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CHAPTER I
INTRODUCTION

The past decade has seen a remarkable world-wide development in
the field of thoracic surgery. Following the lead of surgeons in the United
States, the United Kingdom and Sweden, and the original pioneering contri-
butions made by our own Canadian surgeons, namely Doctor Edward Archibald,
Dr. William Mustard and Doctor W.G. Bigelow, rapid strides are being
made not only in the scope of thoracic surgery, generally, but, more spe-
cifically, in the advancement of cardiac surgery.

The measure of success achieved by efforts to correct congenital
cardiac anomalies by indirect surgical procedures has served to encourage
world-wide research in developing techniques by which cardiac defects may
be corrected by direct methods under direct visione.

In order to facilitate such surgical procedures an artificial
means for the maintenance of circulation and oxygenation of the bloocd was
mandatory.

This experimental project is concerned with the study of the va-
rious techniques of extracorporeal circulation that have been developed
elsewhere, in order to evaluate and become proficient in the use of a suit-
able heart-lung apparatus to be applied clinically.

After review of the literature it became obvious that the pumping
mechanism was not as great a problem as was oxygenation of blood without
causing undue alteration of constituents of bloods Three main techniques
of extracorporeal circulation presented possibilities for clinical appli-
cation; namely, (1) controlled cross-circulation, (2) the use of a hetero-
genous biological lung oxygenator and pump and (3) artificial oxygenation

of blood with a pumpe.




e
This investigation was confined to these three techniques of ex-

tracorporeal circulation.
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CHAPTER II
HISTORICAL SURVEY

Le Gallais (122) in 1812 made the following statement "If one
could substitute for the heart a kind of injection of arterial blood either
naturally or artificially made one would succeed easily in maintaining
alive indefinitely any part of the body whatsoever".

The first recorded description of a heart-lung preparation was
made by Martin (139) in 188l1. Isolated animal lungs, artifically respired
were used to provide oxygenated blood for a working animal heart.

In 1903 Brodie (20) described an artificial oxygenator. Air was
bubbled through a perfusate of Locke!s solution and Ringer's solution.
Brodie was able to maintain an isolated rabbit's heart for four hours with
this oxygenator. A cam driven pump and a glass wool filter were included
in this apparatus. The author performed further experiments using blood
for perfusion. It was noted that oedema occurred in most organs perfused,
and notably lungs, when the perfused blood was diluted with saline, but
no oedema occurred when blood alone was used. It was also reported that
oedema was less likely to occur if the perfusate was supplied by pulsating
rather than constant pressure.

One of the first successful open cardiac operations was performed
experimentally on a dog by Haecker (76) in 1907. The azygos vein was li-
gated, and the superior and inferior venae cavae were temporarily occluded.
Through an incision in the right ventricle a defect was created in the in-
terventricular septum. The animal survived the operation. It was noted
in further experiments that the cardiac function was betier maintained

when the azygos vein remained patent throughout the operation.
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Cross—~Circulation

The technique of using an entire donor animal for the purpose of
oxygenation and perfusion of the blood of a second animal, or an isolated
portion thereof, is known as cross—circulation. An extracorporeal circuit
is necessary 1o convey oxygenated blood from the arterial system of the do-
nor animal to the arterial system of the recipient animal, and the venous
blood from the venous system of the patient animal to the venous system of
the donor animal.,

Early experiments by Houssay and Hug in 1928 were directed toward
the maintenance of life in an isolated portion of an animal by means of
cross—~circulation with a second intact animal. By means of cannulae a caro-
tid artery and jugular vein of an isolated dog's head were anastomosed with
& carotid artery and jugular vein of an intact donor dog. Corneal reflexes
were noted to return in the isolated head after five minutes perfusion but
did not persist after eleven minutes perfusion.

The same authors also cross—circulated an isolated heart-lung
preparation with a donor dog. Artificial respiration was applied to the
isolated lung. The authors were able to maintain the heart beat in the
igolated preparation for the duration of the experiment.

The perfusion of an entire animal by cross—circulation with a
homologous donor animal was reported by Kerr et al (110) in 1951, A fenes-
trated catheter was introduced into the jugular vein of the patient animal
and advanced so that its terminal portion was situated in the inferior vena
cava. This catheter was connected to the venous line of fhe extracorporeal
circuit. The arterial line of the extraéorporeal,circuit was connected to

a catheter which had been advanced into the'descending aorta by way of the
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femoral artery of the patient animal. During perfusion the heart and lungs
of the patient animal were excluded from the circulation by temporary occlu-
sion of the superior and inferior venae cavae and descending aorta. Cardio~
tomy was successfully performed. However, upon release of the ligatures
about the superior and inferior venae cavae sudden dilatation of the heart
was noted.

In an effort to ascertain the minimal flow of blood that would be
sufficient to adequately oxygenate the myocardium and cerebral centers An-
dreasen and Watson (3) produced experimental evidence that the maintenance
of a small flow of blood through the azygos vein with the venae cavae
clamped was sufficient to maintain the brain and heart without detriment
to full functional recovery for periods of at least thirty-five minutes.
This was later to be referred to by other workers as "The azygos flaw prin-
ciple". In 1952 these same authors (4) stated that the measured flow of
blood through the azygos vein prior to clamping the venae cavae was 18 c.co.
per minute, Immediately after ligation of the superior vena cava the flow
rate rose to 106 c.c. per minute. After ligation of the inferior vena
cava as well the flow rate fell to 80 c.c. per minute. This figure related
to the "azygos flow principle" cited in earlier experiments. A steady fall
of flow rate of 18.5 c.c. was noted in each 20 minute interval. The authors
reported that the minimal critical level for sustaining the heart in order
to maintain reflexes in the patient animal was 150 c.c. per minute. The
limit of period of safety for recovery was about 40 minutes.

In 1953 Andreasen and Watson (5) (6) introduced the term “con-
trolled cross-circulation". An arterial and a venous pump were used to

control the arterial and venous flow rates between the donor and blood
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recipient animale It was reported that the arterial input had to be care-
fully guaged so as to be as close as possible to the rate of venous return
whilst remaining above a rate known to be the lowest at which myocardial
function could be satisfactorily maintained. The optimum flow rate for the
average dog ranged between 225 to 300 c.cs per minute delivered as aortic
flow at the coronary ostia.

At lower flow rates the heart tended to overdistend after release
of the venae cavae. Even with higher flow rates gradual release of the in~
ferior vena cava was important in order to avoid overdilatation of the
heart. Ventricular fibrillation was also noted to occur more frequently
during perfusion when lower flow rates were usede.

Cohen and Lillehei (32) in 1954 reported that the "azygos flow"
ranged between 8 to 14 c.c. per kilogram per minute. This was approximately
one-tenth of the basal cardiac output of 165 cec. per kilogram per minute.
Dogs were successfully maintained for 30 minutes or longer, with arrest of
circulation through the heart and lungs, on this amount of blood flowes No
damage could be detected to the vital organs of animals maintained with a
blood flow of far less magnitude than those which they normally receive,

Further experiments revealed that for open intracardiac surgery,
performed with the technique of controlled crogs—circulation, flow rates
3 t0 5 1/2 times the "azygos flow" offered the patient animal a greater
margin of safety, even though vital functions could be maintained with flow
rates approximating the "azygos flow". Warden et al (199) (200) in 1954
reported that optimum flow rates appeared to be between 30 and 50 per cent

of the basal cardiac output of the patient animal.
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These same authors reported interesting biological changes which
occurred during cross—-circulation, The patients® arterial blood oxygen con-
tent rose and the venous blood oxygen content fell. This phenomenon repre-—
sented an increase in the recipients' coefficient of oxygen utilization.
This appeared to be associated with a mild degree of acidosis which appeared
to augment dissociation of oxyhemoglobine Observations on clinical appli-
cations of controlled cross—circulation were reported by Lillehei (129) in
1955.

Tygon (180) plastic tubing was used for the extracorporeal circuit.
This was primed with 5 per cent glucose in distilled water or with normal
saline prior to perfusion. Because the tubing was relatively inexpensive
it was discarded at the conclusion of each operation.

Perfusion flow rates of 25 to 40 c.c. per kilogram per minute
were usede

Polyethylene catheters were inserted into the superior vena cava
and inferior wvena cava by means of small incisions placed in the wall of the
right auricle and controlled by purse string suturess The systemic arterial
catheter was introduced into the ascending aorta of the patient through the
proximal end of a divided subclavian artery.

The donor was prepared by catheterization of a superficial femo-
ral artery. The catheter was advanced so that its tip was situated in the
abdominai aorta. The venous catheter was advanced through the saphenous
| vein so £hat its tip was placed in the inferior vena cava.

During perfusion an increase in the donor's respiratory minute
volume was necessary to maintain his alveolar pCOs within normal limits as

monitered by a portable mass gas spectrometer during the period of perfusion.
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The donor's aortic and vena caval pressures tended to rise during the per-
fusion with .a peak at 28 minutes perfusion. The recipientts aortic pres~
sure tended to fall although his vena caval pressure tended to rise. All
blood pressures rapidly returned to nomal at the conclusion of the pro-
cedure.

Of thirty-two patients who underwent intracardiac operations with

the aid of controlled crcss—circulation there were twenty who survived.
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Biological Lung Oxygenation

The earliest experiments with autogenous lung oxygenation were
reported by Starling (186) in 1912, Gibbs (65) in 1930 and Hemingway (80)
in 1931. Starling described a heart—-lung preparation utilizing a cat's
omn lung for oxygenation. Hemingway perfused an isolated kidney by means
of an extracorporeal circuit and a pump. The animals own lung was used
as an oxygenator. Gibbs was able to maintain an entire animal utilizing
the subjects own lung for oxygenation while the heart was temporarily ex—
cluded from the circulation by means of ligatures placed about the supe-
rior and inferior venae cavae and the azygos vein. Sirak, Ellison and
Zollinger (183) reported experiments in which cardiotomy into an empty
left ventricle was performed with the use of an extracorporeal circuit
and autogenous lung oxygenatione

Successful maintenance of the circulation of an entire animal
vith the use of an isolated homologous lung for oxygenation and a pump
for perfusion was first reported by Barcroft (7) in 1933. The right
ventricle was opened in ten animals with the aid of homologous lung oxy-
genation by Mustard and Chute (149) in 1951. It was noted by Gerst el al.
(57) that cyanotic blood became fully oxygenated during a single passage
through an isolated homologous lunge Perfusion was successfully maintained
for three hours with homologous lung oxygenation by Potts et al (163) in
1852, In order to preclude the development of oedema in the donor lung
it was found that freshly resected lung tissue must be used, and also

that positive pressure respiration must not be too vigorous.
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Wasalowski and Welch (205) in 1952 described an apparatus utili-
zing rubber and glass tubing. Two pumps, a reservoir, lucite valves, and a
T-shaped lucite pump chamber which produced positive-negative pressure by
acting as an air piston were included in the apparatus. Two filters of fine
mesh monel metal with spaces of 200 by 300 (microns) were incorporated in
the extracorporeal circuit. Autogenous lung was used for oxygenation. Po—
sitive pressure respiration at 10 to 12 cm. water endotracheal pressure was
used. Perfusion time was 2 hours. Oedema of the donor lung was a major
complication in early experiments,.

One experiment of heterogenous lung oxygenation was reported. A
donor sheep lung was used to oxygenate a patient dog with survival of the
animal.

Heart-lung dissection en bloc with insertion of the pulmonary
artery catheter by way of the auricular appendage was reconmended. In
this way the introduction of air emboli into the vascular system of the
donor dog was eliminated.

A series of 55 experiments with total cardiac bypass for experi-
mental intracardiac surgery utilizing autogenous lung oxygenation was re-—
ported by Cohen and Lillehei (31) in 1953. Blood flow rates of 8 to 14 c.c.
per kilogram per minute were used., Measurement of pH and plasma carbon
dioxide content revealed a slight metabolic acidosis during the experiments.
The blood pCO2 content was only slightly elevated. After once passing
through the pulmonary circuit the blood showed 100 per cent oxygen satura—
tione The survival rate was 9049 per cent in a series of 55 animals with

exclusion of the heart for a 30 minute period.
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The first clinical operation with the use of monkey lung for
oxygenation was performed on an infant by Mustard and Sirek (151) in 1954.
Difficulty in maintaining an adequate venous return from the patient was
reported.

Cohen, Warden and Lillehei (33) in 1954 reported on the physio-
logic and metabolic changes when using an autogenous lobe for oxygenation.
The systemic blood pressure during occlusion of the venae cavae ranged
between 30 and 40 mm. mercury, and returned to control levels after re—
lease of the venae cavae., Hemolysis after 30 minutes perfusion was con-
sidered minimal. Plasma hemoglobin levels between 35 and 70 mgm. per cent
were reported. It was claimed that values in excess of 200 mgm. per cent
were necessary to produce renal damage. Heparin in a dosage of 0475 mgm.
per pourd body weight was usede Troublesome post—operative oozing of
blood from cut surfaces in these experiments was rare, and when it did
occur it was readily controlled by a single intravenous dose of 50 mgm.
protamine sulfate,

A moderate degree of hemoconcentration 5 to 20 per cent over
control levels was noted. Renal function studies were all within normal
limitse

Arterial blood oxygen contents were all between 90 and 100 per
cent during perfusione. A small drop in pH of the blood was noteds. A rise
in lactic acid was reported. The principal portion of the acidosis ap-
peared to be the accumulation of acid metabolites which monopolized the-

blood buffers. Liver function tests were all within normal levels.
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In 1955 Campbell, Crisp and Brown (22) reported a comparative
series with autogenous and homologous lobe oxygenation. With blood flow
rates of 32 to 38 c.c. per kilogram per minute the arterial pressure du-

ring perfusion was registered at about 75 mm. mercury. Intermittent posi-

tive pressure ventilation of the donor lung with 100 per cent oxygen at 14
to 16 cm. water pressure at the rate of 12 to 18 cycles per minute, was used.

A double Sigmamotor pump (180) was used to propel the blood in
the extracorporeal circuit. The pump consisted of an electric motor
which set in motion two pump heads. Rubber tubing 10/16 inches external
diameter traversed each pump head. A finger-like action of metal rods
propelled the blood forward in a pulsatile wave by applying external pres—
sure in sequence to the tubing within the pump head. |

A depulsator in the extracorporeal system was found to be most
important. This was placed between the venous pump and the donor lunge.

The donor lung showed considerably less weight gain after perfusion when
the depulsator was used in the system,

The extracorporeal system consisted of Tygon tubing, a methyl
methacrylate collecting chamber in which the donor lung was suspended,
rubber tubing within the Sigmamotor pump heads and gum rubber tubing
within the depulsator. Size #12 and #14 French plastic catheters were
used to cannulate the vessels, | k

Heparin, 1 mge per kilogram body weight was given intravenously
pre-operatively. At the conclusion of the operation, protamine sulfate 1
mg. per kilogram, diluted in 100 c.c, normal saline, was administered in-

travenously over a period of 5 to 10 minutes.
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Careful monitoring of the arterial and venous flow rates was
essential during perfusion. The level of blood in the reservoir was used
as a guide.

In each series of 10 experiments there were 5 long term survivals,
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Artificial Oxygenation of Blood
Early Experiments:

The first successful attempt at artificial oxygenation of blood
was reported by Zeller (214) in 1908, who noted that oxygenation of blood
could be achieved in vitro by bubbling oxygen through blood.

Chemical oxygenation was reported as early as 1910 by Laewen and
Sievers (121) who experimented with sodium perborate as the oxidizing agent.

Hooker (851) in 1910 first described an artificial oxygenator
with an extracorporeal circuit. Blood was pumped by means of a motor dri-
ven pistone A cam and sliding carriage altered the volume per minute flow
of blood. Oxygenation was achieved by bubbling either oxygen or an oxygen-
carbon dioxide mixture through defibrinated blood in a glass reservoir.

The gas escaped through a vent at the top. Blood was drained at the bottom
of the reservoire. This apparatus produced a pulsatile flow which allowed
alteration of magnitude of pulse pressure. An isolated dog kidney was per—
fused. A correlation was noted between the magnitude of the pulse pres—
sure, the rate of blood flow and the amount of urinary filtration formed.

The first oxygenator in which a blood film was exposed to an at-
mosphere of oxygen was constructed by Richards and Drinker (170) in 1915.
In this apparétus the blood was filmed over a silk screen exposed to an
atmosphere of oxygen. A pump and extracorporeal circuit were part of the
apparatuse 4 blood flow rate of 50 cc. per minute was reported. The appa—
ratus was used for perfusion of isolated organs.

Isolated organ perfusion with artificial oxygenation was again
reported by Hooker (86) in 1915. For purposes of oxygenation blood was al-

lowed to form a film over an inverted revolving bell jar while exposed to
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an atmosphere of oxygen. The medulla of a dog was perfused for two hours
with the cardiac and respiratory centers remaining active.

Drinker et al. (45), in 1922, reported successful perfusion of the
tibia of a dog with an artificial oxygenator improved from the original
apparatus described in 1915.

In 1928 Dale and Schuster (37) described an air—-piston pump which

formed the basis of many present day heart pumps.
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Attempts at Artificial Oxygenation of Blood by Intravenous
Administration of Various Substances

Lighty et al. (126), in 1932, and Degowin et al (39), in 1938,
attempted oxygenation of blood by intravenous administration of hemoglobin,
Lighty noted hemaglobinuria in animals following injection of 124 to 210
mg. of hemoglobin per kilogram body weight. Degowin reported that, upon
transfusion of canine hemoglobin into dogs, death from renal insufficiency
occurred when the urine was acid, but not when it was alkaline. Autopsy
specimens showed tubular obstruction and necrosis.

Efforts 1o oxygenate blood in vivo by intravenous administration
of oxygen were reported by Singh (182) in 1935, Dick (41) in 1939, Ziegler
(215) in 1941, Goodwin and Harmel (72) in 1949 and Lary (120) in 1951,
Dick noted pulmonary emboli accompanied by anoxemia almost immediately
after the administration of oxygen into the femoral vein of dogs. This
was accompanied by an increase of pressure within the right auricle.
Ziegler reported the use of intravenous administration of oxygen clinically
at the rate of 200 c.c. to 600 c.c. per hour. Oxygen emboli in the blood
stream were noted. Goodwin and Hormel experimented with intravenous oxygen
and helium for artificial oxygenation of blood. Lary reported the addition
of a small amount of wetting agent to the oxygen and then passing it
through a filter paper to reduce the size of the bubbles before injecting
it intravenously into dogse There were 5 long term survivals following
intravenous oxygen administration for periods up to 50 minutes.

Siderova (179) in 1944 reported experiments in which hydrogen

peroxide was used for chemical oxygenation of blood.
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Blood Film in Contact with Oxygen

The principle of oxygenation by exposure of a thin film of blood
to an atmosphere of oxygen has intrigued numerous workerse. An almost infi-
nite variety of oxygenators constiructed on this principle have been des-
cribed.

De Burgh Daly and Thorpe (38) in 1933 described an apparatus con-
sisting of three tall revolving glass cylinders and three horizontal revol-—
ving discs arranged concentricallye. The blood was allowed to form a film
on the concentric cylinders for exposure to an atmosphere of oxygen.

A tier of horizontal revolving aluminum plates formed the surface
for the blood film in an oxygenator described by Evans et al (51) in 1934,
Some difficulty with frothing of blood was reported. This was highly unde-
sirable since air emboli tended to enter the arterial line and so produce
fatal cerebral and coronary air emboli.

In order to eliminate frothing of blood Cruickshank (36) in 1934
used a rotating spiral sheet of nickel plated copper as the surface for
the blood film.

Gibbon (58), (60), (61) used a revolving steel cylinder as the
surface for the blood film which was introduced at the top of the cylinder.
Oxygen was introduced through an inner tube at the bottom of the cylinder.
This apparatus achieved 98 per cent oxygen saturation of the blood.

A vertical rotating plate was described by Koiff (115) in 1946
as the surface for the blood film exposed to oxygen.

The inner wall of spiral tubing was used by Jongbloed (101),

(102) as the surface for a blood filme




Karlson et al. (108) in 1949, attempted to follow the lead of
Kolff (116) and interposed a thin membrane between the blood and oxygen
atmosphere. Cellulose sausage casing was used. This presented too great
a barrier to the diffusion of oxygen to make the Kolff apparatus an effi-
cient oxygenator. He later described an apparatus in which the oxygenator
consisted of 8 vertically revolving concentric cylinders and a funnel to
deliver blood into a cup shaped reservoire

Survival of a dog following a 2 hour perfusion with the aid of
an artificial oxygenator was reported by Jongbloed (102) in 1949. The
oxygenator consisted of plastic tubing revolved about a central axis.

The blood film was allowed to form on the inner wall of the tubing.

A wire screen was first used by Stokes and Flick (188) in 1950
to line the inner surface of a vertical metal cylinder oxygenator. By
thus creating turbulence in the blood film an attempt was made to increase
the capacity of introduction of oxygen into the blood.

The first screen oxygenator was described in 1951 by Miller,
Gibbon et ale. (145). Six stainless steel screens were suspended in pa-
rallel from a distributing chamber and enclosed in a clear plastic case.
The glass joints in the apparatus were siliconized with DC 200, manufac-
tured by Dow Corning Corporation of Midland, Michigan. Tygon plastic tub-
ing was used for the extracorporeal circuite A 5 per cent carbon dioxide -
95 per cent oxygen mixture was used for oxygenation. Blood flow rates up
to 2000 c.c. per minute were used on patient dogs. At the conclusion of
the operation protamine sulfate in dosage equal to the heparin given was
administered intravenously over a 20 minute period. In a series of 21

experiments 6 survivals were reported.
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An automatic device which maintained the blood pH within physio~-
logical limits was described by Gibbon (62) in 1951« It functioned by the
addition or exclusion of carbon dioxide to the oxygen atmosphere in contact
with the blood film.

An apparatus in which a system of jets filmed blood on several
screen discs as they rotated slowly on a horizontal axis was described by
Dennis et al (40) in 1951. A flowmeter was used in the extracorporeal cir—
cuite.

Gimble and Engelberg (69) in 1952 described an artificial oxyge-
nator in which blood was distributed in a film over a column of large
bubble foam. The oxygenated blood was collected into the blood poocl below
the foam area. There was apparently no problem with foaming in the extra-—
corporeal circuit in experimental use of thig apparatuse

Waud (202) in 1852, was able to control the size of the aggrega-
tion of bubbles by the rate of oxygen flow, This was a significant contri-
bution from the standpoint of efficiency of oxygenation of the blood in
the bubbling chamber,

Melrose and Aird (143) in 1953 noted that the optimum time of
exposure of the red blood cell to oxygen was 0.5 seconds. They described
an oxygenabtor in which a rotating cylinder was set at a slight angle to the
horizontsl allowing the blood to travel within it from the top downward and
to spread over blades projecting into the lumen of the cylinder in the shape
of a helix.

Polyvinylchloride tubing, treated with Dow Corning dimethyldi-

chlorosilane within the lumen, was used in the extracorporeal circuit. The
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authors reported that polyethylene tubing served just as well as polyvinyl-
chloride tubing.

Melrose et al. (142) in 1953 reported that animals were success—
fully perfused for one hour at blood flow rates varying from 50 to 1000 c.c.
per minute.

Helmsworth et al (79) in 1953 described a filter of 325 mesh stain-
less steel screens with a baked silicone coating to be used between the
pumping chamber and the animal in the arterial line.

Gibbon (64) in 1954 added a third pump to the oxygenator described
earlier, Its purpose was to avoid accumulation of blood on the screens of
the oxygenator. This pump drew blood from the bottom of the oxygenator cham—
ber and also from the venous tubinge. The flow from this pump was always
greater than the vena caval flow. This pump operated at a fixed rate during
perfusion. A suction chamber between the venal cavae and the pump on the
venous side was added for smoother venous flowe A Cuvette oximeter was used
for blood oxygen determination,

Donald et al. (43) in 1955 reported that the mixed venous oxygen
saturation was maintained at relatively normal levels indicating adequate
blood flow into the tissues.

Jones et al, (100) in 1955 reported further improvements in the
Mayo Clinic oxygenator. Fourteen wire mesh screens each 12 by 18 inches
were enclosed in a lucite case. The number of screens used varied with the
expected volume of flow, and space blocks were used to reduce the volume
when a small number of screens were required.

The blood entered at the top of each screen through a series of
0,006 inch carefully machined polished slats in the stainless steel floor

of the upper oxygenator reservoir.
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The lower oxygenator reservoir contained a removable lucite block
which served to hold the free ends of the screens, and also helped to reduce
the volume of the chamber. This chamber served as an outlet for oxygenated
bloode The screens were wet with normal saline prior to perfusion.

Melrose (144) in 1955 reported the use of pumps which were capable
of circulating 6 liters per minute. A pulsatile flow was obtained by a
squeezing action of two metal plates on a straight plastic tube. The plates
were operated by a cem shaft which imparted an undulating movement., Hemoly-

sis of only 2 mgm. per cent after 2 hours perfusion was reported.
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Mechanical Mixing of Blood and Oxygen

The principle of foaming blood as a means of oxygenation, with
subsequent defoaming, forms the basis of many present day artificial oxy-
genatorse.

An attempt to inject blood and oxygen under pressure through small
tipped openings against the sides of a spherical glass bulb was made by Von
Euler and Heymans (49) in 1932. The apparatus accommodated blood flow rates
of 250 c.c. per minute.

Isolated organ perfusion with the aid of oxygenation by mechani-
cal mixing of blood and oxygen was carried cut by Thomas (190) in 1948.

In early experiments blood was dripped through an atmosphere of oxygen.
Subsequently, oxygen was bubbled through blood to achieve oxygenation,

Clark, Gollan and Gupta (27), in 1950, described an artificial
oxygenator based on the principle of mechanical mixing of blcod and oxygen.
Oxygen was bubbled through blood. This was found to be a very rapid and
efficient procedura for saturation of hemoglobin. In this apparatus the
oxygen was dispersed in blood in the form of tiny bubbles, produced by
passing the gas through a fretted glass disc or a porcelain bacteriological
filter. The blood was made to swirl rapidly in the oxygenator chamber as
the oxygen bubbles were dispersed through it. The oxygenator was humidi-
fied before it entered the oxygenator chamber. The rate of oxygen flow
was monitered to obtain optimum oxygenation without excessive gas flow,

After oxygenation, which was nearly immediate, the excess gas
was released by passing the blood over a surface coated with methyl-

siloxane resin, also known as anafoam and sold commercially as DC antifoam
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A, manufactured by the Dow Corning Corporation, Midland, Michigan, U.S.A.
The anafoam was coated on glass beads or fine glass rods set in a defoam-
ing chamber.

The defoamed blood entered a reservoir which served alsoc as a
bubble trap. A fllter of fine mesh glass cloth was placed in the arterial
portion of the circuit.

Two pumps were used in the circuit, one in the arterial part, and
the other in the venous part of the flexible polyethylene bottles which
were mechanically alternately compressed and expanded.

Polyethylene tubing was used for the extracorporeal circuit.

All glass parts in the apparatus with the exception of the per-
forated plate were coated with silicone resin.

The apparatus was used for perfusion experiments in dogs with
exclusion of the heart from the circulation. The venous blood was drained
by means of a catheter inserted into the jugular vein and its tip advanced
into the inferior vena cava. The catheter contained two sets of perfora-
tions to allow simultaneous drainage from the superior and inverior venae
cavae., The oxygenated blood was returned to the patient animal by way of
the femoral artery.

The arterial blood oxygen saturation was greater than 95 per cent.
Comparatively high plasma hemoglobin levels up to 400 mg. per cent were
recorded after the procedure was completed.

A similar principle was reported by Clowes (28). By the use of
slight negative pressure, 1 cm. mercury, the oxygenated blood was drawn
into a reservoir in which the bubbles and foam were allowed to rise to the

surface, Modified Dale Schuster pumps were used at blood flow rates cal-
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culated to maintain normal cardiac output. Oxygen saturation of the blood
above 88 per cent was reported., It was noted that the blood pH could be
raised by rapid ventilation of the lungs of the patient doge

Gollan et al.(71), in 1952, reported experiments in which the
punp oxygenator was used to secure rapid changes in body temperature, thus
combining extracorporeal artificial oxygenation with hypothermia.

Dogliotti et al.(42), in 1954, described an artificial oxygenator
in which a large candle of porous porcelain was used to produce a micro
bubble mist. The candle~shaped porcelain inserted into a cylinder of an
internal diameter 6 mm. greater than the diameter of the candle. Blood
was introduced from above into the 3 mm. space betwgen the candle and the
cylinder. Oxygen was introduced from below and allowed to disperse through
the porous porcelain candle. The apparatus produced no frothing. Oxygen
saturation of more than 95 per cent was reported. The pH of the blood re-
mained within the physiological range.

This apparatus was used clinically during three intra-cardiac
operations with survival of the patients.

A centrifugal aerator for gas dispersion was described by
Kusserow (119) in 1955. The oxygenator was a hollow cylinder of microporous
porcelain, a bacterioclogical filter with a mean pore size of 5 m, which was
placed in a c¢ylindrical glass jacket. Oxygen was introduced through a side
arm into the cylinder. A spiral ribbon of polyethylene within the lumen
of the filter directed the blood flow in a swirling course. The centrifugal
force directed the blood to the periphery while the bubbles remained in the
centers The blood was forced through peripheral apertures into the glass re-
ceptacle, Waste gas was allowed to escape through a vent at the top of the

chamber,
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No anticoagulants were added to the blood and no foreign sub-
stances, Parts that came in contact with the blood could be sterilized
by autoclaving.

In experiments performed a blood flow of more than 3 liters
per minute was oxygenated and defoamed.

Lillehei et al. (131), in 1956 described a simple oxygenator
which served as temporary replacement for the human lunge.

The oxygenator had no moving parts. It was assembled entirely
from commercially available pure polyvinyl food hose, and was sterilized
by autoclavinge. Because of its low cost it was disposed of after each
clinical operatione.

Oxygenation of venous blood was effected by direct introduction
of 100 per cent oxygen in the form of large bubbles introduced into ver—
tical plastic tubinge The oxygen entered the blood near the base of the
mixing tube by way of 18 intravenous needles, size 22 standard, vhich had
been inserted circumferentially through an ordinary rubber laboratory
stoppers The bubbles were largely dissipated by momentary contact with a
patent non~toxic silicone antifoam substance, DC antifoam A, Dow Corning
Corporation, Midland, Michigan, which was sprayed or painted on the distal
V-shaped portion of the walls of the mixing tube and the smaller plastic
connecting tube of the apparatus. From the settling tube the arterialized
blood entered a central collecting reservoir, an ordinary Kelly flask
lined by a polyethylene bag. The oxygenated blood leaving the central re-
servoir was filtered through standard nylon blood filters, Baxter Labora-

tories, Incorporated, Morton Grove, Illinois.




The patients were heparinized with 1 1/2 mg. heparin per kilogram
body weight. Heparinized blood was administered intravenously for blood
replacement., Heparin, 18 mg. mixed with 50 c.c. of 5 per cent glucose was
used for each 500 c.c. of fresh blood. The blood flow rates in clinical
operations ranged from 172 c.c. per minute to 600 c.c. per minute. The pa-
tients' plasma hemoglobin levels, drawn immediately after perfusion, varied
from 17 to 45 mg. ver cent,

Seven patients operated on awakened immediately post—operatively,
and there was no evidence of neurologic, hepatic or renal impairment of
even a temporary nature., There was also no abnormal volume of hemorrhage

observed in the post~operative interval.




TABLE 1

Expe. ents Performed

Per- Time
fusion Heart
No. Title Time Min. Open Min. Description

1 Controlled Cross Circu-

lation Between Two Dogs

Cardiotomy Right Ventricle 18

2 Opening of Right Auricle

Under Hypothermia Effected Exclusion of heart
External Body Coolin and lungs 10 ming-
3 Opening of Right Auricle
Under Hypothermia Effected Exclusion of heart
By External Body Cooling and lungs 17 min,

L Controlled Cross Circu~

lation Between Two Dogs

Cardiotomy Right Auricile 8.5 7.5
5 Controlled Cross Circu-

lation Creation of Inter

Atrial Septal Defect

And Repair 14 5

6 Biological Homologous
Lung Oxygenation Creation

of Inter Atrial Septal

Defect and Repair 19.3 4




LE 1 Continued

Per- Time
fusion Heart
No. Title Time Min. QOpen Min. Description
7 Biological Homologous
Lung Oxygenatlion Creation
of Inter Atrial Septal
Defect and Repair 10 2¢5
8 Biological Homologous
Lung Oxygenation Creation
and Repair of Inter
Atrial Septal Defect 26 13
9 Biological Homologous
Lung Oxygenation Cardiotomy
Right Auricle 19 2
10 Biological Homologous
Lung Oxygenation Cardiotomy
Right Auricle 13 3
11 Comparison of Perfusion 1. Dextran 10% with
Substances In Artificially Glucose 5%
Respirated Isolated Dog's 2. Plasma
Lungs Lobes 3. Autogenous Dog's
Whole Blood
4, Normsl Saline
12  Perfusion of Lobe of Dog 1. Inverted Lobe

Lung With Improved Drainage

Technique

Intermittent Negative
Pressure Respiration

2. Inverted Lobe
Intermittent Positive

Pressure Respiration




TABLE 1 Continued

Per- Time
fusion Time Heart
No. Title - Mine Open Min. Description
13 Bilological Homologous Inverted Lobe
Lobe Oxygenation Intermittent Negative
Cardiotomy Right Ventricle Pressure Respiration
14  Biological Homologous
Lobe Oxygenation Cardio-~
tomy Right Ventricle 19 3
15 Biological Homologous
Lobe Oxygenation Cardio-
tomy Right Ventricle 12 5

16 Cardiotomy Right Ventricle
Hypothermia Effected By

Body Surface Cooling

Heart and ILungs Ex-
cluded From Circu-

lation Ventricle

Incised arnd Closed

17 Creation And Repair Of
Inter Atrial Septal Defect

Under Hypothermia Effected

By Body Surface Cooling

18 Correlation of Flow Rates
And Pressures In BExtra

Corporial Circuit

Perfusion Substances
1. Water
2. Dextran 10% with

Glucose 5%




TABLE 1 Continued

Per- Time
fusion Heart

No. Title Time Min. Open Min. Deseription

19 Measurement of Pulmonary Method
Artery Pressure During Devised
Perfusion of Donor Lung

20 Perfusion of Isolated Dog Iung oxygenated at
Lung Biological Oxygen- controlled pressure of
ation of Whole Blood In 0 to 12 cm. H20 at
Vitro Under Conditions of rate of 14/min.
Temperature Control and Perfusion rates adjusted
Pressure Control in Pulmonary to maintain pulmonary
Artery of Donor ILung artery press. at 18 to

20 mm. Hg,

21 Perfusion of Isolated Temp. of Water Bath
Entire Lung Parenchyma of 42.5 to 48.25°C. Temp.
Dog With Dextran 10% and of Blood 31.5 to 35°C.
Glucose 5% Followed By PA Press.mm.Hg. 6 to 29.
Biological Oxygenation of Oxygen Press. mm. Hg. 20
Heporinized Autogenous Whole to 40. Blood Flow Rate
Blood In Vitro Under Con- ce/min. per 200.

ditions of Controlled Temp-
erature and Perfusion

Pressure

22 Blological Homologous Lung
Oxygenation Cardiotomy Right

Auricle 29 6




TABLE 1 Contingyed

Per- Time
fusion Heart
No. Title Time Min, Open Min., Description

23  Bilological Homologous
Lung Oxygenation Cardio-

tomy Right Ventricle 30 3
24  Biological Homologous

Lung Oxygenation Cardio-

tomy Right Ventricle 30 : 3
25 Biological Homologous

Lung Oxygenation Cardio-

tomy Right Ventricle 30 5

26 Comparison Of Heinolytic Plasma Hemaglobin
Effect of Siliconed Glass 1. Siliconed Glass
and Plastic On Fresh Apparatus 0.661 gm.%
Whole Human Blood 30 2. Plastic Apparatus

0. 586

27 Biological Homologous Lung Trans-sternal
Oxygenation Cardiotomy thorecotomy
Right Ventricle 30 219

28 Biological Homologous Lung
Oxygenation Cardiotomy

Right Ventricle 16 5

29 Biological Homologous Lung

Oxygenation Cardiotomy

Right Ventricle _31 L




T Continued

Perf-
usion Time
No. Title Min, Open Min. Description
30 Biological Homologous
Lung Oxygenation Cardiotomy
Right Ventricle 30
31 Biological Homologous Lung Continuous Arterial Press,
Oxygenation Cardiotomy Tracing Measured In Des-
cending Aorta
Right Ventricle 21 of Patient Dog
32 Biological Homologous Lung Arterial Pressure
Oxygenation Cardiotomy Recorded
Right Ventricle 20
33 Biological Homologous Lung Arterial Pressure
Oxygenation Cardiotomy Recorded
Right Ventricle 20

34 Biological Homologous Lung
Oxygenation Cardiotomy

Right Ventricle

Arterial Pressure

Tracing

35 Biological Homologous Lung
Oxygenation Cardiotomy

Right Ventricle

36 Biological Homologous Lung
Oxygenation Cardiotomy

Right Ventricle

37 Biological Homologous Lung

Oxygenation Cardiotomy

— . Right Ventricle




TABLE 1 Continued

Per- Time
fusion Heart
No. Title Time Min, Open Min. Description

38 Biological Homologous Lung
Oxygenation Cardiotomy

Right Ventricle

39 Bilological Homologous lung

Oxygenation Cardiotomy

Right Ventricle 20
40  Biological Homologous Lung

Oxygenation Cardiotomy

Right Ventricle 12 5

41  Artificial Oxygenation

of Human Blood

L2  Artificial Oxygenation

of Human Blood

43  Artificial Oxygenation

Cardiotomy Right Ventricle 30

by  Artificial Oxygenation

Cardiotomy Right Ventricle 30 2
bs  Artificial Oxygenation

Cardiotomy Right Ventricle 30 1_
46 Artificial Oxygenation 60

L7  Artificial Oxygenation
Creation and Repair of Inter

Ventricular Septal Defect 20




TABLE 1 Continued

Per- Time
fusion Heart

No, Title Time Min. Open Min. Description
48  Artificial Oxygenation

of Human Blood In Vitro Studies Hemolysis

P _H Changes

49  Artificial Oxygenation

Cardiotomy Right Ventricle 12 3
50 Artificial Oxygenation

Cardiotomy Right Veptricle 36 9
51 Artificial Oxygenation of

Human Blood In Vitro 30 Fibrinegen studies
52  Artificial Oxygenation

Cardiotomy Right Ventricle 12
53  Artificial Oxygenation

Cardiotomy Right Ventricle 20 3
54  Artificial Oxygenation

Cardiotomy Right e 10
55  Artificial Oxygenation

Cardiotomy Right Ventricle E.D.T.A. anticoagulant

for donor blood

56  Artificisl Oxygenation

Cardiotomy Right Ventricle 20




TABLE 1 Continued

Per-~ Time
fusion Heart
No. Title Time Min. Open Min. Description
57 Artificial Oxygenation Mechanical mixing
of Dog's Blood in Vitro of blood and oxygen

with no bubbling

Protamine heparin

titration
58 Artificial Oxygenation
Cardiotomy Rizht Ventricle 30
59  Artificial Oxygenation 30 Anafoam diluted
Ain ether

60 Effect of Heparin And
Protamine In Various
Dilutions On the Arterial
Blood Pressure of Anes-

thetized Dogs

61 _Artificial Oxygenation 30

62 Artificial Oxygenation

Cardiotomy Right Ventricle 30
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CHAPTER ITI
Cross—-Circulation Experiments
Materials:

A double Sigmamotor pump (180) model T-63 was used. With this
apparatus the flow rates of each pump head were individually adjustable.
One electric motor served both pump heads. The pump functioned by progres-
glve finger-like pressure of vertical metal rods upon rubber tubing placed
within the pump head.

Tygon (180) plastic tubing, 3/16 inch internal diameter, was used
for the extracorporeal circuit. Rubber tubing, 1/2 inch internal diameter,
was used for the part of the circuit inside the pump heads. This was for
a two fold purpose. Rubber withstood the action of the metal rods withoub
splittinge. The increasad diameter of the tubing within the pump head was
necessary in order to obtain the flow rates required in our experiments.
The Sigmamotor Company also manufactures a pump with larger pump heads
which accommodate larger tubing up to 1 inch in diameter within the pump
heads, and thus are capable of accommodating higher flow rates.

Pharmaceal plastic catheters, #12 and #14 French, were used for
catheterization of vessels.

Brass connectors, chrome plated, made according to specifications

requested, were used in the extracorporeal circuit.




FIGURE 1
Photograph Of a Pump Head Of a Sigmamotor Pump Demonstrating

Finger-like Projections.




Method
Anesthesia:

Both the patient and donor dog were given a general anesthetic
for each experiment, -Anesthesia was induced by the intravenous injection
of sodium pentobarbital in dosage of one grain per 5 pounds body weight.
Endotracheal intubation was the