b) or by

FLOW L/MIN.

the amount of air inflated into the
air bag (Fig. 8, curves ¢ and d).
After having reached a certain air
pressure the air bag was closed so
that the pressure remained constant
and the compression of the small
tubes remained constant. When the
driving pressure of the heart in-
creased, both flow and aortic pres-
sure increased. There was a linear
relation between flow and pressure,
as was to be expected.

In order to compare the new cit-
culation model with the human cir-
culatory system the behavior of the
volume pressure of the venous bags
was studied. The capacity of one
liter showed only a small minor in-
crease of pressure. Further filling of
the bags was accompanied a steady
increase of pressure.

CONCLUSION

The new circulation model has a
variable resistance. The resistance
can be measured as air pressure com-
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pressing the artificial arterioles.
Kolff took as resistance in his model
a column of water of 82cm. which
corresponds to 60 mm. of mercury.
The disadvantage of a fluid column
is the inertia of the fluid mass that
must be overcome so that there will
be space for the cardiac output. The
advantage of Kolff's system was
that the constant diastolic pressure
determines a great deal of the resist-
ance. The Hydrospace system also
has to overcome the imertia of a
large fluid volume in the aorta.
This results in an unphysiologic
pressure curve. The venous bags of
the new circulatory system have a
good capacitance; filling of the bags
causes only a small change in venous
pressure. Whether or not the reflec-
tion section of the Hydrospace cir-
culation model is of any use must
await further experimental work.

The new circulation model is a
good experimental method to get
further information of the func-
tional behavior of all the artificial
hearts now available.

a) HYD. HEAD: 9cmH,0 ~ 67 mmHg

b) HYD. HEAD:
27¢cmH,0 ~20mmHg

c) RESISTANCE: 5 psir 287 mmHg

d) RESISTANCE: 10psiro 560mmHg
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