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Abstract approved:
This study reports the design, construction, and

evaluation of an automatic cardiac massage device and
support system.
a

The design incorporates the principle of

cardioplethysmograph operated in reverse, such that

pneumatic power fed to the prosthesis will mechanically
impart a massaging action to the heart.

prosthesis is a flexible sac inside

a

Basically, the

rigid housing which

extends from the base to the apex of the heart.

Pulsating

pneumatic pressure, fed through an aperture in the outer
housing,

causes the inner sac to squeeze the intact

ventricles resulting in a period corresponding to normal
systole.
The compression of the ventricles during the

automatic massage procedure tends to eject the heart from
the prosthesis; therefore,

in order to resist this ejection

force the prosthesis is firmly secured around the heart

by utilizing the pericardium as

a

support.

An attachment

ring is sutured to the pericardium near the base of the
ventricles, and the prosthesis is sutured to the ring.
Thus the forces tending to eject the heart from the

prosthesis are resisted by the entire circumference of
the pericardium rather than by local sutured areas.

Pericardial strength tests were conducted and the results
of these studies indicated that this method of securing

the prosthesis is feasible.
In order to test the prosthesis under actual

working conditions, a prosthesis was implanted in
Rhesus macaque
for

one hour;

(Macaca mulatta)

and the heart was massaged

during this time an appreciable arterial

pulse was maintained, indicating
action.

a

a

successful massaging

The pericardium showed no signs of stress or

fatigue during or after massaging and no lesions or

rupture were observed.

All indications were that the

massaging could have been continued for several hours.
On the basis of the results obtained, this method of

prosthesis attachment and the prosthesis design were

considered to be successful and workable.
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I.

INTRODUCTION

The high rate of deaths due to heart failures

has attracted increasing attention in recent years:
38 percent of all deaths reported in the State

Oregon

in 1962 were attributed to heart disease (14); 65 percent
of all deaths in South Carolina in 1958 Were attributed
to heart disease (16); and the major cause of operating

room deaths is cardiac arrest (5).

As a result of facts

such as these, medical research groups are endeavoring
to develop means to permanently replace or temporarily

Though transplantation may be

support diseased hearts.

more desirable than artificial devices, at present it
is

not as likely a solution due to the lack of hearts

to be transplanted

and due to the immune reaction

encountered (17).

A prosthetic device capable of pro-

viding total or partial support to myocardial function

would be of great value as

a

research tool in cardio-

vascular physiology as well as a therapeutic device in
cases of coronary insufficiency (18).
The idea of cardiac support mechanisms is not
a recent innovation, for

in 1905 Embley and Martin

constructed an "artificial circulation apparatus"
p.

(7,

150 -154) which acted as an extracorporeal device with

separate systems for pulmonary and systemic flow.

Each

2

system included

a

rubber bulb ventricle which was mechan-

ically squeezed by an eccentric cam in order to impart
a

flowing motion to the blood.

This apparatus was never

developed to clinical quality.
The first clinical application of such a pump
was achieved by Gibbon in 1937 (8, p. 1107- 1113).

utilized a sac type heart which consisted of

a

He

flexible

rubber ventricle placed inside a larger rigid housing.

Fluid was pulsed into the space between the sac and housing
in order to compress and expand the ventricle.

Flutter

valves at the ventricle orifice assured unidirectional
flow.

This device was quite large and cumbersome and

produced considerable hemolysis.

However, the principles

involved are still utilized in some clinical devices.

Both of the above -mentioned pumps were extracorporeal and required rather extensive apparatus and it
was not until the late 1950's and early 1960's that

interest was aroused in developing an intracorporeal

blood pump.

Numerous reasearch groups since have endeav-

ored to develop an intrathoracic prosthesis capable of

total or partial support of cardiac function.
For instance,

Pierce et al.

(15) have developed

an artificial heart utilizing a small DC motor.

The motor

turns a cylindrical cam which in turn drives a piston
and diaphragm.

The reciprocating motion of the diaphragm
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causes rhythmic compression of a ventricular chamber to
expel the blood.

Piston friction and erythrocyte rupture

were minimized by using a rolling diaphragm.
in the motor, however,

The brushes

limit the life span of the pros-

thesis: the longest period of survival they have achieved
during total heart replacement in dogs has been three
hours.

Furthermore,

the pump is not yet small enough to

fit into the closed chest without compression of the

lung parenchyma.

Atsumi et al.

(3)

have approached this design

problem with a different idea: they have constructed a
micromotor roller type pump.

Within a rigid housing two

small rollers rotate along a rubber tube; the occlusion
and non -occlusion of the tube causes the pumping action.
One of the primary advantages of this design is that no

valves are required.

This device, implanted in the chest

of a dog and completely replacing cardiac function, has

supported life for as long as seven hours.

Akutsu et al.

(2)

have followed still a different

approach -one not unlike that of Gibbon's extracorporeal
pump.

Akutsu has developed a sac type device consisting

of a flexible silastic ventricle fitted into a rigid shell.

When air pressure is increased in the space between the
flexible sac and the rigid wall, the ventricle collapses
and blood is ejected.

An artificial heart of this type
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implanted in the chest of

a

calf has supported life for

as long as five hours.

Each of the above- mentioned pumps was successful
enough to support life temporarily in the respective

experimental animals.

The problem at present is no longer

that of constructing a prosthesis capable of maintaining
cardiac output, but is to make one which will maintain

cardiac output over an extended period of time.

Long

term function is hindered in the above -described pumps
primarily because tubing and other foreign objects come
in contact with the blood stream which results in hemolysis,

thrombi formation, inflammation of the affected arterial
walls, and air embolism.

An additional problem which must

be overcome is that the output of the left heart, due to

bronchial circulation, is normally as much as one percent
greater than that of the right heart

(15).

Consequently,

the output of a set of pumps which completely replaces

the heart must be a function of venous filling pressure
in order to prevent pooling in either the pulmonary or

the systemic

system.

In order to eliminate some of these problems

some research groups have been attempting to design

support devices which allow the myocardial structure to

remain intact.

In essence, these are automatic cardiac

massaging devices based on the principle of a

,
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"cardioplethysmograph operated in reverse" (4).

The

first attempt to design such a prosthesis was by Vineberg
in 1957 (19).

His prosthesis consisted of a flexible sac

made of non -stretchable nylon cloth, open at the top,
bottom, and along one side.

A pair of flexible rubber

diaphragms were sewn to the interior walls on each side
The sac was placed around the heart and draw

of the sac.

strings at the top and bottom pulled tight and tied.

The

open side of the sac was closed by tying strings attached

along the edges.
or contracted

pressure.

The diaphragms could then be expanded

by the application and release of fluid

Vineberg tried his prosthesis on dogs in which

he had caused cardiac arrest by anoxia and for short

periods of time maintained the blood pressure above
80 millimeters of mercury.
In 1962 Kline

(10, p.

69 -108) designed an auto-

matic massaging device similar to Vineberg's except that
the outer shell was rigid.

He was able to maintain normal

blood pressure in dogs for as long as the prosthesis was

held in place manually.

However, neither his nor Vineberg's

design succeeded in prolonged cardiac support because the

heart would slip out of the prosthesis during the positive
pressure phase (systole).
All indications from the experiments of both

Vineberg and Kline are that such a device would be

6

satisfactory for prolonged periods of time if it could be
held in place over the heart.

In any instance of coronary

insufficiency where the myocardial structure remains
intact,

it would be possible to utilize

this type.

a prosthesis of

Some of the advantages of this type of pros-

thesis over those which completely replace the heart are
as follows: 1)

the blood does not come into contact with

the pump or its components but only with the heart, hence

reducing the extent of trauma to the blood;

2)

the pump

does not have a forceful sucking action which may encourage

venous collapse and air embolism;

3)

the heart's filling

still relies on venous pressure and on diastolic filling
time, hence pulmonary or systemic pooling does not occur;
and

14.)

it does

the problem of heat dissipation does not exist as
in prostheses powered by electric motors.

Further-

more, and perhaps more importantly, a prosthesis of this

type does not require removal of the heart and hence is
not a last -hope measure, as are most of the other designs.

The purpose of this thesis is to report the

design of an automatic heart massaging prosthesis similar
to those of Vineberg and Kline, but complete with a method
of securing the prosthesis over the heart.

The problem of

holding the heart in the prosthesis during massaging has
not been solved by previous researchers.

The prosthesis

design presented here utilizes the pericardium as a support

7

for the device.

Pericardial strength studies and attach-

ment ring implants were conducted to evaluate the feasi-

bility of the proposed method of attachment.

Also

described is the construction of the prosthesis cuff,
the attachment ring, and the pneumatic support system.

Finally,

the completed prosthesis was tested on a Rhesus

macaque (Macaca mulatta) to evaluate the design.
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II. PROSTHESIS DESIGN

The prosthesis design incorporates the principle
of a cardioplethysmograph operated in reverse, such that

pneumatic power fed to the prosthesis will mechanically
impart a massaging action to the heart.

Basically, the

prosthesis is a flexible sac inside a rigid housing which
extends from the base to the apex of the intact heart.

Pulsating pneumatic pressure, fed through an aperture in
the outer housing, causes the inner sac to squeeze the

intact ventricles resulting in a period corresponding
to normal systole.

Prior to describing the design of the device in
detail, it is necessary to discuss some of the specifica-

tions and problems which the prosthesis must meet and
In the first place, the pneumatic pressure

overcome.

supplied by the system must be of sufficient magnitude
to move the myocardial muscle mass, to overcome the

inertia of the myocardium and the blood, and to produce
normal maximum systolic arterial blood pressure.

The

normal systolic pressure of a Rhesus macaque is the same
as for man,

2.3 PSI.

that is, 120 millimeters of mercury or

Allowing for no greater than 50 percent effi-

ciency, the researcher established a minimum limit of
five PSI to be applied to the ventricles by the prosthesis.
One of the most important problems encountered
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(and a problem left unsolved by other researchers)

is that

the prosthesis does not completely enclose the heart and

because the shape of the heart is ovoid, there is an
imbalance of forces which tends to eject the heart from
the prosthesis during systole.

Obviously then, the

prosthesis must be firmly secured about the heart in order
to successfully resist the ejection force.

That force

is proportional to the area of the cross -section of the

neck of the prosthesis and the pneumatic pressure applied:

F=PA

where,

F = ejection force
P = pneumatic pressure
(five PSI)
cross
-section area
A =

The prostheses constructed for this study were modeled to
fit an adult Rhesus macaque of approximately 30 pounds

weight.

The diameters of the necks of these prostheses

were approximately two inches with a cross -section area
of approximately 3.1 square inches.

According to the

above formula, the ejection force to be met is about

15.5 pounds.

A similarly designed prosthesis fashioned

for an adult human of approximately 150 pounds weight

would have a diameter of about four inches, a cross section area of 12.5 square inches, and an ejection force
of 62 pounds.

Such forces are of utmost importance and

must be kept in mind when selecting a support for the
prosthesis.
Three areas were considered potential sites of
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support for the prosthesis: the epicardium, the ribs or
sternum, and the pericardium.

Use of the epicardium was

eliminated since a minimum of irritation to the myocardium
is essential, and attachment to the epicardium would

require direct suturing, thus creating points of high
local stress which could tear the tissue during systole.

Attachment to the ribs or sternum did not seem feasible
due to the respiratory movement of the chest.

The

pericardium, in which the heart and roots of the great
vessels are contained, enclose: the ventricles and follows
the movements of the heart.

However, the pericardium is

not essential for normal functioning of the heart.

Consequently it can be removed or modified without
irritating the myocardium and without disturbing normal
cardiac and pulmonary function.

The outer layer of the

pericardium (the fibrous pericardium) is a tough membrane
which forms a flask -like sac around the heart and is

firmly attached to the great vessels at the top of the
heart.

From a consideration of these factors the pericar-

dium was selected to support the prosthesis.
The prosthesis, complete with attachment, consists
of three major components: 1) the ring utilized to attach
the prosthesis to the pericardium (Figure 1);

prosthesis cuff (Figure 2);
matic system.

2)

the

and 3) the supporting pneu-

The attachment ring is #32 surgical
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Figure 1. The attachment ring.

,r

Figure

2.

The prosthesis cuff.
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stainless steel wire woven into the periphery of a dacron
The surgical wire and the edge of the sleeve

sleeve.

are covered with medical grade RTV silastic

#382).

(Dow Corning

The prosthesis cuff consists of the sac, housing,

and attaching sleeve.

The flexible sac and its rigid

housing are molded entirely of medical grade silastics:
the sac is made of a thin layer of RTV silastic

(Dow

Corning #382) and the outer housing of ETV silastic
(Dow Corning #732).

These sections are joined together

with a silastic adhesive, medical adhesive Type A (Dow
A sleeve of ETV #732 silastic- impregnated

Corning).

dacron mesh is attached to the outer housing.

The

materials used in the prosthesis -- stainless steel, dacron,
and the silastics -were chosen because they retain tensile

strength and show no degeneration after long term implanta-

tion

(9,

p.

16 -24; 11, p. 839; 6, p. 278).

Furthermore,

each of these materials allows for maximum compatibility

with living tissue during implantation, provoking minimum
tissue reaction (12; 1; 13).
The supporting pneumatic device is an electronic

switching system which controls air flow to the inner
chamber between the sac and housing.

The resting state,

diastole, is created by applying a vacuum to the prosthesis
to assure complete emptying of the inner

the energized state,

chamber, and

systole, is created by applying a
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pulse of positive pressure which can be controlled with

respect to frequency, duration, and amplitude.
The prosthesis components were designed to be

implanted as follows: The chest of the experimental animal
(Rhesus macaque) is opened, the fibrous pericardium freed

from the surrounding tissue; then the attachment ring is
placed around the heart approximately at the base of the

ventricles (Figure

3,

a).

Next, the fibrous pericardium

is cut at the apex of the heart and rolled up over the

ring and sleeve (Figure

3,

e);

sutures

(Figure 3, c) are

passed through this tissue flap, through the dacron sleeve
(Figure 3, b), and finally through the lower layer of the

fibrous pericardium.

dacron sleeve,

Fibroblasts soon begin to invade the

sutures,

and the rolled pericardial tissue

creating a strong bond of fibrous tissue between the ring
and the pericardium.

With the ring in place, the prosthesis cuff
(Figure 3, g) can then be fitted over the ventricles
(Figure 3, f).

The dacron and silastic sleeve attached

to the outer housing (Figure 3,

the implanted ring.

d)

is

then sutured to

These sutures pass over the ring and

down through the sleeve.

Therefore, although only a few

sutures pass over the ring from the prosthesis, any tension
on these sutures will not be localized on the pericardial

tissue, but will be spread over the circumference of the

Figure

3.

Diagram showing intact heart and sectioned view
of attached prosthesis.
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pericardium.

With the prosthesis securely in place the

supporting pneumatic system may be attached via flexible
tubing to the aperture in the outer housing and pressure
applied.
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III.

PROSTHESIS CONSTRUCTION
The Prosthesis Cuff

To assure proper functioning of the prosthesis,
the cuff portion (the flexible sac, rigid housing, and
the attaching sleeve) must fit closely over the ventricles
of the heart.

A variety of cuff sizes was necessary

varies
since, even within a species of animals, heart size
with factors such as body weight, age, and state of health.
In order to obtain an estimate of the heart and thoracic

cavity dimensions, a 32 pound adult Rhesus macaque was
sacrificed, embalmed, and the thorax dissected.

Compari-

sons were made subsequently between this animal and smaller,

younger ones to determine whether an animal with normal

configurations had been studied.
The pericardium was then removed from the heart
and the heart and lungs were excised.

the heart was made of potting silastic

A negative mold of
(Dow Corning #882)

by suspending the heart by the great vessels in the
catalyzed silastic.

After the silastic vulcanized, the

heart was removed and a negative mold remained.

From

this negative a positive mold was made of plaster of
paris.

The plaster positive was smoothed to remove

surface irregularities caused by fat deposits, coronary
groove, etc., in the heart.

Smaller positives then were
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fashioned from the smooth plaster model, thus retaining
the relative proportions and contour of the original

Rhesus heart.
A variety of cuffs, each a slightly different

size, was constructed from these positives in the following

manner: A negative cast of each plaster mold was formed

with potting silastic (Dow Corning #882).

The final

plaster of paris mold was made for the inner flexible sac
(Figure 4) from this negative.
sac on this positive, however,

Before molding the inner
the plaster was covered

with a thin film of butyrate dope in order to prevent the
sac from sticking to small pores in the plaster.

The

flexible sac was made with medical grade RTV silastic
(Dow Corning #382) thinned with approximately 15 percent

silicone thinner (Dow Corning 360 Fluid).

This was

spread

approximately one millimeter thick over the plaster mold
and vulcanized; the vulcanized inner sac, removed from
the plaster mold, was the finished product.

The smaller plaster positives, fashioned after
the original smoothed positive, were then spread with one

millimeter of plaster of paris in order to make their
outer dimensions the same as the outer dimensions of the

flexible sacs.

This assured a proper fit between the

flexible sac and the rigid housing.

A one -quarter inch

hole was then drilled in the frontal surface near the

,
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This hole acted as the support for a

apex of the mold.

four inch length of one -quarter inch copper tubing around

which the inlet aperture and the stem in the outer housing
were formed.

A small ridge was constructed then around

the mold at the level of this hole to form a mold for a

groove in the rigid housing.

This was necessary in order

to permit complete evacuation of the inner chamber of the

prosthesis without difficulty.

A negative of this modified

plaster mold was then made with potting silastic (Dow

Corning #882) and from this the final positive for the
outer housing was made.

Vulcanization of HTV silastic

(Dow Corning #732) must be performed at 260° F., therefore,

the final positive

(Figure 5) was constructed from a resin

epoxy (Emerson and Cumming, Stycast 2651).

HTV silastic

was spread approximately three millimeters thick over the

epoxy mold.

The silastic was vulcanized and then removed

from the mold, thus completing the outer housing.

The

sac and housing were bonded together around the neck and

the apex with Medical Adhesive Type A

(Dow Corning).

The attachment sleeve was cut from a flat .030

inch thick sheet of dacron- reinforced HTV silastic

Corning #731).

(Dow

It was cut in a semicircular shape to

facilitate attachment to the sac and housing, and it was

attached with Medical Adhesive Type A (Dow Corning).

Figure

six presents a cross- sectional view of the completed cuff.

r
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1.

Figure

4.

Plaster mold for the
flexible sac.

Figure

5.

Epoxy mold

l

for the

rigid housing.
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Figure 6.

Cross -section

of the prosthesis cuff.
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The Attachment Ring

An attachment ring of appropriate size was

constructed to fit each prosthesis cuff.

In making an

attachment ring, the dacron sleeve was fashioned first.
This sleeve is a strip of dacron mesh cut approximately
three- quarters inch in width and the length of the

circumference of the cuff neck.

Stainless steel surgical

wire, 32 gauge, was woven into the periphery of the dacron

mesh strip; the ends of the wire were looped together and
tied.

S

The sleeve was then held with the wire loop lying

in a horizontal plane and the portion of the dacron

sleeve with the wire ring was dipped into RTV silastic
(Dow Corning #382) to secure the wire in the mesh and to

insure against the wire cutting the sutures.
The Pneumatic Support System
The support system consists of an air pressure
pump,

a vacuum pump, pressure and

vacuum regulators, a

pneumatic switching valve, and an electronic controller.
A block diagram of the system is presented in Figure seven.
The solenoid valve is activated by the electronic controller

which is programmed with respect to pulse rate and duration.
Activation of the solenoid valve pulses air to the prosthesis which causes the massaging action.
The pneumatic switching valve is a four -way,

ELECTRONIC

CONTROLLER

OUTPUT TO
PROSTHESIS

SUCTION

ADJUST

T

GÁÚG
GAUGE

VACUUM

5

INPUT

PRESSURE

PRESSURE PRESSURE
ADJUST
GAUGE

N

-`

i

INPUT

CHECK VALVE

I

.00'

'

- - - -- -- -

SYSTOLE
DIASTOLE

Figure

7.

,,

1

a

I

STORAGE TANK

S

4 -WAY VALVE

Block diagram of the pneumatic support system.
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five -port, solenoid -controlled, pilot- operated valve

(Modernair BV4 0602 -B).

The solenoid controls a small

pilot valve which opens to let the line pressure shift
the valve position.

action.

The valve is returned by spring

An operating pressure of greater than 50 PSI is

required to activate the valve.

The inlet from the air

compressor is connected to an adjustable pressure regu(Crown Standard Regulator R -2025) which adjusts the

lator

air pressure within the system in order to assure activa-

tion of the solenoid valve.
is

The regulated pressure line

connected to port one of the solenoid valve.

The vacuum

pump is connected to a flow control valve (Modernair
2800 -2A Series) which regulates the suction pressure.
The line is then connected to port five of the solenoid

valve.

Pressure and suction values are indicated on

standard Ashcroft gauges (series 1000:
0 -30

0 -100

PSIG and

inches of mercury).

During diastole, the solenoid's non -energized
state, the high pressure air line is connected to the

storage tank through port two.

The storage tank is a

Hannifin Midget -Air Cylinder, one inch diameter by six
inch stroke.

The storage volume is adjustable from zero

to 4.7 cubic inches.
is charged with

During diastole the storage tank

high pressure air, and the vacuum line

is connected to the prosthesis via port three.

During
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systole the solenoid is energized by the electronic

controller and the storage tank is switched from the high

pressure port to the prosthesis via port four.

Also

during systole, the high pressure line is connected to
port three and air flow is arrested by the check valve.
The vacuum line is completely blocked during this period.

When the solenoid again is de- energized the suction pump
is

connected directly to the prosthesis and the inner

chamber between the sac and housing is evacuated.

Simul-

taneously, the storage tank is re- charged in preparation
for another systole.

The support system must be capable of delivering
a

pneumatic pulse of sufficient volume to displace the

normal cardiac stroke volume.

For a Rhesus macaque the

resting stroke volume is approximately seven milliliters
and for humans it is 70 milliliters.

However, these

volumes can increase 500 percent during exercise.

The

stroke volume of the animal is not equal to the stroke

volume of the system since the storage tank charge expands
into tubing and dead space as well as into the prosthesis.

Consequently:
PtVt= Pp(Vt +Vp +Vds)
where,

charged tank pressure
prosthesis systolic pressure
tank volume
cardiac stroke volume
VPs= dead space volume

=
=
Vt =
V =
Pt
P

25
The total dead space of the system is estimated to be

at

The high pressure air line was regulated

inches.

.70 cubic

60 PSI to assure solenoid

activation, thus a storage

tank volume of .45 cubic inches is required.

with

a pulse rate of 180 beats per

Therefore,

minute and at 60 PSI

the air compressor must have a flow capacity of 80 cubic

inches per minute.

A vacuum pump capable of maintaining

ten inches of mercury with a flow capacity of 600 cubic
inches per minute is sufficient to remove the air from
the prosthesis.

Both pumps would require higher flow rate

capacities if used with larger animals.

In this study a

Micro air compressor #1016 and a Micro high volume vacuum
pump #1024 were used.

Both the compressor and vacuum

pump were capable of delivering 1,000 cubic inches per
minute at the required pressures.
The electronic controller is diagrammed schematically in Figure eight and the components are listed on
Table one.

The controller consists of a relaxation

oscillator which triggers a monostable multivibrator.

The

pulse from the multivibrator gates a power transistor

which switches the solenoid valve.

The relaxation

oscillator is formed by the unijunction transistor Tl,
and the oscillation frequency may be varied by changing
the value of potentiometer Rl.

This allows for a range of

pulse rates from 40 to 240 pulses per minute.
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R13
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V
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Figure 8. Schematic diagram of the electronic controller.
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TABLE

I.

DESCRIPTION OF CIRCUIT COMPONENTS

Cl - Capacitor, 10 mf., 15 V.
C2 - Capacitor, 1.0 mf., 15 V.
C3 - Capacitor, 20 mf., 15 V.
C4, C6, C7 - Capacitors, 1000 mf., 15 V.
C5 - Capacitor, 100 mf., 15 V.
D1, D2, D3, D4, D5, D6, D7 - Diodes, 1.0 A.
D8 - Diode, 7 V. zener (Hughes IN 707)

(IR, 10D2)

F

-

Fuse, 1.0 A., 150 V.

I

-

Indicator light, NE -51H

M

-

Meter, DC 0 -50 microamp (Calrad CMO -38 -3)

Potentiometer, 300 K., carbon
Resistor, 33 K., 0.25 W.
R3
Resistor, 100 ohm, 0.25 W.
R4, R7, R11 - Resistors, 1 K., 0.25 W.
R5, R6, R12, R16 - Resistors, 10 K., 0.25 W.
R8 - Resistor, 2.7 K., 0.25 W.
R9 - Resistor, 1 K., 0.25 W.
R10 - Potentiometer, 25 K., carbon
R13 - Resistor, 47 K., 0.25 W.
R14 - Potentiometer, 2.5 K.
R15 - Resistor, 120 ohm, 0.5 W.
R17 - Resistor, 22 K., 0.25 W.
R18 - Resistor, 470 ohm, 0.5 W.
R19 - Resistor, 4.7 K., 0.25 W.
R20 - Potentiometer, 500 ohm

R1
R2

-

SPST 1.0 A., 150 V.
Switch, Push Button SPST 1.0 A., 150 V.

Sl, S3 - Switches,

S2

-

Ti - Unijunction Transistor, 450 mw., (GE- 2N1671A)
T2, T3, T5 - Transistors, NPN, Silicone (TI -484)
T4 - Transistor, power, PNP, 5 A. (Bendix 2N1136A)

X

-

Transformer, Pri. 115 V., Sec. 12.6 V., 2.0 A.
(Merit P2959)

Z - Solenoid,

12 V. DC, 20 ohm,

(Modernair BV4 0602 -B)
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The multivibrator is constructed around transistors T2 and T3 and by changing the value of potentiometer

R10 the pulse width may be varied.

The collector of

transistor T3 is connected through an RC network to the
meter M which indicates the pulse duty cycle.

In addition,

the collector is capacitor- coupled to transistor T5 which

gates the power transistor

TL..

The solenoid valve may

also be activated by closing switch S2.
the circuit consists

The remainder of

of a full -wave rectified power supply

and a zener regulator.

Jacks J1 and J2 allow for external

monitoring of the triggering pulse.
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IV.

PERICARDIAL STRENGTH STUDIES

In order to analyze the feasibility of using

the pericardium as a support for the prosthesis, it was

necessary to determine whether the pericardium could, in
fact,

sustain the forces which tend to eject the heart

from the prosthesis cuff.

mately 15.5 pounds for

a

This ejection force, approxi-

Rhesus macaque, is transmitted

by the attachment ring to the circumference of the
pericardium, estimated to be six inches.
shown, then,

It must be

that the pericardium is capable of supporting

a force of 2.5 pounds per inch of

circumference length.

For an adult human the figures are estimated as follows:
62 pounds ejection force, 12.5 inches

circumference length,

and hence, five pounds force per inch of circumference.
The pericardium consists of an outer fibrous sac
and a double inner layer of serous membrane.

The outer

fibrous layer is an extensive network of collagenous
fibers, elastic fibers, fibroblasts, and blood vessels.
It

is this layer of the

pericardium which must have

sufficient strength to support the prosthesis, since the
inner layers are formed of loose connective tissue similar
to that of the small intestine and stomach and may be

stretched with ease in any direction.

The collagenous

fibers of the fibrous layer are flexible, but offer

resistance to any pulling force.

Two experiments were
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conducted to determine whether the fibrous network of
the pericardium possessed the necessary tensile strength
to act as the prosthesis support.

Tensile Strength Tests
The pericardium forms a sac around the heart and

attaches to the great vessels, resulting in a closed

pericardial cavity.

This cavity, which is lined by the

epicardium on one side and by the parietal and fibrous

pericardium on the other, normally contains a small
amount of fluid.

The initial strength studies were

performed on an intact pericardium in vivo by injecting
additional fluid into this cavity, thus increasing the

intrapericardial pressure and the tension within the
pericardium.
These experiments were performed as follows:
The pericardium of a sacrificed Rhesus macaque was exposed

by removing the ventral portion of the rib cage and the

pericardiosternal ligament.

The central tendon of the

diaphragm was cut, but no additional tissue was excised.
A Horsely -Clark surgical needle

(B -D

#482 LNN) was inserted

into the pericardial cavity near the apex of the heart.

A suture was tied around the needle and the edge of the

pericardial tissue at the point of the insertion in order
to make a pressure -tight seal.

A three -way tubing
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connector joined a 90 milliliter metal syringe to the
surgical needle and to a Statham pressure transducer

which was wired to

a

Sanborn recorder.

The syringe was

used to force 0.9 percent NaC1 solution into the peri-

cardial cavity.

The intrapericardial pressure was raised

to 750 millimeters mercury (approximately 14.5 PSI)

without rupturing the tissue (Figure 9); however, higher

pressures were not reached because leakage developed at
the point of insertion of the Horsely -Clark needle.
To eliminate the leakage problem and thus reach

higher pressures, a special tissue -holder was constructed.

This tissue -holder was a surgical needle modified by the

addition of

a

wide flange head, a threaded shaft, a thumb

screw clamp, and a washer

(Figure 10).

The animal was

prepared as before and, with the pericardium loosened,
a small opening was cut

near the apex of the pericardium

to permit passage of the tissue -holder.

The holder was

inserted and the thumb screw clamp was tightened, thus

making a fluid -tight seal.

A stainless steel Bourdon

gauge was used instead of the Statham pressure transducer
in order to read a higher range of pressures.

No leakage

was observed around the tissue- holder, but leakage did
occur through the dorsal surface of the pericardium,

limiting the pressure produced to 18 PSI.

thus

In one experi-

ment on an animal which had been dead for approximately
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two hours a maximum of only 12 PSI was obtained.

In all

the experiments the leakage subsided as the pressure was

released and the pericardial

t

ue had

no visible rupture

evident from gross -inspection.
If,

for the purpose of approximation,

pericardium is assumed to be

a

the

thin -walled hollow sphere,

then the force on any hemispherical section is
F =tTr2P

where, F = force
r = radius of sphere
P = intrapericardial pressure

Therefore, the resultant force per unit length of

circumference is
FT

L

= rP

2

where, FL= force per unit length
r = radius of sphere
P = intrapericardial pressure

For the animals tested the radius was estimated to be
one inch.

Thus, at the maximum intrapericardial pressure

produced the circumference of the pericardium withstood
a force of nine pounds

per inch, and even after two hours

of tissue degeneration, withstood six pounds per inch.

These experiments did not indicate, however, the
ultimate strength of the pericardial tissue since the

tissue did not rupture; consequently, a second set of
experiments was conducted in which the pericardial tissue
was excised from the animals and stressed until rupture

occurred.

Pericardial tissue was obtained from animals
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(Rhesus macaques) which had been sacrificed for other

experimental purposes.

The thoracic cavity was opened

within five minutes of death and the heart and its
pericardial sheath were quickly excised.

The pericardium

was removed from the heart and cut into strips varying

from one to five millimeters wide and from two to three
centimeters long.

The strips were placed in a 0.9

percent NaC1 solution in order to minimize tissue
ioration.

deter-

As needed, a strip was taken from the solution

and placed between two serrifine clamps.

A static

tensile stress was applied to the tissue strip by attaching
one serrifine clamp to a spring scale and allowing the

tissue to hang vertically.

A load was applied

slowly

to the lower clamp until the tissue ruptured.

Thirty -one tissue samples were tested within
two hours of sacrifice: of these, the mean tensile

rupture strength was 22.4 pounds per inch of tissue
width, with a range of 15.1
a

to 32.2 pounds per inch and

standard deviation of 4.5 pounds per inch.

Tests

conducted more than two hours after sacrifice indicated
a decline

in rupture tension and there appeared to be

an associated tissue discoloration even though the tissue

was not allowed to dry.
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Attachment Ring Implants
Fundamental to the prosthesis design is a secure
bond between the attachment ring and the pericardium.

The

strength of this bond was studied by implanting attachment

rings in three Rhesus macaques.

Each experiment consisted

of surgically implanting an attachment ring around the

pericardium in

a

manner similar to that discussed above

in the design chapter.

permitted:

1)

These ring implant studies

further analysis of the feasibility of the

proposed method of prosthesis attachment;

2)

an evaluation

of the bond formed by fibroblast invasion of the dacron

sleeve; and 3) tests of the tensile strength of that bond.

Each experimental animal was prepared for
surgery as follows: first, one milligram of Sernylan per

kilogram of body weight was injected to sedate the animal
for pre -operative handling; the animal was taken then to

the surgery room; EKG leads were attached;

and the

anesthesia was administered (Brevital was given intra-

venously and Penthrane by inhalation).
The chest was opened by an incision extending

from the sternum to the axillary line over the fifth left
rib.

The periostium was stripped from the surface of

the rib and the rib was removed for the length of the

incision.

The pleural cavity was entered; the lung was

packed off with wet sponges; the left phrenic nerve and
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the mediastinum were dissected from the pericardium; the

apex of the pericardium was separated from the diaphragm;
and the right phrenic nerve was freed from the pericardium.

The attachment ring was placed approximately two centi-

meters above the apex of the pericardium and held in
The pericardium was

place with four sutures (Figure 11).

then cut at the apex and rolled up over the ring (Figure

12)

and sutured in place with 12 black silk sutures (Figure 13).

The chest was closed by bringing together the fourth and
.

sixth ribs with stainless steel wire sutures.
was closed and the anesthesia stopped.

The incision

The maximum blood

loss from the animal was estimated to be five milliliters

during the procedure.
The first of the three experimental animals died
during surgery: death was attributed to pressure of the

attachment ring on the ventricular surface of the heart.
The pressure caused hypoxia of the apex and irritated the

myocardium, thus causing ventricular fibrillation.

Manual

cardiac massage was attempted and calcium chloride and

adrenaline were injected in attempts to revive the animal,
but without success.

Unfortunately,

a

prosthesis cuff

and support system were not available,

consequently auto-

matic massage could not be attempted.

During the other

implant surgeries,

special care was taken to assure that

the attachment rings did not constrict or irritate the
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Figure 11. Attachment ring held in place with four sutures.

Figure 12. Rolling the pericardial flap over the ring.
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hearts.

An injury pattern did occur in the EKG tracings

of the second Rhesus macaque immediately after surgery,

however the pattern had reverted to normal by the time
the ring was removed six weeks later.

The second and

third animals recovered from the ring implantation

surgeries with no apparent problems or discomfort.
The animals were re- opened six weeks after

surgery to evaluate the ring implants.

The silastic,

dacron, and stainless steel materials caused no observable

foreign body reaction, and the pericardium had healed
without apparent infection or irritation.

In fact, no

differentiation could be made between the lower layer
of the pericardium and the flap of sutured pericardium,

and the dacron mesh was securely bonded to the tissue.

There was no bonding to the epicardium, but the pericardium
did adhere to the lung parenchyma in a few places.

This

was not significant to the prosthesis design, however,
since the prosthesis cuff would cover the pericardium in
these places and it would not bond to the lung.
The animals were sacrificed following this

surgery so that the heart, the remaining pericardium,
and the attachment ring could be removed for tensile

strength tests of the tissue -to -ring bond.

These tests

were similar to those described above: The attachment

ring and the pericardium were cut in longitudinal sections

o
such that the resultant was

a

strip of pericardial tissue

with a section of the bonded attachment ring at one end.
The pericardial strip was held in tho serrifine clamp
and suspended vertically from the spring scale with the

attachment ring segment at the lower end.

A wire suture

was then passed over the attachment ring segment and a
static tensile load was applied to the suture until the

tissue ruptured.

These tests indicated the attachment

ring bond had an average strength of 19.8 pounds per
inch of tissue width with a range from 15.6 to 23.8 pounds
per inch and a standard deviation of 2.8 pounds per inch.

These results and those reported in the section

above indicate that the pericardium is capable of

supporting a static load of much greater magnitude than
the load produced by the prosthesis during systole.

However, the load encountered in holding the prosthesis
over the heart is not a static, but a repetitive loading,

since the ejection force fluctuates from a maximum during

systole to essentially zero during diastole.

Although the

endurance limit of the pericardial tissue is probably
somewhat lower than the static yield point, no fatigue
tests were conducted for the following reasons: 1) the
static yield point of the tissue appeared to be four

times greater than the maximum load;

2)

the stress applied

to the tissue is not reversed, but is pulsating;

and 3) the
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rapid degeneration of excised tissue severely limits the
significance of long term testing.

Consequently, only

the static tests described above were conducted and the

results of those tests seem to indicate that the pericar-

dium is capable of supporting the ejection forces involved
in the prosthesis design.
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V. IMPLANTATION OF THE COMPLETED PROSTHESIS

After tests indicated that the proposed method
of attachment was feasible,

tested.

the complete prosthesis was

The prosthesis was surgically implanted in a

Rhesus macaque and the heart was automatically massaged.
This experiment permitted an evaluation of the prosthesis
design under actual working conditions.
A 22 pound, 14 year old Rhesus macaque was

prepared for surgery by injections of ten milligrams of

Sernylan and 0.2 milligrams of Atropine.

Flurothane,

Penthrane, and nitrous oxide were given by inhalation.
In order to record venous and arterial pressure, PE 190

catheters were placed in the femoral vein and femoral

artery and were extended as far as possible into the
inferior vena cava and descending aorta.

The catheters

were attached to Statham pressure transducers which in
turn were wired to a Sanborn recorder.

When these preparations were completed, the chest
of the animal was opened from the right side of the sternum
to the left axillary line and from the third to the ninth

ribs.

The lung was packed off with wet sponges, and the

pericardium was freed from the mediastinum and the diaphragm.

The left and right phrenic nerves were removed

from the pericardium and retracted dorsally (Figure 14).
The attachment ring was placed around the heart
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approximately at the base of the ventricles.

The pericar-

dium was cut at the apex (Figure 15) and the pericardial
flaps were rolled over the ring and sutured in place with
)4

The prosthesis cuff (Figure 16) then

-0 silk sutures.

was placed over the heart and sutured to the attachment

ring with

2 -0

silk sutures.

The pneumatic system was connected to the pros-

thesis cuff and automatic massaging was started (Figure 17).
No attempt was made to synchronize the massaging action of

the cuff with the normal ventricular beats; consequently,
the EKG pattern was interrupted by what appeared to be

ventricular fibrillation, and normal myocardial function
ceased.

An arterial pulse, corresponding to the massaging

action, was immediately recorded, as was a venous pulse

wave.
Figure 18 is a series of recordings taken before
the prosthesis was implanted: Channel one

of venous pressure.

pressure with

a

is a

recording

Channel two is a recording of arterial

maximum systolic pressure of 80 millimeters

of mercury; this is lower than normal, probably due to

vasodilation caused by the Penthrane and Flurothane.
Channel three was not used at this time, and channel four
is the normal EKG

pattern of the animal.

Figure 19 is a corresponding set of recordings

taken ten minutes after beginning the automatic massaging:
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Channel one is a recording of the venous pressure pulse;
this pressure was higher than normal and was interrupted

by

a dichrotic

notch, possibly indicating regurgitation

of blood through the tricuspid valve and /or compression

of the right atrium.

Channel two is a recording of the

arterial pulse produced by the automatic massaging; the

maximum arterial systolic pressure produced was 60 millimeters of mercury.

Channel three indicates the electrical

pulse controlling the pneumatic switching valve and,
therefore, is a recording of the pneumatic pulse with

respect to time.

Channel four shows the EKG pattern

disrupted by the automatic massaging.
Cardiac massage was continued for a period of
one hour.

During this time the arterial and venous pulses

remained similar to those shown in Figure 19.
of the distal tissues was maintained:

Perfusion

the animal bled when

the skin was cut, and jerky muscular movements were

observed when the anesthesia was lightened.

A change of

the pneumatic pulse width resulted in a corresponding

change in the arterial pressure pulse.

Any increase of

the pulse rate, and hence decrease of the ventricular

diastolic filling time, was reflected in lower systolic

pressure pulse.
The massaging was stopped after one hour, and the

prosthesis cuff was removed.

The animal's heart resumed

48

beating, and a rhythmic EKG pattern was again recorded.
However, the heart rate was only about one half of normal
and the arterial systolic pressure was less than 15

millimeters of mercury.

Although the resumed cardiac

action was subnormal, it did indicate that the myocardium
had been perfused adequately during the hour of massaging
and that very little, if any, damage was inflicted by
the squeezing action of the cuff.

The animal was

sacrificed at this time, and the total blood loss was

estimated to be five milliliters.
The prosthesis cuff remained securely attached

around the heart throughout the experiment and there was
no apparent expulsion of the heart from the cuff.

After

the prosthesis was removed from the heart, the pericardium

and attachment ring bond were examined.

No lesions or

ruptures were observed and the tissue showed no signs
of stress.

All indications were that pumping could have

been continued for several hours.
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VI. SUMMARY AND CONCLUSIONS

The problem undertaken in this study was to design
an automatic heart massaging prosthesis for

subhuman

primates which would remain securely attached around the
heart during operation.
a double -walled

The design presented consists of

cuff (a flexible sac inside a rigid

housing) molded to fit over the intact ventricles of the
heart.

A pneumatic power system, connected to the cuff

via an aperture in the outer housing, forces air into
the space between the sac and housing, thus causing the

flexible sac to mechanically compress the ventricles in
a

massaging action.
The prosthesis cuff is secured about the heart

by an attachment to the pericardium.

An attachment ring

is fastened to the pericardium near the base of the

ventricles.

The prosthesis cuff is sutured to the attach-

ment ring, and thus, the forces tending to eject the heart

from the cuff are resisted by the entire circumference of
the pericardium rather than by local sutured areas.

Pericardial strength studies were conducted and the results
indicated that this method of securing the prosthesis is
feasible.
To evaluate the design under working conditions,
the completed prosthesis was implanted in a Rhesus macaque
and normal cardiac function was replaced by automatic

5o

massaging for one hour.

During the experiment the pros-

thesis remained securely in place around the heart and
an appreciable arterial pressure was maintained.

At no

time during or after the experiment did the pericardium
appear to be weakening or show signs of fatigue.

On the

basis of the results obtained, this method of prosthesis
attachment and the prosthesis design were considered to
be successful and workable.
As

a

result of this study, the following recom-

mendations were formulated for improving the prosthesis
design and for further investigation of massaging techniques: 1) the attachment sleeve of the prosthesis cuff
should have wedge- shaped sections removed in order to

facilitate surgical attachment of the cuff to the ring;
2)

the outer wall of the cuff could be constructed of

dacron- or nylon -impregnated HTV silastic in order to

decrease the bulkiness of the prosthesis cuff; and 3) thin

metal electrodes could be incorporated in the wall of the
flexible sac of the cuff in order to synchronize the
pneumatic pressure pulse with the R wave of the EKG.

These

electrodes could also be used as pacemaker electrodes for

coordinating ventricular stimulation with the massaging
action.
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