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Preface: 

This thesis was prepared When I was engaged in a research project 

in the Experimental Surgical Laboratory at McGill University, under the di

rection of Doctor David R. Murphy, Surgeon-in-Chief at the Montreal Children' s 

Hospital. other members of our research group were Doctor Gordon Karn, Doc-

tor E. Dowd and Doctor G. Bisson from the Montreal Children'a Hospital. 

I would like to express my gratitude to Doctor Murphy and to Doc-

tor D. llebster, Director of the Department of Experimental Surgery at McGill 

University for having made this research program possible. I wish to extend 

~ sincere thanks to Doctor Wiglesworth, Chief of the Department of Pathology, 

at the Montreal Children 's Hospital, for his assistance in preparing and in-
~ 

terpreting our autopsy and surgical specimens, and to Doctor R. Denton, 

Chief of the Department of Hematology, for placing the services of his labo-

rator.y at our disposal and for his personal assistance and advice. 

I should like also to thank Doctor A. L. Johnson, Director of the 

Department of Cardiology at the Montreal Children's Hospital, and to Doctor 

P. Sekelj from the Department of Physiology at McGill University for their 

interest and assistance. 

I wi.sh to extend Iey thanks to members of the Montreal General 

Hospital Metabolism Service for the blood pH evaluations, to Mr. Stanley 

Doig, of the Radiation Laboratory, McGill University for construction of 

the apparatus, and to ~he entire staff at the Experimental Laboratory for 

their untiring assistance. In this regard I am pleased to mention Mr. Paul 

Roustan, Mr. George Macaulq, Mr. Albert Nagy, Mr. J. Byer, Miss Beryl 

Macario, and the staff in the Biochemistr.y Laboratory, Mrs. E. Rumball, 

Mrs. c. Duerr and Mrs. L. Tripanow. 
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CH.API'ER I 

INI' RODUCT ION 

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 surger,y, generally, but, more spe

cifical~, in the advancement of cardiac surger.y. 

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 vision. 

In arder to facilitate such surgical procedures an artificial 

means for the maintenance of circulation and oxygenation of the blood was 

mandatory. 

This experimental project is concerned wi. th the study of the va

rious techniques of extracorporeal circulation that have been developed 

elsewhere, in arder ta evaluate and become proficient in the use of a suit

able heart-lung apparat us 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 wi. thout 

causing undue alteration of constituents of blood. 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 o:xygenator and pump and (3) artificial oxygenation 

of blood with a pump. 



'· 
This investigation was confined to these three techniques of ex-

tracorporeal circulation. 
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CHAPI'ER II 

HISTORICAL SURVEY 

Le Gallois (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 boQy whatsoever". 

The first recorded description of a heart-lung preparation was 

made by Martin (139) in 1881. Isolated animal lunga, 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 1s 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 apparat us. The author performed further experimenta using blood 

for perfusion. It was noted that oedema occurred in most organs perfused, 

and notably lunga, 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

terventr icular septum. The animal survived the operation. It was noted 

in further experimenta that the cardiac function was better maintained 

when the azygos vein r emained patent throughout the operation. 



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 kno"Ml as cross-circulation. An extracorporeal circuit 

is necessar,y to canvey o~genated blood from the arterial system of the do

nor animal to the arterial s.ystem of the recipient animal, and the venons 

blood from the venons s.ystem of the patient animal to the venons system of 

the donor animal. 

Ear~ experimenta by Houas~ 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 

a carotid artery and jugular vein of an intact donor dog. Comeal 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 

isolated 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 (llO) 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 the extracorporeal 

circuit. The arterial line of the extracorporeal .circuit was connected to 

a catheter which had been advanced into the descending aorta by w~ 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 arx:l inferior venae cavae and descending aorta. Cardio-

t~ was successfully performed. However, upon release of the ligatures 

about the superior and inferior venae cavae sudden dilatation of the heart 

wa.s noted. 

In an effort to ascertain the minimal flow of blood that would be 

sufficient to adequately o:xygenate the zey-ocardium 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 flc:w prin-

ciple". In 1952 these sam.e authors (4) stated that the measured flow of 

blood through the azygos vein prior to clamping the venae cavae was 18 c.e. 

per minute. Immediately after ligation of the superior vena cava the flow 

rate rose to 106 c.e. per m~nute. After ligation of the inferior vena 

cava as well the flow rate fell to 80 c .c. per minute. This figure related 

to the 11az.ygos flow principle" cited in earlier expe riment s. 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 sustaini.ng the heart in arder 

to maintain reflexes in the patient animal was 150 c.e. per minute. The 

limit of period of safety for recovery was about 40 minutes. 

In 1953 Andreasen and Watson (5) (6) introduced the tenn. "con-

t r olled cross-circulation". An arterial and a venous pump were used to 

control the arterial and venous f low rates between the donor élld blood 
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recipient animal. 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 lmown to be the lowest at mich myocardial 

function could be satisfactorily maintained. The optimum flow rate for the 

average dog ranged between 225 to 300 c.e. 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 't'd.th higher flow rates gradual release of the in

ferior vena cava was important in arder to avoid overdilatation of the 

heart. Ventricular f ibrillation was also noted to occur more frequently 

during perfusion when lower flow rates were used. 

Cohen and Lillehei (32) in 1954 reported that the "azygos flow" 

ranged betv1een 8 to 14 c .c. per kilo gram per minute. This was a pproximatel.y 

one-tenth of the basal cardiac output of 165 c.e. per kilogram per minute. 

Dogs were successfully maintained for 30 minutes or longer, with arrest of 

circulation through the heart and lunga, on this amount of blood f low. No 

damage could be detected ta the vital organs of animals maintained vr.i.th a 

blood flow of far less magnitude than those which they normally receive. 

Further experimenta revealed that for open intracardiac surger,y, 

performed with the technique of controlled cross-circulation, flow rates 

3 to 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 1 arterla1 b1ood o:xygen con

tent rose and the venous blood o:xygen content feil. 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.e. per kilogram per minute 

were used. 

Polyethylene catheters were inserted into the superior vena cava 

and inferior vena cava by means of small incisions placed in the wall of the 

right aurlcle and controlled by purse string sutures. 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 arter,y. The catheter was advanced so that its tip was situated in the 

abdominal aorta. The venous catheter was advanced through the saphenous 

vein so that it s 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 pCD2 within normal limita as 

monitared by a portable mass gas spectrometer during the period of perfusion. 



The donor's aortic and vena caval pressures tended to rise during the per

fusion with .a peak at 28 minutes perfusion. The recipient's aortic pres

sure tended to fall although his vena caval pressure tended to rise. All 

blood pressures rapidly returned to nonnal at the conclusion of the pro

cedure. 

Of thirty-two patients who underwent intracardiac operations with 

the aid of controlled cross-circulation there were twenty who survived. 
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Biological Lung Oxygenation 

The earliest experimenta 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 

own lung for oxygenation. Hemingw~ perfused an isolated kidney by- means 

of an extracorporeal circuit and a pump. The mimals own lung was used 

as an oxygenator. Gibbs was able to maintain an entire animal utilizing 

the subjects om lung for oxygenation mile 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. Sira.k, Ellison and 

Zollinger (183) reported experimenta in ...tlich cardiotomy into an enpty 

left ventri.cle was performed vd th the use of an extracorporeal circuit 

and autogenous lung oxygenation. 

Successful maintenance of the circulation of an entire animal 

with the use of an isolated homologous lung for oxygenation and a pump 

for perfusion was first reported by Earcroft (7) in 1933. The right 

ventri.cle 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 ful~ oxygenated during a single passage 

through an isolated homologous lung. Perfusion was successful~ maintained 

for three hours with homologous lung oxygenation by Potte et al (163) in 

1952. 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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Wësalowski and Welch (205) in 1952 described an apparatus utili

zing rubber and glass tubing. Two pumps, a reservoir, lucite valves, and a 

T-sbaped lucite pump chamber which produced positive-n~gative 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 ear~ experimenta. 

One experiment of heterogenous lung oxygenation was reported. A 

donor sheep lung was used to o:xygenate 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 vas recommended. In 

this w<q the introduction of air eni:>oli into the vascular system of the 

donor dog was eliminated. 

A series of 55 experimenta with total cardiac bypass for experi

mental intracardiac surgery utilizing autogenous lung o~genation was re

ported by Cohen and Lillehei (31) in 1953. Blood flow rates of 8 to 14 c.e. 

per kilogram per minute were used. Measurement of pH and plasma carbon 

dioxide content revealed a slight metabolic acidosis during the experimenta. 

The blood pC02 content was only slightly elevated. After once passing 

through the pulmonary circuit the blood showed lOO per cent ox;vgen satura

tion. The survival rate was 90.9 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 1ung for 

o:xygenation was perfonned 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

logie and m~tabolic changes when using an autogenous lobe for o~genation. 

The systemic b1ood pressure during occlusion of the venae cavae ranged 

between 30 and 40 mm. mercur,y, and returned to control levels after re

lease of the venae cavae. Hemolysis after 30 minutes perfusion was con

sidered minimal. Plasma hemoglobin levela between 35 and 70 mgm. per cent 

were reported. It was claimed that values in excess of 200 mgm. per cent 

were necessar,y to produce renal damage. Heparin in a dosage of 0.75 mgm. 

per pound body weight was used. Troublesome post-operative oozing of 

b1ood from eut surfaces in these experimenta was rare, and when it did 

occur it was readily controlled by a single j_ntravenous 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 

limita. 

Arterial blood oxygen contents were all between 90 and 100 per 

cent during perfusion. A smal1 drop in pH of the blood was noted. A rise 

in 1actic 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 leve1s. 



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.e. 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 wi. th lOO per cent oxygen at 14 

to 16 cm. water pressure at the rate of 12 to 18 cycles per minute, was used. 

A double Sigmam.otor pump (180) was used to propel the blood in 

the extracorporeal circuit. The pump consisted of an electric motor 

mich set in motion two pwnp 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 b.Y app~ing 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 lung. 

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 wi thin the Sigmamotor pwnp hea.ds and gum rubber tubing 

Within the depulsator. Size #12 and #14 French plastic catheters were 

used to cannulate the vessels. 

Heparin, 1 mg. per kilogram body weight was given intravenously 

pre-operatively. At the conclusion of the operation, protamine sulfate 1 

mg. per kilogram, diluted in lOO c.e. normal saline, was administered in

travenously over a period of 5 to 10 minutes. 
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Carefu1 monitoring of the arterial and venous flow rates was 

essential during perfusion. The leve1 of b1ood in the reservoir was used 

as a guide. 

In each series of 10 experimenta the re were 5 long term survivais. 
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Artificial ~genation of Blood 

Early Experimenta: 

The first successful attempt at artificial o~genation 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 piston. A cam and sliding carriage altered the volume per minute f l ow 

of blood. Oxygenation was achieved b,y 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 reservoir. 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 o~genator in which a blood film was exposed to an at

mosphere of o::xygen was constructed by Richards and Drinker (170) in 1915. 

In this apparatus the blood was filmed over a silk screen exposed to an 

atmosphere of ozygen. A pump and extracorporeal circuit were part of the 

apparatus. A blood flow rate of 50 cc. per minute was reported. The appa

rat us was used for perfusion of isolated organs. 

Isolated organ perfusion with artif icial oxygenation was again 

reported b,y Hooker (86) in 1915. For purposes of o~genation blood was al

lowed to form a film over an inverted r evolving bell jar while exposed to 
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an atmosphere of oxygen. The medulla of a dog waa perfused for two hours 

with the cardiac and respiratory centers remaining active. 

Drinker et al. (45), in 1922, reported successfu1 perfusion of the 

tibia of a dog wi.th an artificial o:xygenator 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 d~ 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 aJ. (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 vben it was alkaline. Autopsy 

specimens showed tubular obstruction and necrosis. 

Efforts to 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 Hanne1 (72) in 1949 and Lary (120) in 1951. 

Dick noted pulmonary emboli accompanied by anoxemia almost immediately 

after the administration of ozygen into the femoral vein of dogs. This 

was accompanied by an increase of pressure ~thin the right auricle. 

Ziegler reported the use of intravenous administration of oxygen clinic~ 

at the rate of 200 c.e. to 600 c.e. per hour. Oxygen emboli in the blood 

stream were noted. Goodw:i.n and Hermel experimented wi th intravenous oxygen 

and helium for artificial oxygenation of blood. Lar,y 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 bubb1es before injecting 

it intravenously into dogs. There were 5 long term. survivals following 

intravenous oxygen administration for periods up to 50 minutes. 

Siderova (179) in 1944 reported experimenta in which hydrogen 

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

The principle of OxYgenation by exposure of a thin film of blood 

to an atmosphere of oxygen has intrigued numerous workers. An almost infi

nite variety of o~genators constructed on this principle have been des

cribed. 

De Burgh Daly and Thorpe (:~8) in 1933 described an apparatus con

sisting of three tall revolving glass cylinders and three horizontal revol

ving dises arranged concentricall.y. 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 highzy' unde

sirable since air emboli tended to enter the arterial line and so produce 

fatal cerebral and coronar,r air emboli. 

In arder 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 whi.ch was introduced at the top of the cylinder. 

OJ!ygen was introduced through an inner tube at the bottom of the cyl:i.nder. 

This apparatus achieved 98 per cent OxYgen saturation of the blood. 

A vertical rotating plate was described by Kolff (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 b1ood film. 
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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 prescnted too great 

a barrier to the diffusion of o~gen ta make the Kolff apparatus an effi

cient o~genator. He later described an apparatus in which the o~genator 

consisted of 8 vertically revolving concentric cylinders and a funnel to 

deliver blood into a eup shaped reservoir. 

Survival of a dog following a 2 hour perfusion with the aid of 

an artificial oxygenator was reported by Jongbloed (102) in 1949. The 

o~genator consist~d 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 o~genator. By 

thus creating turbulence in the blood film an attempt was made to increase 

the capacity of introduction of o~gen into the blood. 

The first screen oxygenator was described in 1951 by Miller, 

Gibbon et al. (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 circuit. A 5 per cent carbon dioxide -

95 per cent oxygen mixture was used for oxygenation. Blood flow rates up 

to 2000 c.e. 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 deviee which maintained the blood pH wi thin physio

logical limita 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 dises 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

cuit. 

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 o:xygenated blood was collected into the blood pool· below 

the foam area. There was apparently no problem with foaming in the extra

corporeal circuit in experimental use of this apparatus. 

Waud (202) in 1952, 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 o:xygenator in which a rotating cylinder was set at a slight angle to the 

horizontal 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 '~'.ell as polyvinyl

chloride tubing. 

Melrose et al. (142) in 1953 reported that animals were success

ful~ perfused for one hour at blood flow rates varying from 50 to 1000 c.e. 

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 o:xygenator described 

earlier. Its purpose was to avoid accumulation of blood. on the screens of 

the o:xygenator. This pump drew blood from the bottom of the oxygenator cham

ber and also from the venous tubing. The flow from this pum.p 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 flow. 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 relativel.y normal levels indicating adequate 

blood flow into the tissues. 

Jones et al. (lOO) in 1955 reported further improvements in the 

Mayo Clinic oJÇYgenator. 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 blacks 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 

blood. The screens were wet with normal saline prier to perfusion. 

Melrose (144) in 1955 reported the use of pumps which were capable 

of circulating 6 litera 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 cam shaft which imparted an undulating movement. Hemoly

sis of only 2 rn~. per cent after 2 hours perfusion was reported. 



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

genators. 

An attempt to inject blood and oxygen under pressure through small 

tipped openings against the aides of a spherical glass bulb was made by Von 

Euler and Heymans ( 49) in 1932. The apparat us acconnnodated blood flow rates 

of 250 c.e. per minute. 

Isolated organ perfusion with the aid of oxygenation by mechani

cal mixing of blood and ox:ygen was carried out by Thomas ( 190) in 1948. 

In early e.Jq>erim.ents blood was dripped through an atmosphere of o:xygen. 

Subsequently, oxygen was bubbled through blood to achieve oxygenation. 

Clark, Gollan and Gupta (27), in 1950, described an artificial 

o:xygenator based on the principle of mechanical mixing of blood and ozygen. 

Oxygen was bubbled through blood. This was found to be a very rapid and 

efficient procedure 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 dise 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 o:xygenator chamber. The rate of oxygen flow 

was monitored to obtain optimum oxygenation without excessive gas flow. 

After oxygenation, which was nearly immediate, the excess gas 

was released b,y passi ng the blood over a surface coated with methyl

siloxane resi n, also known as anafoam and sold commercially as DC antif oam 
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A1 manufactured by the Dow Corning Corporation, Midland, Michigan, U.S.A. 

The anafoam was coated on glass beads or fine glass rads set in a defoam

ing chamber. 

The defoamed blood entered a reservoir which served also as a 

hubble trap. A filter 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 polyetnylene bottles Which 

were mechanically alternately campressed and expanded. 

Polyetnylene 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 experimenta 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 contai.ned two sets of perfora

tions to allow simultaneous drainage from the superior and inverior venae 

cavae. The o:xygenated blood was returned to the patient animal by wa:y of 

the femoral artery. 

The arterial blood o~gen saturation was greater than 95 percent. 

Comparatively high plasma hemoglobin levels up to 400 mg. per cent were 

recorded after the procedure was completed. 

A sirnilar principle was reported by Clowes (28). By the use of 

slight negative pressure, 1 cm. mercury, the o:xygenated 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-



culated to maintain normal cardiac output. ~gen 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 lunga of the patient dog. 

Gollan et a1.(71), in 1952, reported experimenta in which the 

pump oxygenator was used to secure rapid changes in body temperature, thus 

combining extracorporeal artificial oxygenation with hypothermia. 

DDgliotti et a1.(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 between the c andle 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 o:xygenator was a hollow cylinder of ndcroporous 

porcelain, a bacteriological filter with a mean pore size of 5 m, which was 

placed in a cylindrical glass jacket. C>Jçygen was introduced through a side 

arm into the cylinder. A spiral ribbon of polyethylene v-.'ithin the lumen 

of the filter directed the blood flow in a swirling course. The centrifugai 

force directed the blood to the periphery while the bubbles remained in the 

center. 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 lung. 

The oxygenator had no moving parts. It was assembled entirely 

from commercially available pure polyvinyl food hose, and was sterilized 

by autoclaving. Because of its low cost it was disposed of after each 

clinical operation. 

Oxygenation of venous blood was effected by direct introduction 

of lOO per cent oxygen in the form of large bubbles introduced into ver

tical plastic tubing. The oxygen entered the blood near the base of the 

mixing tube by w~ of 18 intravenous needles, size 22 standard, ~ich had 

been inserted circumferentially through an ordinary rubber laboratory 

stopper. The bubbles were largely dissipated by momentary contact w.ith 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 wal.ls of the mixing tube and the smaller plastic 

connecting tube of the apparatus. From the settling tube the arterialized 

blood entered a c entral col lecting reservoir, an ordinary Kelly flask 

lined by a polyethylene bag. The o:xygenated blood leaving the central re

servoir was filtered through standard nylon blood filters, Baxter Labora

tories, Incorporated, Morton Greve, Illinois. 
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The patients were heparinized with 1 1/2 mg. heparin per kilogram 

body weight. Heparinized blood was administered intravenous~ for blood 

replacement. Heparin, 18 mg. mixed with 50 c.e. of 5 per cent glucose was 

used for each 500 c.e. of fresh blood. The blood flow rates in clinical 

operations ranged from 172 c.e. per minute to 600 c.e. per minute. The pa

tients' plasma hemoglobin levels, drawn immediately after perfusion, varied 

from 17 to 45 mg. per cent. 

Seven patients operated on awakened immediate~ post-operative~, 

and there was no evidence of neurologie, 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 

Expefiments Performed 

Per- Time 
fusion He art 

~ Title Time Min. Open Min. Description 

1 Controlled Cross Circu-

lation Between Two Dogs 

Cardiotomoc Right Ventricle 18 

2 Opening of Right Auricle 

Under Hypothermia Effected Exclusion of heart 

By External Body Cooling and -1\IDgs 1Q mini · 

J Opening of Right Auricle 

Under Hypothermia Effected Exclusion of heart 

B.y External Body Cooling and lungs 17 min. 

4 Controlled Cross Circu-

lation Between Two Dogs 

Cardiotomoc Right Ayricle 8.5 ?.5 

5 Controlled Cross Circu-

lation Creation of Inter 

Atrial Septal Def'ect 

And Repair 14 5 

6 Biological Homologous 

Lung Oxygen•tion Creation 

of Inter Atrial Septal 

Defect and Repair 19.3 4 



TABLE 1 Continued 

Per-
fusion 

Ng. Title Time Min. 

7 Biological Homologous 

Lung ~genation Creation 

of Inter Atrial Septal 

Defect and Repair 10 

8 Biological Homologous 

Lung O~genation Creation 

and Repair of Inter 

Atrial Septal Defect ?6 

9 Biological Homologous 

Lung O~genation Cardioto~ 

Right Auricle 19 

10 Biological Homologous 

Lung ~genation Cardioto~ 

Right Auricle 13 

11 Comparison of Perfusion 

Substances In Artificially 

Respirated Isolated Dog's 

Lungs Lobes 

12 Perfusion of Lobe of Dog 

Lung With Improved Drainage 

Technique 

Time 
He art 
Ooen Min. 

2,5 

13 

5 

3 

Description 

1. Dextran 10% with 

Glucose 5o; 

2. Plasma 

J. Autogenous Dog 1 s 

Whole Blood 

4. Normal Saline 

1. Inverted Lobe 

Intermittent Negative 

Pressure Respiration 

2. Inverted Lobe 

Intermittent Positive 

Pressure Respiration 



TABLE l Continued 

Per- Tim.e 
fusion Time Heart 

li2· Title Min, Open Min. Description 

13 Biological Homologous Inverted Lobe 

Lobe O~genation Intermittent Negative 

Cardiotomoc Right Ventricle Pressure Respiratiôn 

14 Biological Homologous 

Lobe Oxygenation Cardio-

tom.y _Right Ventricle 19 3 

1.5 Biological Homologous 

Lobe O~genation Cardio-

to& Right Ventricle 12 5 

16 Cardiotom,y Right Ventricle Heart and Lungs Ex-

Hypothermia Effected B,y cluded From Circu-

Body Surface Cooling lation Ventricle 

Incis~ arrl QJ.~~eg 

17 Creation And Repair Of 

Inter Atrial Septal Defect 

Under Hypothermia Effected 

By ~ Surface Cogl}ng 

18 Correlation of Flow Rates Perfusion Substances 

And Pressures In Extra 1. Water 

Corporial Circuit 2. Dextran 1o% with 

Glucose 5% 



TABLE 1 Continued 

Per
fusion 

Time 
Heart 

No. ~Tait;::::;l=:..:e:...-_______ _ Time Min. Open Min. Description 

19 Measurement of Pulmonar.y 

Artery Pressure During 

Perfusion of Donor Lung 

20 Perfusion of Isolated Dog 

Lung Biological O~gen-

ation of Whole Blood In 

Vitro Onder Conditions of 

Temperature Control and 

Pressure Control in Pulmonary 

Artery of Donor Lung 

21 Perfusion of Isolated 

Entire Lung Parenchyma of 

Dog With Dextran 1o% and 

Glucose 5% Followed B.y 

Biological O~genation of 

Heporinized Autogenous Whole 

Blood In Vitro Under Con-

ditions of Controlled Temp-

erature and Perfusion 

Pressure 

22 Biological Homologous Lung 

Oxygenation Cardioto~ Right 

Auricle 29 6 

Method 

Devised 

Lung o:x;ygenated at 

controlled pressure of 

0 to 12 cm. H20 at 

rate of 14/min. 

Perfusion rates adjusted 

to maintain pulmonary 

artery press. at 18 to 

20 mm. Hg. 

Temp. of Water Bath 

42.5 to 48.25°C. Temp. 

0 
of Blood 31.5 to 35 C. 

PA Press.mm.Hg. 6 to 29. 

O:x;ygen Press. mm. Hg. 20 

to 40. Blood Flow Rate 

cc/min. per 200. 



TABL!:f 1 Continued 

Per- Time 
fusion He art 

No, Title Time Min, Open Min. Description 

23 Biological Homologous 

Lung Oxygenation Cardio-

tomr Right Yantricle 30 3 

24 Biological Homologous 

Lung O~genation Cardio-

tomr Right Ventricle 30 3 

25 Biological Homologous 

Lung O~genation Cardio-

tgmv Right jentricle 30 4 

26 Comparison Of Heinolytic Plasma Hemaglobin 

Effect of Siliconed Glass 1. Siliconed Glass 

and Plastic On Fresh Apparatus 0.661 gm,% 

Whole Human Blood JO 2. Plastic Apparatus 

0.586% 

27 Biological Homologous Lung Trans-sternal. 

Oxygenation Cardiot~ thorecotomy 

Right Ventricle 30 215 

28 Biological Homologous Lung 

~genation Cardioto~ 

Right Ventricle 16 5 

29 Biological Homologous Lung 

O~genation Cardiot~ 

Right Ventricle J1 4 



TABLE 1 Continye4 

No. Tille 

30 Biological Hamoloeous 

Lung Oxygenation Cardioto~ 

Right Ventriçle 

31 Biological Homologous Lung 

O~genation Cardioto~ 

Right Ventricle 

32 Biological Homologous Lung 

O~gen~tion Cardioto~ 

Right Ventricle 

33 Biological Homologous Lung 

Oxygenation Cardioto~ 

Right Ventricle 

34 Biological Homologous Lung 

Oxygenation Cardioto~ 

Right Ventricle 

35 Biological Homologous Lung 

~genation Cardiot~ 

Right Ventricle 

36 Biological Homologous Lung 

Oxygenation Cardiot~ 

Right Ventricle 

37 Biological Homologous Lung 

Oxygenation Cardiot~ 

Right vent.ricle 

Perf- Time 
usion Time Heart 
Min. Open Min. Description 

30 5 

31 4 

20 5 

20 2 

Continuous Arterial Press. 

Tracing Measured In Des
cending Aorta 
of Patient Dog 

Arterial Pressure 

Recorded 

Arterial Pressure 

Recorded 

Arterial Pressure 

Tracing 



TABLE 1 Conti.r1ued 

Per- Ti.m.e 
fusion Heart 

No. Title Time Min. Open Min. Descriotion 

38 Biological Homologous Lung 

Oxygenation Cardioto~ 

Right Vent:ricle 

39 Biological Homologous Lung 

Oxygenation Cardiot~ 

Right Ventricle 20 

40 Biological Homologous Lung 

Oxygenation Cardioto~ 

Right Ventricle 12 5 

41 Artificial ~genation 

of Human Blood 

42 Artificial Oxygenation 

of Human Blood 

43 Artificial Oxygenation 

CardiotosY Right Ventticle 30 

44 Artif icial ~genation 

Cardiotgmy Right Ventricle 30 5 

45 Artificial Oxygenation 

Cardi otornoc Right Ventr~cle JO 1 

46 Artificial Oxygenation QQ 

47 Artificial Oxygenation 

Creati on and Repair of I nter 

Vent ricular Septal Defect 20 



TABLE 1 Continued 

Per- Time 
fusion He art 

N2..t. Title Time Min. Open Min. Description 

45 Artificial Oxygenation 

of Human Blood In Vitro Studies Hamolysis 

p H Changes 

49 Artificial Oxygenation 

Cardiotomoc Right Ventricle 12 3 

.50 Artificial Oxygenation 

Cardiotomoc Right Ventricle 36 5 

.51 Artificial Oxygenation of 

Human Blood In Yitro 30 Fibrinagen studies 

.52 Artificial Oxygenation 

Cardiotomoc R\ght yentriole 12 

.53 Artificial Oxygenation 

Cardiotomoc Right Ventricle zo 3 

.54 Artificial Oxygenation 

Cardiotom.r Right . Aurlcle .. .. 10 

.5.5 ArtLficial Oxygenation 

Cardioto~ Right Ventricle E.D.T.A. anticoagulant 

.t'or donor blood 

.56 Artificial Oxygenation 

Cardio~omv Right V~ntriçle zo 



TABLE l Continued 

Per- Time 
fusion He art 

No. Ti.tle Ti.me Min. Open Min. Description 

57 Artificial Oxygenation Mechanical mixing 

of Dog 1 s Blood in Vitro of blood and o:xygen 

with no bubbling 

Protamine heparin 

titration 

58 Artificial Oxygenation 

Cardiotomv ftight Ventricle 30 

59 Artificial Oxygenation JO Anafoam diluted 

in ether 

6o Effect of Hepari.n And 

Protamine In Various 

Dilutions On the Arterial 

Blood Pressure of Anes-

thetized Dogs 

61 Artificial OXYgenation 30 

62 Artificial Oxygenation 

Card~otoml ~ght Yent~~le JQ 



Materials: 

28. 

CHAPI'ER IIT 

Cross-Circulation Experimenta 

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 beth pump heads. The pump functioned by progres

sive finger-like pressure of vertical metal rods upon rubber tubing placed 

~nthin 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 roda without 

splitting. The increased diameter of the tubing within the pump head was 

necessary in order to obtain the f low rates required in our experimenta. 

The Sigmamotor Company also manuf actures a pump with larger pump heads 

which accommodate larger tubing up to 1 inch in diameter 'Ni thin the pump 

heads, and thus are capable of accommodating higher flow rates. 

Pharmaceal plastic catheters, 112 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. 
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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 then carried out in each dog, and each endo

tracheal tube connected with a mechanical respirator. Positive pressure 

respiration was maintained throughout the entire experiment. Sodium penta

barbital was given intravenously during the experiment in dosage to main

tain the animal in the second stage of anesthesia. 

Procedure: 

The extracorporeal c~rcuit was sterilized by immersion in 1:1000 

zephinan chloride for 24 hours and was assembled using sterile technique. 

The circuit was primed with sterile normal saline solution, and 

the rate of flow of bath the arterial and venous pumps was adjusted to de

liver 30 c.e. of blood per kilogram body weight of the patient animal per 

minute. 

An intravenous drip was started in one of the superficial veina 

of the fore-leg of the patient animal. Five per cent glucose in distilled 

water was administered slowly. This served as a route of administration 

of intravenous medication during the experiment. 

The patient animal was postured in the supine position on an ope

rating table. The neck, chest and the upper portion of the abdomen were 

shaved and painted with 111000 zephilran<"' chloride siblution. After appro

priate draping for a small incision in the right cervical region and a 

longer r ight thoracoto:m;y incision, a small inci sion was made in the right 
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cervical region. The right carotid artery and the right jugular vein were 

exposed and ligated. 

The donor animal was postured in the supine position on a second 

operating table a short distance awey from the patient animal. The lower 

abdomen and groin area was shaved and painted with 1:1000 zepharin chloride 

solution. After appropriate draping a srnall vertical incision was made com

mencing at Poupart 's ligament and extending distally over the site of the 

femoral vessels. The femoral artery and vein were exposed. 

A right thoracotomy incision was maie in the patient animal. 

The pleural space was entered by dividing the intercostal muscles in the 

right fifth interspace. All bleeding points were clamped am ligated. 

Heavy cotton ligatures were placed about the inferior vena cava at its 

extrapericardial portion, about the superior vena cava and about the azygos 

vein. The se were left untied at this stage of the experiment. 

Heparin in dosage of one mg. heparin per kilogram body weight, 

was administered intravenously to both the donor and patient animal. 

A #14 French catheter was then introduced into the femoral vein 

of the donor dog and directed cephalad until its tip was judged to lie 

within the inferior vena cava. A #12 French Pharmaceal catheter was direc

ted cephalad into the femoral artery until its tip was considered to lie 

wi.thin the abdominal aorta. 

The ascending aorta of the patient dog was c atheterized by wa:y 

of the previously exposed carotid artery. Finally, a catheter was irrtro

duced into the jugular vein and directed caudad until its tip was situated 

in the inferior vena cava. This last catheter was perforated at its distal 



end, and at a more proximal area so that it served to drain blood from both 

the superior and inferior vena cava. 

During insertion of the catheters into the vessels the possibility 

of air embolization was prevented by filling the catheters with saline prier 

to insertion. 

Before cornmencing the cross-circulation all connectors were exa

mined, and a careful search for air emboli was made in the "arterial" cir

cuit. Clamps previously placed on all catheters were simultaneously re

leased when the pumps were placed into operation. The ligatures about the 

superior and inferior venae cavae and the azygos vein were ligated. The 

mechanical respirator of the patient dog was then stopped and the lungs 

were maintained in a parti ally inflated state. During the i:p.terval of per

fusion the pericardium was incised widely. An incision was made in the 

r.ight auricle anterior to the insertion of the venae cavae. In one of the 

three cross-circulation experimenta an interauricular septal defect was 

created and repaired. 

Just prier to suturing of the wall of the auricle the ligature 

about the azygos vein was freed and the auricle allowed to fill with blood. 

A continuous over and over suture of 000 silk was used to approximate the 

edges of the incision placed in the wall of the auricle. 

The pericardial sac was then loosely closed with wide~ spaced 

interrupted silk sutures. This allowed drainage of the pericardial sac 

and this prevented post-operative cardiac tamponade. The venae caval li

gatures were released over a 2 to 4 minute period in order to prevent over

dilatation of the heart or the occurrence of cardiac arrhythmia. 



FIGURE 11 

Schematic Drawing Demonstrating Catheterization For 

Cross-Circulation. 
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The cross-circulation t:i.m.e in the three experimenta was 10 

minutes, 14 minutes and 18 minutes respective~. 

The pumps were stopped i.mrœ diately after release of the venal 

caval ligatures and clamps were applied simultaneously to the four plas

tic catheters which had been introduced into the vessels of the patient 

and donor dogs. 

The lungs of the patient dog were inflated by positive pressure. 

The thoracotomy incision was then closed. Pericostal sutures 

of #5 cotton were used to approx:i.m.ate the ribs. The muscle lézy"ers were 

approximated with interrupted 0 silk sutures. The skin edges were ap

proximated with interrupted mattress #{) cotton sutures. The pleural 

space was then aspirated of air and fluid. 

Resulta: 

All three of the donor animals survived and exhibited no dele

terious effects after operation. The patient dog in experiment number 

one succumbed 4 hours after operation. Autops.y revealed a pneumothorax 

and 500 c .c. of blood in the pleural space. The patient animals in ex

perimenta number 2 and 3 survived. They were normal in every way after 

operation. 

Discussion: 

A normal sinus rhythm during exclusion of the heart and lungs of 

the patient animal from the cir culation was noted in all three experimenta. 

The co lor of the myocardium remained good and the myocardium ap:Je ared to 

be well o:xygenated throughout the time of perfusion. 

Care was taken in the second and third experimenta to inflate 

the lunga weil at the conclusion of the operation and to aspirate the air 



and fluid from the pleural space after closure of the chest. 

The patient dog in experiment number 3 had a weak and fair~ ra

pid pulse at the conclusion of the operation. He was given an intra

arterial transfusion of 260 c.e. of blood with considerable improvement 

in his cardiac function. Following this he had a good post-operative 

course. 

Because there existed an element of risk to a donor in aqy intra

cardiac procedure carried out with the aid of cross-circulatio~this series 

of experimenta was discontinued, and evaluation of biological lung oxyge

nation was decided upon. 



.i.GU lll 

1ol 1 al r Ox;y r tor. 
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CHAPI'ER IV 

Evaluation of Homologous Lung as an Oxygenator 

Materials: 

Tygon (180) plastic tubing of internal diameter 3/16 inches (22) 

was used for the extracorporeal circuit. A double Sigmamotor ptnnp (180) 

with individually adjustable flow rates was used for propulsion of blood. 

Pharmaceal plastic catheters #12 and #14 French were used for 

insertion into the vessels of the patient animal and into the pulmonary 

arter,r of the donor lung. Chrome-plated brass connectors were used in the 

extracorporeal circuit. Rubber tubing 10/16 inch external diameter was 

used within the pump heads. The donor lung was suspended in a cylinder 

made of luci te (Fig. III). This apparatus also served as a collecting 

chamber and reservoir for o:xygenated blood. The reservoir was graduated 

in lOO c.e. levels for volume determination. 

· A depulsator (Fig. IV) was used in the circuit just proximal to 

the inflow line into the pulmonary artery of the donor lung. The depulsa

tor consisted of penrose tubing twisted 180° under tension. It was housed 

in a plastic container. Metal connectors inserted through rubber stoppera 

were used to join the depulsator to the Tygon tubing. The rubber stoppera 

were fitted to the outer plastic chamber housing the penrose drain. 

It was reported by Campbell, Crisp and Brown (22) that oedema 

in the donor lung was considerab~ reduced when a depulsator was incorpora

ted in the extracorporeal circuit just proximal to the donor lung. 

The apparatus was sterilized with zephiran chloride 1:1000 dilu

tion for an 18 hour period ( 22). The smaller parts were :immersed in this 

solution. The collecting chamber was filled with zepharin. 



FIGURE lV 

Lung Oxygenator And Extracorporeal Circuit. 
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The apparatus was assembled nnder sterile conditions and then 

rinsed severa! times with sterile pyrogen-free normal saline by recircu

lation through the apparatus. 

Methods: 

Mongrel dogs, weighing approximately 12 kilograms were used for 

all experiment s. 

The donor dog was anesthetized by the intravenous injection of 

sodium pentobarbital. Following this heparin 0.75 mg. per kilogram body 

weight was administered intravenously. The animal was exsanguinated and 

the blood collected into sterile vacuum bottles, Baxter Laboratories In

corporated, Morton Grove, Illinois, under sterile technique. The chest 

was opened and the heart and lungs resected en bloc. The trachea was 

clamped and divided cephalad to the clamp. The main pulmonary artery was 

clamped and resected leaving a cuff of conus of the rigj:lt ventricle at

tached to it. The pulmonary veins were eut open wide to the lung paren

chyma ( 22 ), to allow free drainage of blood as it was perfused through 

the lung. The vascular system of the lungs was then perfused with 500 c.e. 

of 10 per cent dextran, Glaxo Limited, Toronto, Ontario, 5 per cent glu

cose solution to which 10 mg. heparin had been added. The dextran was 

warmed to 37° C prior to perfusion. 

A glass connecter was placed inside the trachea of the donor 

lung and secured with heavy cotton suture. This was attached to a mecha

nical respirator delivering 100 per cent o:xygen at 0 to 20 mm. mercury 

pressure, at a rate of 13, respiratory cycles per minute (Fig. V). The 

pulmonary artery catheter was placed t hrough a hole in a small rubber 

stopper which also carried a #12 French catheter for pulmonary artery pres

sure tracings. 

• 



An electromanometer with normal. saline in its hydraulic system 

was employed to record the pulmonar,y artery pressure. Great care was ta

ken to avoid the entry of air into the pulmonary vascular system during 

perfusion with dextran and during cannulization of the pulmonary arter.y. 

Air emboli in the vascular s,ystem of the donor lung appeared to hasten 

pulmonary oedema. 

The patient animal was anaesthetized with sodium pentothal ad

ministered intravenously. Electrocardiogram leads were attached to the 

extremities of the animal for continuous tracing. An endotracheal tube 

was inserted into the trachea and its proximal end attached to a mechani

cal intermittent positive pressure respirator. 

The animal was postured in the supine position on the operating 

table. The cervical region, chest and both inguinal regions were shaved 

and prepared by topical application of zepharin chloride 1:1000 dilution, 

and then draped. 

The patient animal was given heparin intravenously, 0.75 mg. 

per kilogram body weight. 

A small incision Vlla.S then made in the inguinal region and the 

femoral artery was eJ(posed. A small plastic catheter was inserted into 

the femoral artery and advanced until its tip lay in the aorta. This was 

connected to a manometer and kymograph s.ystem for continuous arterial pres

sure recording. 

A sm.all transverse incision appro.ximately 3 cm. in length was 

made in the right supraclavicular region. The right external carotid ar

tery and jugular vein were e:xposed. The carotid artery was catheterized 

with a number 14 French plastic catheter and advanced so that its terminal 
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perforations lBIY just within the ascending aorta. Its distal end was tem

porarily stoppered wi th a rubber stopper. The jugular vein was catheteri

zed with a number 12 French catheter. This was advanced so that its tip 

lay in the inferior vena cava just superior to the level of the diaphragm. 

This catheter contained two sets of perforations, one at its distal end 

and a second set at its mid-portion. This allowed simultaneous drainage 

of both the superior and inferior venae cavae. This catheter was also 

temporarily stoppered with a rubber stopper. 

A right thoracotomy was performed, the pleural space entered 

through the fifth interspace and the ribs retracted by means of a Fi~

chietti retracter. Heavy cotton ligatures were placed about the azygos 

vein, the superior vena cava and the inferior vena cava. The extracorpo

real circuit was primed with heparinized donor blood. The arterial and 

venous catheters previously inserted in the patient animal were connected 

to the appropriate arterial and venous lines of the extracorporeal circuit. 

The ligatures about the azygos vein, the superior vena cava and 

the inferior vena cava were ligated and the pwnp started. The mechanical 

respirator was disconnected from the patient animal. 

The pericardium of the patient animal was excised down to the 

base of the heart and along the right lateral border. In three experi

menta an incision was made in the wall of the right auricle anterior to 

the insertion of the venae cavae. An inter-atrial septal defect was 

created and repaired in two experimenta. The coronary venous blood was 

aspirated intermittently, but this blood was not returned to the extra

corporeal circuit. In 21 experimenta an incision was made in the wall of 



the right ventricle. This was placed parallel with the anterior descend

ing branch of the left coronary arter.y. 

A pulmonary art ery pressure tracing of the donor lung was taken 

during perfusion of the patient animal. Resulta are recorded in Table II 

and Figure XII. Rectal temperature readings were made during the experi

ment and any fall in temperature during perfusion was recorded. 

The arterial and venous pumps were monitered constantly during 

perfusion in order to maintain an inflow and outflow balance. The heart 

was constantly observed during perfusion, attention being given to the co

lor of the Il\Yocardium, the cardiac rate and rhythm. The Il\YOCardium was 

sutured with continuous 000 silk suture. Just prior to placing the last 

stitch the ligature on the azygos vein was released and the heart allowed 

to fill with blood. 

Immediately upon cessation of perfusion the mechanical respirator 

was connected to the endotracheal tube and the lungs were inflated with in

termittent positive pressure both manual and mechanical. The mechanical 

respirator was then used until the conclusion of the operation. 

The ligatures about the superior and inferior venae cavae were 

released gradually over a two to three minute period. The superior vena 

cava was released first and the heart was observed for evidence of arr.hyth

mia or distension. The inferior vena caval ligature was then released 

gradually. 

The chest incision was then closed. Heavy cotton pericostal 

sutures were first placed to approximate the ribs. The muscle layera 

were approximated with continuous cotton suture. The skin edges were 

approximated with interrupted mattress sutures of cotton #JJ. 



FIGURE V 

Endotracheal Pressure In Homologous Lung O~genator. 



The lunga were well inflated and the chest cavi ty was aspirated 

of air and any blood that was present. 

Protamine sulfate 50 mg. of one per cent solution was given intra

venousl.y to the patient animal. 

Biopsies of the donor lung were taken for microscopie examination. 

In experimenta in which onl.y one lobe of lung tissue was used as 

an oxygenator the procedure for resection of the donor lung was simplified. 

The same precautions were taken to avoid the introduction of air emboli 

into the vascular system of the lobe as when the entire lungs were used aa 

an o:xygenator. 

One of the complications that arose in our experiments was oedema 

of the donor lung during perfusion. Because of this, in experiment XI, an 

attempt was made to evaluate the effect of perfusion substances in artifi

ciall.y respired dog's lungs. The perfusion substances tested were: 

1. Dextran 10 percent with glucose 5 per cent. 

2. Plasma. 

3. Autogenous heparinized whole blood. 

4. Normal saline. 

For tbe lobes through which plasma and mole blood were perfused 

a negative pressure respiratory apparatus was constructed. This consisted 

of a vacuum container in which an intermittent negative pressure of 0 to 9 

mm. mercury was produced. 

For the lobes tbrough which dextran and saline were perfused an 

intermittent positive pressure respiratory mechanism delivering lOO per 

cent oxygen at 0 to 14 mm. mercury pressure was used. 
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The donor lobes were weighed prior to perfusion, and again after 

perfusion. This is recorded in Table III. Sections of the donor lobes 

were taken for microscopie examination just after perfusion. 

The large polysaccharide molecule of dextran did not cross the 

alveolar barrier and thus pulmonary oedema did not occur with dextran per

fusion, but sorne septal oedema was noted on section, Fig. VI, VII. 

Normal saline readily crossed the alveolar septwn and pulmonary 

oedema occurred in the donor lobe after 3 minutes perfusion of normal sa

line, Fig. IX. 

Plasma and whole blood remained entirely within the vascular tree 

of the donor lung and none was seen in the alveoli on section of the lobes 

which had been perfused with plasma and whole blood, Fig. VIII, x. 



FIGURE Vl. 

Microphotograph 

Magnification X 400 Perfusion Of Lung With Dextran 10% 

Glucose 5% Inter-septal Edema. 



FIGURE Vll 

Microphotograph 

Magnification X 400 Perfusion of Lung With Dextran 10% 

Glucose 5% Normal Lung. 



FIGURE Vlll 

Microphotograph 

Magnification X 400 Perfusion of Dog Lung With Human Plasma 

Normal Lung. 



FIGURE lX 

Microphotograph 

Magnification X 400 Perfusion of Lung With Normal Saline 

.AJ.veolar Edema. 



FIGURI!. X 

.11crophotograph 

Magnification :X. 400 Perfusion of Lunt; · it Autogt.nou.s 

Blood-Normal Lung. 



TABLE li 

fUNCTIQN OF DQNOR LUNG 

Tissue Exp. No. Endotrocheal Perf- Perf- Dir- Final Gross Appearance Wt. Perfusion 
Pressure Mm. us ion us ion ection Gain Substance 
Hg. Rate Press. of Fun- Gm. 

cc/min. Mm. Hg. ction 
Min ---! 

Lung 6 :354 20 Normal 1. Dextran 
2. Blood. 

Lung 7 4:3.5 10 Edema Lower Lobe 1. Normal Saline 
2. Blood. 

Lung 8 0 to 11 .5o4 26 Insufficient 1. Dextran 
Oxygena ti on 2. Glucose 

J. Blood 

Lung 9 .520 2.5 Normal. 1. Dextran 
2. Glucose 
J. Blood. 

Lung 10 6oo 9 Air Emboli Lung 
Hemorrhagic. Arterio- 1. Glucose 
Venous Shunt t. Blood 

Lobe 11 0 to 14 :3.50 40 Ed.ema Post..· Segment 10:3 Dextran 

Lobe 11 0 to -:3 :3.50 26 Edema, Dependant :316 Plasma 

Lobe 11 0 to 14 :3.50 :3 Edema, Generalized 102 Normal Sal.ine 

Lobe 11 0 to -2 :3.50 27 Edema, Dependant :3:31 Blood 

Lobe 12 0 to -17 :3.50 :3.5 Edema, Dependant 61 Blood 

Lobe 12 0 to 15 :3.50 .5 Fluid in Branchus .50 Dextran 
Edema 



TARI.E ll, Continued 

Tissue Exp, No. Endotrocheal Peri'- Peri'- Dir- Final Gross Appearance Wt. Perfusion 
Pressure Mm. us ion us ion ection Gain Substance 
Hg. Rate Press. of Fun- Gm. 

cc/min. Mm. Hg. ction 
Min, 

Lobe 13 Neg. 435 Soma Edema Blood 

Lobe 14 Pos. 465 11 Normal 1. Dextran 
2. Blood 

Lobe 15 Po s. 4oo 12 Shunt Edema 50 1. Dextran 
2. Blood 

Lung 20 0 to 16 44o 4-10 19 Normal Dextran 

Lung 20 0 to 16 44o 10-.26 42 Normal Blood 

Lung 21 0 to 40 200 6-29 45 Normal 1. Dextran 
2. Blood 

Lung 2.2 0 to 20 480 13-18 32 Slight Edema 1. Dextran 
2. Blood 

Lung 23 0 to 28 4o8 20-24 30 Normal 70 1. Dextran 
2. Blood 

Lung 24 0 to 20 330 10 31 Normal 1. Dextran 
2. Blood 

Lung 25 0 to 20 420 15-.20 30 Normal 82 Blood 

Lung 27 0 to 20 546 13-16 30 Nonnal 55 1. Dextran 
2. Blood 

Lung 28 0 to 22 520 16 Normal 55 1. Dextran 
2. Blood 



TABLE ll.Continued 

Tissue Exp. No. Endotrocheal Perf- Perf- Dir- Final Gross Appearance Wt. PerfusioQ 
Pressure Mm. us ion us ion action Gain Substance 
Hg. Rate Press. of FUn- Gm. 

cc/mi.n. Mm. Hg. ction 

- Min, 

Lung 29 0 to 20 510 20-40 JO Nonnal 35 1. Dextran 
2. Blood 

Lung 30 0 to 20 46o 3-5 30 Normal 6.5 1. Dextran 
2. Blood 

Lung 31 0 to 20 500 30 Normal 1. Dextran 
2. Blood 

Lung 32 0 to 18 400 Normal 1. Dextran 
2. Blood 

Lung 33 0 to 22 420 22 20 Normal 20 1. Dextran 
2. Blood 

Lung 34 Po s. 525 30 Normal 1. Dextran 
2. Blood 



TABLE lll 

EF'FECTS OF PERfUSION SUB§TANCES ON OONOR LUNG Sept. 16/55 

Experiment Xl 

DATA: 1. 2. 3. 4. 

1. Perfusion Fluid Dextran 10% Glue. 5% Plasma Normal Saline Heparinized Blood 

2. Substance respirated 100% Ox. Air 100% Ox. Air 

3. Respirator pressure 
system pos. neg. pos. neg. 

4. Respirator,y excursion 0 to 14 mgm. Hg. 0 to 3 mm. 0 to 14 0 to 2 
Hg. (Ave.) (Ave.) (Ave.) 

5· Resp. rate 19/mi.n. ? 19/mi.n. ? 

6. Time respirator started 11.35 12.10 1.14 1.29 

7· Time flow started 11.40 12.14 1.15 1.37 

8. Time Flow stopped 12.20 12.4o 1.25 2.04 

9. Perfusion time 40 mins. 26 mins. 10 mins. 27 mins. 

10. Initial wt. 50 gm. 44 gm. 28 gm. 35 gm. 

11. Final wt. 153 gm. 360 gm. 130 gm. 366 Pl.i 

12. Wt. increased 103 gm. 316 gm. 102 gm. 331 gm. 

13. Time Oedema first noted 11.45 post seg. 12.33 1.18 1.43 
dependent en tire dependent 

14. Time of total oedema & 
non-function - 12.40 1.18 2.04 



DATA: 

15. Duration of Function 

16. Patb. specimen no. 

17. Addition of perfusion 
fluid 

T.ABLE lll, Continued 

1. 

40 mins. 

1,2, 

None 

Patb. Specimens (1) - Septal oedema 

(2) - Nomal 

(J) - Normal 

(4) - Alveolar oedema 

(5) - Normal 

2. 3. 4. 

26 mins. 3 mins. 27 mins. 

3 4 5 

20cc None 50 cc 
.50 cc 
2.5cc 
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Resulta and Discussion: 

Of the group of 26 operations utilizing extracorporeal circulation 

and homologous lung oxygenation there were five long term survivais as lis

ted in Table XI. 

In three experimenta, numbers XIII, XIV and Y:V, a lobe of the lung 

was used as an oxygenator. There were no long term survivors in this group. 

Anoxia would appear to be a factor. 

In experiment XIII, Table I, the donor lobe was inverted to faci

litate drainage of any endobronchial secretions that might accumulate in 

the branchial tree. Intermittent negative pressure breathing was used. At 

the conclusion of perfusion ventricular fibrillation occurred. Air emboli 

had been inadvertently introduced into the extracorporeal circuit and coro

nary air emboli were obsezved in the heart. The heart did not regain func

tion. 

In experiment XIV the donor lobe was suspended in a container and 

connected to a positive pressure respirator apparatus. Perfusion time in 

this experiment was 19 minutes. The right ventricle was open for 3 minutes. 

Ventricular fibrillation occurred after 19 minutes perfusion, 13 minutes 

after the ventricular incision was sutured. Intra-arterial transfusion, 

calcium chloride, adrenalin chloride and defibrillation and cardiac massage 

were all administered, but the heart did not regain function. 

In experiment XV the lobe was suspended and connected to a posi

tive pressure mechanical respirator. Perfusion time was 12 minutes. The 

right ventricle was open for 5 minutes. The heart maintained a good color 

and a regular rhythm throughout the entire procedure. The animal succumbed 



42. 

48 hours post-operative~. At autops.y 400 c.e. of blood was found in the 

chest cavity. The an:ilnal apparently died of post-operative blood loss. 

In the twenty-three experimenta in whi..ch the entire lungs were 

used as homologous oxygenators there were five long term survivors. The 

blood flow rate in all of these experimenta was 30 c.e. per kilogram. per 

pound body weight of patient animal per minute. The perfusion t:ilne and 

exclusion of the heart and lungs of the patient an:ilnal ranged between 8.5 

and 31 minutes. The heart was open for an interval fran 2.5 to 13 minutes. 

The arterial blood pressure fell abrupt~ from 90 to 120 nnn. mercury pres

sure to 30 to 40 mm. mercury pressure upon exclusion of the heart and lungs 

from the circulation. The pressure ranged between 20 and 50 mm. mercury 

pressure during perfusion and gradua!~ rose to initial levels, or even 

slightly higher in some experimenta after release of the venae cavae and 

resumption of corporeal circulation, Fig. XI, XIV, XVI. 

The causes of death are listed in Table XI. Post-operative 

blood loss was revealed at autops,y in four cases. In ten experimenta 

the brachio-cephalic artery was divided in error. There was one death for 

each of the following causes: air ernboli in the extracorporeal system, 

ventricular fibrillation during perfusion, empyema and septicemia, dis

temper and pneumonia. The first two of these deaths were operative, and 

the last two occurred in the post-operative period. 

The five animals which survived operation had uneventful opera

tive and post-operative courses. In these experimenta the nwocardium main

tained a good color during perfusion and the heart maintained a regular 

sinus rhythm, Fig. XIII, U. The heart took over function after perfusion 
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with no evidence of arrhythmia or distension. The animals survived for 

periods from 2 months to 6 months post-operative until they were sacrificed 

for further experimental work. The animals appeared entirely normal in 

every wa:y post-opera ti vely. At autopsy the myocardial incision in each 

case was well healed and the heart appeared normal in every w~. 

Laboratory determinations as b lood o:xygen saturation, Table V, 

blood carbon dioxide content, Table VII, blood pH values, Table VIII, will 

be discussed in the general evaluation of all our experimenta with extra

corporeal circulation. 
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FIGURE n 

Arterial Pressure Tracing Homologous Lung Oxygenation Cardioto~, 

Right Ventricle. 

Experiment 37. 

1. Initial blood pressure 

2. Chest open 

). Occlusion of venae cavae and biological oxygenation 

4. Corporeal circulation re-instituted 

5. Chest closed 
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FIGURE Xll 

Pulmonar,y Arter,y Pressure In Lung ~genator. 

Experi.ment 21. 

1. Perfusion 

2. Perfusion 

3. Perfusion - cardiot~ right auricle. 

Experiment 25. 

4. Perfusion 

5. Perfusion 

6. Perfusion. 
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FIGURE Xlll 

Electrocardiogram. 

Homologous Lung O:x;ygenation, Cardiotoii\Y, Right Ventricle. 

Experiment 4o. 

1. Chest open 

2. Occlusi on of Venae Cavae 

3. Chast closed. 
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FIGURE XJ.V 

Femoral Arter,y Pressure Tracing Homologous Lung O~genation 

Cardiot.Oll\Y, Right Ventricle. 

Experiment JJ. 

1. Chest open 

2. Perfusion - ventricular fibrillation 

). Perfusion - sinus rqythm 

4. Perfusion - sinus rPythm 

5. Corporeal circulation re-instituted 

6. Chest closed. 
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FIGURE XV 

Electrocardiogram Lead 111 

Homologous l.ung Oxygenation . Cardiotomy, Right Ventricle. 

Experiment 39. 

1. Chest open 

2. Perfusion 

3. Release of ligatures about venae cavae 

4. Corporeal circulation 10 minutes later 

5. Chest closed. 
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FIGURE XVl 

Arterial Blood Pressure Recorded In Abdominal Aorta Horoologous Lung 

Oxygenation. CardiotOII\Y, Right Ventricle. 

Experiment 31. 

1. Initial. 

2 . Pur se string placed in right auricle 

3. SVC and IVC cannulated 

4. Perfusion 

5. Perfusion 

6. SVC released 

7. SVC and IVC open 

8. Blood 150 cc intra-arterial 

9. Blood 100 cc intra-arterial 

10. Venous catheters removed. 
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CHAPI'ER V 

Evaluation of Artificial O~genation and Extracorporeal Circulation 

Introduction: 

Irispired by the success of the group at the University of Minne

sota, in the field of open cardiac surgery, with the aid of the Lillehei -

De Wall type of artificial o~genator (131), we elected to experiment with 

artificial o~genation on the principle of bubbling oxygen through blood. 

Clark, Gollan and Gupta (27) were able ta obtain very rapid and 

efficient oxygenation of blood by foaming it in an artificial o::xygenator 

by gas dispersion. A defoaming agent, a silicone substance known as DC 

Antifoam A, Dow Corning Corporation, Midland, Michigan. This was a methyl

siloxane resin which was used industrially as a defoaming agent, and was 

considered non~toxic in vivo. 

The bubbler type of oxygenator, as used by Lillehei et al, in

corporated the basic principles of the Clark oxygenator. However, whereas 

the o:xygenator of Clark, Gollan and Gupta was constructed mainly of glass 

and rubber tubing, the Lillehei - De Wall o:xygenator was constructed almost 

entirely of plastic substances. This was considered ideal for an extracor

poreal system, as the clotting tendency of blood in contact with plastic 

was very law. The loss of platelets and ether blood elements was also law. 

Goertner and Briggs (73) in 1928 postulated that the initial step 

in blood clotting involved a surface concentration of sorne positively 

charged constituent, the concentration being brought about by selective 

adsorption. Substances which decrease surface or interracial tension tend 

to be adsorbed. Possibly blood clotting is dependent upon the adsorption 

of some constituent of the serum onto a surface, thereby increasing the 
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effective concentration of the constituent and thereby increasing the clot

ting phenomenon. 

By streaming potential measurement a bare glass capillary had a 

negative streaming potential of approximately 30 mv. When the same glass 

capillary was coated with a thin layer of paraffin it had essentially a zero 

potential against water. 

A high streaming potential would favor electrostatic adsorption 

of positively charged colloids at the interface of glass-blood serum, and 

there would be no such tendency for paraffin-blood serum. 

Hirschboeck, in 1941 (84), observed that blood coagulation time 

in methyl methacrylate tubes was found to be twice as long as the coagula

tion time in glass tubes. 

Ingraham et al. (92), in 1947 reported on a new synthetic plastic, 

polyethylene, for use in surger,y. It was described as a long chain polymer 

of ethylene first produced in 1936 in Great Britain by the process of poly

merization of ethylene under extremely high pressures. The final result 

was a micro cr.ystalline, slightly cloudy, thromboplastic resin with elec

trical insulating properties. 

Rowe et al. (174) 1948 in experiments with laboratory animais 

showed that the silicones, methyl and mixed methylphenyl polysiloxanes as 

a class are very low in toxicity. 

Donovan (44) stated that polyethylenes chemical structure, clot 

retraction and repelling action on water V~ere similar to paraffin and 

therefore it probably delayed coagulability in a similar way, that is, by 

its relative inertness to the clotting colloids of blood and through its 

protective action on the stability of platelets. 
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Glassman, (70) in 1950, showed that there existed a correlation 

between the ~olytic power, surface activity and electrostatic interaction 

of anionic surface-active agents and the lipid, lipoprotein and protein 

compounds of the red blood cell ultrastructure. The author studied two 

nonionic compounds Tritons ~~ 135 and A20. Both were non-hemolytic and 

non-toxic. 

Radnight (172) in 1954 reported that the solubility of oxygen in 

silicone fluids was surprisingly high. 

The high solubility of oxygen in silicone substances is probably 

the mechanism of action of DC antifoam A as a defoaming agent. 



FIGURE XVll 

Arti!icial O~genator 

Apparatus 1. 
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Artificial Oxygenation Experimenta 

Materials: 

Four modifications of a simple o:xygenator apparatus were used in 

our experimenta. 

Apparat us I. 

Mayen (140) plastic tubing, 2 inches interna! diameter was used 

for the oxygenating chamber. It was held in a vertical position by clamps 

attached to a metal stand. The lower end of this tubing was stoppered with 

a rubber stopper through ~ch we had inserted a small glass cannula for 

oxygen inflow and Tygon tubing for blood inflow. The Tygon tubing extended 

upward through a hole placed centrally in a nylon plate made to fit snugly 

to the inner surface of the Mayen tubing. The rest of the plate was multi

perforated with heles 1/64 inch in diameter ~ich permitted the entry of 

o:xygen upward, but, when the pump was in motion, prevent ed blood from drip

ping through the plate. The nylon plate was 1/4 inch in thickness. 

The defoaming chamber was Mayen plastic tubing of 1 1/2 inch in

ternal diameter set at an angle to the horizontal plane and connected with 

the top of the bubbling chamber. The upper end was stoppered with a rubber 

stopper which had a perforation 1/4 inch in dianeter at its upper portion. 

The lower end was stoppered with a rubber stopper which held a fairly short 

length of Tygon plastic tubing. The lumen of the defoaming chamber was 

lined with anafoam, DC antifoam A (46). 

The collecting chamber was a helix which consisted of Mayen plas

tic tubing of 1 inch interna! diameter. It was supported by a wooden frame 

with two inch heles placed at appropriate levels, Fig. XVII. 
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The upper portion of the helix was left open and the lower end 

of the short length of Tygon tubing leading from the defoaming cham.ber was 

loosely placed with its tip about 8 inches below the upper opening of the 

helix. The lower end was stoppe red wi th a rubber stopper which held a 

length of Tygon tubing. The inner surface of the lower portion of the he

lix was c oated with anafoam. 

The reservoir consisting of a length of Mayon plastic tubing 1 1/2 

inch internal diameter was constructed. Its upper end was open. Its lower 

end was stoppered with a rubber stopper which held one end of the Tygon 

tubing connected to the helix, and one end of the Tygon tubing 'lbich led 

to the arterial pum.p. 

Rubber tubing of 1/2 inch internal diameter was placed within the 

head of the Sigmamotor pump. The remainder of the arterial line was Tygon 

tubing. A similar venous line consisted of Tygon tubing, and the tubing 

within the venous purnp head was identical with the tubing in the arterial 

pump head. 

The jugular vein was catheterized with a plastic catheter size 

#=12 or #=14 French. This catheter was perforated at its tip and had a se

cond set of perforations at its mid-level to allow for simultaneous drain

age of the inferior and superior vena cava. The tip was advanced into the 

inferior vena cava. 

The arterial catheter was also plastic #=12 or #14 French but had 

only one set of perforations at its tip. The catheter was advanced by WS3' 

of the carotid arte:cy to the ascending aorta. 

Apparatus II. 

This modification was fashioned after the method of Lillehei (131). 



FIGURE XVlll 

Artificial Oxygenator 

Apparatus 2. 
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The bubbling and defoaming chambers were combined in one length of Mayon 

tubing 1 1/2 inch internal diameter, the upper portion of which was turned 

in an inverted V shape as in Fig. XVIII. 

An oxygenator unit made of lu cite and cont aining a perforated nylon 

plate was placed in the lower portion of the tubing. A rubber stopper at 

its lower end held a small glass rod for oxygen inlet and a lower lucite rod 

which extended through the perforated nylon plate for inlet of venous blood. 

The upper end of the Mayon tubing was stoppered with a rubber 

stopper which held a 12 inch length of Tygon tubing. The upper portion of 

this M~on tubing was coated with anafoam. 

The lower end of the tygon tubing was inserted into a helix. It 

was held by a rubber stopper which also held a short length of Tygon tubing 

to allow the escape of excess oxygen. 

The helix consisted of Mayon tubing of 1 inch internal diameter. 

Its lumen was coated with anafoam. The lower end of the helix was stoppered 

with a rubber stopper, which held Tygon tubing 24 inches in length. This 

tubing led to the reservoir. 

The reservoir consisted of an inverted Kel ly flask lined with a 

plastic bag and stoppered with a rubber stopper which held Tygon tubing 

connecting it with the helix and the arterial line of Tygon tubing. Two 

nylon blood filters were placed in the arterial line. 

Apparatus III. 

The bubbling chamber consisted of Mézy"on tubing of 2 inch irrternal 

diameter. Its lower end held a lucite oxygenator unit containing a perfora

ted nylon plate and a lucite rod for blood delivery as in Apparatus I. 



FIGURE X1.X 

Artificial Oxygenator 

Apparatus .). 
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The upper end was connected to the helix by a polyethylene cylin

der which was fi tted over the tubing with rubber bands. This plastic bag 

was coated wi th anafoam. The helix was Mey on tubing of 1 inch internal dia

met er, coated with anafoam. It was placed in a large lucite collecting 

chamber, see Fig. XIX. The lower portion of this collecting chamber served 

as a reservoir for the defoamed oxygenated blood. Two nylon filters were 

placed in the arterial line. The venous and arterial lines were Tygon 

tubing. 

The o~gen was humidified by passing it through a stoppered Kel~ 

flask containing 200 c.e. of water. 

Apparatus IV. 

This modification was very similar to Apparatus III, except that 

the upper portion of the bubbling chamber was stoppered. A hole in the 

upper portion of the wall of the cylinder allowed for insertion of the 

smaller Mayon tubing of the helix. This was made leak proof by a collar 

of foam rubber, see Fig. xx. 
Method: 

The blood recipient dog and donor dogs were cross-matched after 

the method of Young et al (213). When cross-matching revealed a blood in

compatibility between a proposed donor and recipient, the donor dog was 

not used, and another suitable donor selected. 

The donor dogs were anesthetized with nembutal administered intra

venously in dosage of 60 mgm. per 5 pounds body weight. The groin was 

shaved and prepared with 1:1000 zepharin solution. The femoral artery was 

exposed and cannulated and the blood collected into sterile vacuum bottles, 

Ba.xter Laboratories, Morton Grove, Illinois. The vacuum bottles contained 

18 rngm. heparin in 50 c.e. of 5 per cent glucose solution for each 500 c.e. 



Artir1c1al ~~enator 

Apparatua 4. 
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of blood collected (131). 

The patient animal was anesthetized with nembutal administered 

intravenously, 60 mgm. per 5 pounds body weight. .ln endotracheal tube was 

inserted and connected to a mechanical respirator. The animal was postured 

on the operating table in a supine position and the neck, chest and inguinal 

regions were shaved and painted with 1:1000 zephiràn solution. Electrodes 

for electrocardiogram tracing were inserted into the limbs. Five per cent 

glucose was given intravenously into a peripheral vein at 4 to 6 drops per 

minute. 

After suitable draping a vertical incision was made in the groin 

extending distally from Poupart 's ligament to expose the femoral artery. 

This was cannulated with a fine plastic cannula which was connected to an 

electromanometer for continuous recording of intra-arterial pressure. 

A right thoracotomy incision in the fifth interspace was made in 

all the experimenta but the final one. In the last e.xperiment an anterior 

trans-sternal incision was made in the fifth interspace in the right chest 

and the fourth interspace in the left chest thus exposing the anterior por

tion of the heart and great vessels and both chest cavities. 

Heparin, 0.75 mgm. per kilogram body weight, was administered 

int ravenously. 

The pericardial sac was incised. A purse string suture of silk 

was placed in the wall of the right auricular appendage. A #12 French 

catheter was inserted into the right auricle through a stab wound in the 

tip of the appendage and guided into the inferior vena cava. The purse 

string suture was then tied over the catheter to hold it in position. 

The catheter was allowed to fill with blood and its distal end occluded 
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with a specially prepared rubber stopper. 

A second silk purse string suture was placed in the wall of the 

right auricle and an incision made in the centre area of the purse string 

suture. A plastic catheter was placed into the right auricle and guided 

into the superior vena cava. It was allowed to fill ~th blood and its dis

tal end was stoppered, Fig. XXI. 

The right carotid artery was cannulated wi th a #12 French plastic 

catheter, the tip of which was advanced into the ascending aorta. 

The extracorporeal circuit was primed with heparinized donor blood. 

The venous catheters were connected by means of plastic Y tubing to the ve

nous line of the circuit. The arterial catheter was connected with the 

arterial line of the circuit. 

Ligatures, previously placed about the inferior vena cava and 

superior vena cava were tightened about the catheters to arrest the flow of 

venous blood to the right auricle, and the pumps were started. 

The oxygen flow rate was monitered to obtain optimum bubble for-

mati on. 

The flow rate of the arterial pump had previously been adjusted 

to deliver 35 c.e. per kilogram boqy weight of patient animal per minute. 

The venous pump was started at this same rate but was constantly monitored 

during the procedure and its rate adjusted in order to maintain a stationary 

level in the col lecti ng reservoir. 

In 11 e:xpe riments an incision wa.s made in the wall of the right 

ventricle. It was placed about 1/2 inch lateral to the anterior descending 

branch of the l eft coronary artery, parallel wi.th i t , and was about 2 inches 

in length. In one experiment an interventricular defect was created. The 



FIGURE XXl. 

Catheterization of Pati ent Animal. 



edges of the ventricular incision were approximated with continuous 000 

silk suture. In one e.xperiment an incision was made in the vva.ll of the 

right auricle. The incision was approximately 2 inches in length and was 

placed anterior to the area of insertion of the superior and inferior venae 

cavae. Its edges were approximated with continuous 000 silk suture. 

Perfusion time in the experimenta ranged from 12 to 60 minutes. 

The heart was open for intervals ranging from one to ten minutes. The 

procedures performed are tabulated in Table I and Table x. 

At the conclusion of the cardiac operation the ligatures about 

the venae cavaè were released gradually while the heart was closely ob

served for overdistension, arr~thmia or c.yanosis. Upon release of both 

venae caval ligatures the perfusion was stopped and the catheters clamped. 

During closure of the chest protamine was administered. In the 

early experimenta of this series an arbitrar,y dose of 50 mgm. of 1 per 

cent protamine sulfate was given intravenously. In later experimenta the 

protamine was diluted in 200 c.e. of 5 per cent glucose, and given in a 

slow intravenous drip until the bleeding from the eut surfaces stopped. 

The protamine dosage in these experimenta approximately equaled the heparin 

dosage. 

Post-operatively heparinized whole blood was given as required 

through a peripheral venous route in arder to maintain a good arterial 

pressure and pulse volume. The ch est cavi ty was aspirated of air and 

fluid at the conclusion of the operation and at intervals during the post

operative period as indicated. 
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FIGURE xnl. 

Arterial Blood Pressure Tracing 

Artificial Oxygenation 

Experiment 55 

1. Chest open 

2. Perfusion 

3. Corporeal circulation re-instituted. Blood 100cc intra-arterial 

4. Blood 200cc - anticoagulant EDTA 

5· Blood loss in chest cavity 

6. Terrn:i.nal hypotension. 
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FIGURE xnll 

Arterial Blood Pressure Tracing & Electrocardiogram Lead 11 

Artificial Oxygenation 

Experiment 61 

1. In1 tial EKG 

2. Perfusion 

J. Perfusion 

4. Perfusion EKG 

5. Perfusion EKG 

6. Corporeal circulation re-instituted. Blood 100cc intra-arterial 

?· Blood ?5cc intra-arterial 

8. Chest closed EKG 

9· Blood 115cc I.V. 

10. Chast aspirated 

11. Post operative 3 hrs. 
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FIGURE XXlV 

Arterial Blood Pressure 

Artificial Oxygenation 

Experiment 59 

1. Initial 

2. Venous Catheters being placed in heart 

3. Perfusion 

4. Perfusion 

5. Perfusion 

6. SVC & IVC released 

7. Corporeal circulation 

8. Blood pressure stabilized 

9. Catheters removed 

10. Protamine 32 mgm. in 400cc glucose started l.V. slowly 

11. Rectal temp. 37° B .P.rising 

12. Blood pressure stable 

13. Dog awake and moving. 



54. 

Discussion and Results 

The o~genator functioned efficient~. Blood samples taken from 

the extracorporeal circuit and from the patient animal during perfusion 

and after perfusion showed o~gen saturation levels well in excess of 90 

per cent. The heart appeared well oxygenated during perfusion in the series 

of experimenta. Causes of death are listed in Table x. Ventricular fib

rillation occurred in experiment 55. In this experiment ethylene diamine 

tetra acetic acid (EDTA) was used as the anticoagulant for the donor blood. 

Rapid blood loss, possib~ from inju~ to a relative~ large 

pericardial vessel resulted in ventricular fibrillation and an operative 

death in experiment 58. 

In one experiment insufficient heparinization resulted in clot

ting of blood in the tubing of the extracorporeal circuit and an operative 

de ath. 

The main complication appeared to be post-operative oozing of 

blood into the chest cavity. This occurred in spite of meticulous opera

tive procedure and ligation of all bleeding points in the chest wall at 

operation. Seven late deaths were apparently due to slow post-operative 

blood loss. At autops.y the amount present in the chest cavity varied bet

ween 200 and 500 c.e. 

Overtransfusion of 1000 c.e. of heparinized blood in an effort 

to combat post-operative hypotension accounted for one late death. It is 

quite possible that rapid protamine administration 50 mgm. of one per cent 

solution intravenously at the conclusion of the operation was a contribut

ing factor. 
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Septicemia resulted in death 3 days and 5 days post-operative 

in experiments 59 and 61 respectively. 

Thrombosis of the right auricular appendage extending to fill 

the entire right auricle appears to have been the cause of death in ex

periment 61. The thrombus was attached to the stab wound region in the 

right auricular appendage. 

There was no evidence of cerebral damage in the patient animals. 

The nylon blood filters apparently functioned efficiently. Bjork (17) 

reported that the use of a Monel metal filter in his artificial oxygena

tor apparatus reduced the incidence of brain damage in his patient animals. 
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CHAPTER VI. 

Discussion of Physiological and Metabolic Changes 

During Extracorporeal Circulation 

Heparin - Protamine Administration. 

Heparin was considered to be the anticoagulant of choice because 

of its rapidity of action and relatively rapid excretion (94). 

It is a mucoitin trisulphuric acid (148), the strongest organic 

acid known. Its action on blood is antithromboplastic (34) and antithrom

bic (164). 

Anderson and Fawcett (2), in 1950 noted that the injection of he

parin 50 mgm. intravenously in the human caused a sudden fall of surface 

tension and a clearing of lipemie plasma. The activity appeared to be due 

to the formation of a surface active heparin-phospholipid complex. The 

highly acid heparin molecule was probably attached to the extremely basic 

choline of a phospholipid similar to lecithin which had a theoretical 

iso-electric point of pH 7.5. 

Bell, (11) in 1951, observed a coagulation defect in a human 

patient due to an anticoagulant possessing antithromboplastic and anti

thrombic properties, probably heparin. Protamine sulfate 200 mgm. when 

administered intravenously, reduced the clotting time from 106 to 43 minutes. 

Heparin dosage in our experimenta varied between 0.75 m@n• per 

kilogram body weight and 1.5 mgm. per kilogram büQy weight. 

Donor blood was heparinized by two methods. In sorne experimenta 

the donor animal was given heparin in dosage as stated above. In the 

remaining experimenta the donor animal was not heparinized, but the blood 

was collected in Baxter Transfuse Vac bottles to which heparin had been 



added. Dosage varied between 10 mgm. and 20 mg}ll. for each 500 c .c. of 

blood collected. 

In the artificial oxygenation series the heparin 1~ mgm. was 

diluted in 50 c.e. of 5 per cent glucose for each 500 c.e. of donor blood 

(131). 

In experiment 55 the donor blood was collected in 3 plastic col

lecting bags containing ethylene diamine tetra acetic acid (EllA) as the 

anticoagulant. Blood clots were noted in the tubing of the extracorporeal 

circuit after only a few minutes perfusion. 

Protamine was administered in 22 experimenta. 

Chargoff (26) reported that the anticoagulant effect of heparin -

was destroyed by salmine. Salmine itself was lmown to be an anticoagulant. 

Protamine and heparin canbined in proportion of 0.3 mgm. heparin to 1 mgm. 

protamine, and in this state the anticoagulant action of heparin disap

peared. 

Vartianen et al. (198) in 1941 noted a fall in blood pressure in 

the experimental animal after injection of protamine. When the dosage was 

insufficient to produce fatality, the blood pressure returned to normal in 

25 to 30 minutes. 

Stokes et al. (187), in 1950, in their experimenta on extracor

poreal circulation, used 1 mgm. protamine per mgm. heparin given, and 

found that when protamine was given rapidly or in concentrations greater 

than 0.025 per cent, a fall in arterial blood pressure to 40 to 60 mm. 

mercury consistently occurred. When the same amount of pr otamine in di lute 

solution was administered over a 10 minute period no drop in blood pressure 

or other undesirable effects were noted. 
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Hurt (91) in 1956, reported that protamine, after heparin ad

ministration and extracorporeal circulation may produce an increase in 

clotting time if given in excess. 

In the early experiments in our series an empirical dose of 50 

mgm. of one per cent solution was given intravenous~. In experiment 50, 

the protamine dosage was 120 m§m. and in experiment 56, lOO mgm. of 1 per 

cent solution of protamine was administered. 

In the group of 19 experimenta in which protamine was given in 

dosage of 50 mgm. or greater in one per cent solution, post-operative 

bleeding was a major complication in 9 experimenta. 

In experimenta 59, 61 and 62 the protamine was diluted to less 

than 0.025 per cent dilution in normal saline or 5 per cent glucose, and 

given slowly in an intravenous drip. Protamine-heparin titration (124) 

was carried out in the last 10 experimenta. The total dosage of protamine 

adm.inistered was about equal to the amount of heparin given. 

There was some blood loss post-operativel~ but the amount was 

considerably less than in previous experimenta, and, in none of these 

experimenta was bleeding the cause of death of the patient animal. 

We cannot show a definite relation in our experimenta between 

post-operative nypotension and the administration of heparin. However, 

in the series with artificial oxygenation the post-operative hypotension 

occurred only in those animals in which a dose of 50 mgm. or more of pro

tamine was administered in one per cent solution. 

In experimenta 59, 61 and 62 the protamine was given slow~ in 

diluted fo~ and the post-operative arterial pressures were 120, llO and 

lOO mm. mercury respectively. 



TABLE lV 

(HEPARIN-PROTAMINE OOSAGE) 

Exp. Type of ·rotal Total Dilu- Arterial Arterial Survived Cause of Death 
No. OJÇygenation Hep- Prot- tion Systolic Systolic (s) 

arin amine of Prot- B.P. B.P. at 
Dosage Dosage amine ~ During Conclusion 
mgm. mgm. Occlu- of Oper-

sion of ation 
venae 

- -- ~e 

1 cross Bilateral atelectasis 
circulation 4o 0 Blood loss 

4 cross 
circulation 2?.5 0 s 

5 cross 
circulation JO 0 s 

6 lung 2.5 0 Blood loss 

7 lung 22 0 s 

8 lung 3.5 0 s 

9 lung 4o 0 Ventricular fibrillation 

10 lung 0 (ci-
treted) 0 4o-14Q 40 Air emboli 

13 lobe 2.5 0 Air emboli 

14 lobe 3.5 0 Ventricular fibi·illation 

15 lobe 32 • .5 50 1 Blood loss 

20 lung 6o 50 1 s 

23 lung 6o .50 1 s 



l'ABLE ly, Continued 

Exp. Type of Total Total Dilu- ArteriaJ. Arterial Survived Cause of Death 
No. Oxygenation Hep- Prot- ti on Systolic Systolic (S) 

arin amine of Prot- B.P. B.P. at 
Dosage Dosage amine % Du ring Conclusion 
mgm. mgm. Occlu- of Opera-

sion of tion 
venae 

- ~vae 

24 lung 6o 50 1 Emp,yema Septicemia 

25 lung 57·5 50 1 Brachio cephalic arter,y divided 

27 lung 65 50 1 Brachio cephalic arter,y divided 

28 lung 90 0 Brachio cephalic artery divided 

29 lung 50 0 Blood loss 

30 lung 50 0 Brachio cephalic arter,y di vided 

31 lung 75 50 1 35 100 Brachio cephalic artery divided 

32 lung 75 45-20 35 Brachio cephalic artery divided 

33 lung 75 50 1 120 Brachio cephalic arter.y divided 

34 lung 75 50 1 25-20 6o Brachio cephalic arter,y divided 

37 lung 40-50 80 Distemper 

38 lung 50 1 6o Blood loss 

39 lung 43 0 40 85 s 

40 lung 51.5 50 1 90 Blood loss 

43 artificial. 34-5 0 Blood loss 

44 artificial 50 1 Blood l oss 



TABLE ly, Continued 

Exp. Type of Total Total Dilu- Arterial. Arterial Survived Cause of Death 
No. Oxygenation Hep- Prot- ti on Systolic Systolic (s) 

arin amine of Prot- B.P. B.P. at 
Dosage Dosage amine ~ Du ring Conclusion 
mgm. mgm. Occlu- of Pera-

sion of ti on 
venae 

- -- ~ae 

4.5 artificial 45 .50 1 6.5-.30 100 Blood loss 

46 artificial 20.5 .50 1 4o-6o 100 Atelectasis 

47 artificial 48.5 0 120 Blood loss 

49 artificial 72 • .5 50 1 4o 6o Overtransfusion 

.50 a.rtificiall )0.5 120 1 10-20 20 Blocxi loss 

.52 artificial 31 0 Blood clotted in tubing 

.5.3 artificial 46 .50 1 20-40 6o Blood l.oss 

.54 artificial 40+ .50 1 20-4o 4o Bl.ood loss 

.5.5 artificial 11 Blood clots in tubing 
EDTA 0 4o 6o 

56 artificial 42 100 1 4o-.50 90 Blocxi loss 

58 artificial 45 Ventricular fibrillation 
EDTA 0 Blood loss 

59 artificial 47 3.5.2 0.017 4o-6o 120 Septicemia 

61 artificial 40 48 0.014 6o 110 Pericardi tis, blood loss 

62 artificial .5.5 4.5 0.026 100 Thrombosis right auricle, 
Blood l.oss 
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In experiment 60 the arterial blood pressure in dogs was measured 

after administration of heparin and protamine. Six dogs were anesthetized 

with sodium pentothal given intravenously. 

Dog No. 1 received 50 mgm. of heparin intravenous~, and, a few 

minutes later, 50 mgm. of protamine in one per cent solution, also intrave

nously. A definite fall in arterial blood pressure occurred. This did not 

rise to control level, Fig. xxv. 
Dog No. 2 received the same dosage of heparin and protamine in the 

same concentration as dog No. 1, but showed only a slight fall in blood 

pressure, Fig. XXVI. 

Dog No. ~ received protamine 50 mgm. diluted in 200 c.e. of 5 

per cent flucose and showed only a slight fall in blood pressure, which 

rapidly rose to control level with slowing of the intravenous drip of pro

tamine from 60 to 14 drops per minute, Fig. XXVII. 

Dogs No. 5 and 6 received protamine on~, 50 mgm. in one per cent 

solution, and showed a transient drop in blood pressure which rose to con

trol level, Fig. XXVIII. 

/ 



l 

FIGURE XXV 

Arterial Blood Pressure 

Experim.ent 60 

Heparin 50 mgm. intra-arterially 

f 

Protamine 50 mgm. intra-venously in 1% solution. 
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FIGURE XXVl 

Arterial Blood Pressure 

E.xperiment 6o 

Heparin 50 mgm. intra-venously 

Protamine 50 mgm. intra-venously in 1% solution. 
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FIGURE XXVlll 

Arteria.l Blood Pressure 

Experiment 6o 

, .,- ~
T li 4 

Protamine intra-venously 50 mgm. in 200cc glucose. 
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FIGURE XXV1ll 

Arterial Blood Pressure 

Experialent 60 

Initial B.F. 

Protamine 50 mgm. intra-venously in 1% solution. 

Rise in B.P. to almost controL level. 
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Blood O~gen Saturation 

Blood o~gen saturation (176) was excellent in all experimenta 

when measurements were taken. Values were consistently above 90 per cent 

as tabulated in Tables V. and VI. 

Venous o~gen content specimens were taken in experimenta 29 and 

30. Both experimenta illustrated an increase in coefficient of o~gen uti

lization in that the final venous blood o~gen levels were considerab~ 

reduced over control levels. 

Carbon Dioxide Content of the Blood: 

There was no evidence of marked rise in carbon dioxide (197) con

tent of the blood in any of the specimens taken, as shown in Table VII. 

pH of the Blood: 

There was no undue change from control pH values in the specimens 

taken. Experiment 47 in Table VIII. illustrates the value of inflation of 

the lungs of the patient animal during perfusion in maintaining the pH 

near control levels. 

Red Blood Cell Fragility: 

Table IX shows values of red blood cell fragility taken in 2 ex

perimenta only. All values were within normal range (210). 

Blood Calcium: 

Blood calcium determinations (210) were done in experimenta 55 

and 56 after the administration of calcium chloride to the patient animal. 

All specimens showed increased calcium levels varying from 14 mgm. per cent 

to 29 mgm. per cent • 

Platelet Count: 

Platelet counts (210) were taken in experimenta 33 and 39. A11 

values were within normal limits before and after perfusion. 



TABLE V 

BLOOD OXYGEN CONTENT BIOLOGICAL LUNG OXYGENATION 
OXXGEN SATURATION PER CENT 

Exp. Contral. Final 
No. Arterial Venous Arteria1 Venous Perfusion Time Min. 

10 90 2 
91 • .5 4 

12 100 8 
100 24 
99 • .5 .3.5 

14 9).6 7 
99·7 1.5 

27 22 • .39 
vol% 

1,5.24 
vo1% 

29 19 
7.6 

97 

30 97 
23.2 

100 
,5.94 

.31 100 
13.0 

100 
18 • .5 

.39 100 
90 • .5 



TABLE Vl 

BLOOD OXYGEN CONTENT ARTIFICIAL OXYGENATION 

OXYGEN SATURATION PER CENT 
Exp. 
No, 

42 

45 

47 

Control 
Arterial Venous 

100 

Final 
Arterial Venous 

93.7 
100 

80.5 
98 

Perfusion Time Min. 

45 
60 

10 
30 



TABLE Vll 

BLOQD CARBONDIOXIDE CONTENT BIOLQGICA1 LUNG QXYGENATION 

CARBON DIOXIPE SA1VRATION VOLUMES PER CENT 

Exp. 
!!2,_ 

14 

Contral. 
4rterial Venous 

27 28.42 

29 43 • .5 

JO 39 • .5 

31 22.18 
40.14 

Final 
Arterial Venous 

33.61 
34.4 

31.1.5 

31.8 

16.56 

41.4 

33.02 

Perfusion Time 

7 
1.5 



Exp. 
fuù._ 

29 

47 

TABLE Vlll 

I?H VALUES WITH EXTRA CORPOREAL OXYGENATION 

Initial 

Lung 
Oxygenatqr 

Conclusion of operation Pt. lung not 7.39 

respirated during extra corporeal 

circulation 

Donor blood-control 

Patient blood-arterial control 

ft. blood a!ter 20 min. extra corporeal 

circulation and pt. lungs not inflated 

Pt. blood 10 min. later extra corporeal 

circulation and pt. lungs in!lated 10 min. 

48 Perfusion only of human citrated blood 

26 days old 

1. control 

2. 20 min. perfusion 

). 40 min. perfusion 

Articial 
OJ\Ygenator 

7.)90 

7.5020 

7.357 

6.275 

6.661 

6.678 



TABLE lX 

RED BLOQD CEIJ. FRAGILITY WITH ARTIF'ICIAL OXYG&NATION 

Exp. No. ARTIFICIAL 
OXYGENA TOR 

Initial Complete Incomplete 

42 1. Control 55 40 

2. 15 min. perfusion 55 35 

3. 30 min. perfusion 55 35 

4. 45 min. perfusion 55 35 

49 1. Control 50 

2. 12 min. perfusion 50 
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Hemolysis: 

Plasma hemoglobin determinations (15) were performed in 10 expe

rimenta. The highest tabulated value obtained in centrifuged specimens in 

perfusion experimenta was 0.449 gm. per cent hemoglobin. 

Hematocrit (210) values were taken in experimenta 46 and 49 and 

in experiment 46 showed a drop frœ 49 control to 3& while experiment 49 

showed a drop from a control reading of 40.4 to a post-perfusion reading 

_of 37.9 percent. 

Fibrinogen Content: 

Fibrinogen determinations (152) were performed in experimenta 51 

and 59. Values of a control of 0.225 gm. per cent a 30 minute perfusion 

reading of 0.231 gm. per cent in experiment 51, and a post-operative read

ing of 0.1936 gm. per cent in experiment 59 were obtained. All are within 

normal limi t s • 

Thus, there was no evidence of change outside the pQ7siological 

range in oxygen content, carbon dioxide content, red blood cell fragility, 

platelet count, fibrinogen, hemolysis of red blood cells and hematocrit in 

the specimens tested. 



TABLE X 

OPERATIVE RESULTS 

Exp. Cause of Operative Cause of Post Sur- Type of Intracardiac 
No. Dea th Operative Death vi v~ Oxygenation Procedure 

time 

1. Bilat-pneumathorax 
Bilat atelectosis 
Blood loss 2 hr. X circ. 

2. Blood loss 1 d. Hypothermia 

3. Sacrificed 5 wks. Hypothermia 

4. Sacrificed 1 mo. X circ. 

5. Sacrificed 3 wks. X circ. IASD & repair 

6. Blood loss In-
compatible trans-
fusion. Donor dog 
previously cross 
tra.nsfused 3 hr. Lung IASD & repair 

?. Sacrificed 1 mo. Lung IASD & repair 

8. Air emboli in 
coronary 
arteries 12 hr. Lung IASD & Repair 

9· Sacrificed 5 wks. Lung Cardiotomy 
Rt. auricle 

10. Cardiac arrest Cardiotomy 
air emboli Lung Rt. auricle 

13. Ventricular fib- Lung Cardiotom.r 
rillation Coronar,y Rt. ventricle 
air emboli 

14. Ventricular Lung Cardiotomy 
fibrillation Rt. ventricle 

15. Blood loss 48 hr. Lung Cardiotomy 
Rt. ventricle 

16 Sacrificed 1 mo. Hypothermia CardiotOD\Y 
Rt. Ventricle 

1?. Cardiac arrest Hypothermia IVSD & repair 

22. Sacrificed 3 wks. Lung Cardiotomy 
Rt. auricle 



TABLE X, Continued 

Exp. Cause of Operative Cause of Post Sur- '!YPe of Intracardiac 
No. De ath Operative Death vi val OJÇYgenation Procedure 

Tiple 

23. Sacrificed. 3 wks. Lung Cardiotom;y 
Rt. ventricle 

24. Empyema 15 ds. Lung Cardiotomy 
Septicemia Rt. Ventricle 

25. Brachio cephalic 
artery dividad 12 hr. Lung Cardiotomy 

Rt. Ventricle 
2?. Brachio cephalic Cardiotonzy-

artery divided 12 hr. Lung Rt. ventricle 
28. Ventricular 

fibrillation Lung Cardiotoirzy" 
Rt. ventricle 

29. Blood loss 12 hr. Lung Cardiotomy 
Rt. ventricle 

30. Cardiac arrest 
Brachio cephalic CardiotoJJ\Y 
artery divided Lung Rt. ventricl.e 

31. Brachio cephalic 
artery divided Cardiotoirzy" 
Blood loss 36hr. Lung Rt. ventricle 

32. Ventricular Brachio cephalic CardiotoJJ\Y 
fibrillation artery divided Lung Rt. ventricle 

33. Brachio cephalic CardiotOID\Y 
artery divided 24 hr. Lung Rt. ventricle 

34. Brachio cephalic CardiotoJJ\Y 
artery divided 12 hr. Lung Rt. ventricle 

35. Brachio cephalic Cardiotoii\Y 
artery divided 24hr. Lung Rt. ventricle 

36. Brachio cephalic Card.iotoli\Y 
artsry divided 24 hr. Lu.ng Rt. Ventricle 

3?. Distemper Cardiotoirzy" 
Pneumo nia 48 hr. Lung Rt. ventricle 

)8. Blood loss 2 hr. Lung Cardiotomy 
Rt. ventricle 

39. Lung Cardiotoirzy" 
Rt. ventricle 



TAW.E X. Continued 

Exp. Cause of Operative Cause of Post Sur- Type of Intracardiac 
No. Dea th Operative Death vi val Oxygenation Procedure 

~ 

4o. Blood loss 12 hr. Lung Cardiotomy 
Rt. ventricle 

4). Blood loss 12 hr. Artificial Cardiotomy 
Rt. ventricle 

44. Blood loss 12hr. Artificial Cardiotoli\Y 
Rt. ventricle 

47. Blood loss 12 hr. Artificial IVSD 

49. Overtransfusion 6 hr. Artificial CardiotoDzy" 
Rt. ventricle 

.50. Blood loss CardiotoDzy" 
Atelectoses 2thr. Artificial Rt. ventricle 

.52. Ventricular 
fibrillation Cardiotomy 
clotting of blood Artificial Rt. ventricle 

.53. Blood loss 1~. Artificiill Cardiotomy 
Rt. ventricle 

.54. Blood loss 6hr • Artificial Cardiotomy 
Rt. auricle 

.5.5. Ventricular fib-
rillation EDTA Cardiotomy 
anticoagulant Artificial Rt. ventricle 

56. Bl.ood l.oss 12hr. Artificial CardiotODzy" 
Rt. ventricle 

58. Ventricular fib-
rillation Blood loss Artificial Cardiotomy 

Rt. Ventricle 

.59. Septicemia 3 d • Artificial none. 

61. Septicemia 
Blood loss .5 d. Artii'icial none. 

62. Thrombos in 
rt. auricle 
blood loss 60hr. Artificial Cardiotomy 

Rt. llentricle 
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CHAPI'ER VII. 

Survival and Cause of Death 

In the homologous lung o:xygenation group there were five long 

tenn survivals. All appeared normal in every way. Four of these were 

sacrificed approximate~ one month post-operative~, and, at autopsy were 

normal in every wa:y. The cardiotorn;y incisions v-ere well healed. 

There were six operative deaths in this group (see Table XI.). 

Two were the direct result of technical error and coronary air emboli. 

Ventricular fibrillation in experiment 28 was precipitated by anoxia of 

the myocardium. It is possible that the arterial catheter tip had not 

been advanced far enough into the ascending aorta to supply the coronary 

arteries adequately. 

Two operative deaths were due to division of the brachio-cephalic 

artery. 

tate deaths in the homologous lung series were due in 6 experi

menta to blood loss. Incompatible blood transfusion may have been a con

tributing factor in the early experimenta, as donor blood was taken from 

dogs sacrificed after transfusion. 

One late death was apparently due to air emboli in the coronary 

arteries as a result of technical error. 

Post-operative infection resulted in late death of the patient 

animal in two experimenta. 

Erroneous division of the brachio-cephalic artery resulted in 

death within 24 hours in 8 experimenta. 

In the artificial oxygenation series there were three operative 

deaths (see Table X.). One was due to insuff icient heparinization and 



clotting of blood in the tubing of the extracorporeal circuit. 

Etnylene diamine tetra acetic acid (EDTA) was used as the anti

coagulant for the donor blood in experiment 55. Ventricular fibrillation 

occurred. Calcium chloride was administered at the time with no effect. 

Rapid blood loss, possibly from a relatively large pericardial 

vessel resulted in ventricular fibrillation and an operative death in e~ 

periment 58. 

tate deaths, in the artificial o~genation series, were due to 

post-operative oozing into the chest cavity in 7 experimenta (see Table XI.). 

At autopsy the amount present in the chest cavity varied between 200 and 

500 c.e. 

Overtransfusion of 1000 c.e. of heparinized blood in an effort 

to combat post-operative hypotension unsuccessful~ accounted for one late 

death. It m~ be that rapid protamine administration, 50 mgm. of 1 per 

cent solution intrav2nous~ at the conclusion of the operation was a con

tributing factor. 

Septicemia resulted in death 3 d~s and 5 days post-operative 

in experimenta 59 and 61 respectively. 

Thrombosis of the right auricular appendage extending to fill 

the entire right auricle appears to have been the main cause of death in 

experiment 61. The thrombus was attached to the stab wound region in the 

right auricular appendage. 



Total Number 
of Operations 

CONTROLLED 
CROSS CIR
CULATION 

3 

Thoracoto~ only 

Right Auriculoto~ 2 

IASD & repair 1 

Right Ventriculoto~ 0 

IVSD 

Survivals 2 

Deaths 1 

Causes of Death (1) Blood 
loss and 
Atelectasis 

TABLE n 

SURITITAL AND CAUSE OF DEATH 

HOMOLOGOUS LUNG LUNG OXYGBNATOR 
OXYGENATOR LOBE 
OXYGENATOR 

3 23 

0 3 

0 2 

3 18 

0 5 

0 18 

(1) Airemboli (4) Blood loss. 
(1) Ventricular 

fibrillation (1) Ventricular fibrillation 
(1) Blood loss 

(1) Air emboli and failure 
of donor lung 

{10) Brachio cephalic arter,r 
divided 

(1) Eropyema and Septocemia 

(1) Distemper and Pneumonia 

ARTIFICIAL OXYGENATOR 

16 

3 

1 

11 

1 

0 

16 

(8) Blood Loss 

(2) Bilateral Atelectasis 
and Blood loss 

(1) Pericarditis and 
Blood loss 

(1) Thrombosis Rt . Auricle 
and Rt. Ventricle and 
Blood loss 

(2) Blood clots in extra 
corporeal circuit 

(1) Overtransfusion 

(1) Septicemia 
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CHA PI' ER VIII. 

Summar.y and Conclusions 

Three techniques of extracorporeal circulation were investigated. 

Three experimenta involving controlled cross-circulation were 

performed wi.th two long term survivals of the patient animals and three 

long term survivais of the donor animals. 

Twenty-six operative experimenta utilizing homologous lung o~ge

nation were performed, with five long term survivals. 

Sixteen operative experimenta with artificial extracorporeal o~

genation were perfonned with no long term survivals, but with only three 

operative deaths. Nine animals succumbed within twelve hours post-operative. 

Three animals survived 2 1/2 days, 3 days and 5 days respectively. 

Perfusion experimenta were performed with homologous lung o~gena

tion wi.th control of endotracheal pressure and pulmonary artery pressure in 

the donor lung. 

Controlled intermittent positive pressure and intermittent nega

tive pressure respiration methods were investigated. 

Positioning of the donor lung, upright in sorne experimenta, and 

in the inverted position in other experimenta, for more adequate endotracheal 

drainage was investigated. 

Perfusion substances of the donor lung were tested and observations 

made on microscopie changes. Dextran, plasma and blood were found least 

likely to cross the capillary wall barrier into the alveoli. 

In all experimenta with homologous lung o~genation the arterial 

blood was almost fully saturated in all specimens taken. 
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Four modifications of the artificial oxygenation apparatus were 

investigated. All were based on the principle of mechanical mixing by 

bubbling oxygen through blood. Anafoam (DC antifoam A) was used full 

strength and in dilution with ether in coating the inner surface of the 

defoaming chamber. 

Various doses of heparin were investigated in bath the patient 

animal and in the donor blood. 

Protamine was used in the majority of the artificial oxygenation 

e~eriments. In the early experimenta it was given rapidly intravenously 

in one per cent solution. In later e:xperiments the protamine was given 

slowly in dilution with glucose and atte~ts at heparin-protamine titra

tian were made using the clotting time as a guide. 

Blood oxygenation was excellent in all experimenta wi th the ar

tificial oxygenator. 

There were no changes outside the physiological range in any spe

cimens taken for investigation of blood pH, platelet count, red blood cell 

fragility, fibrinogen, hemolysis of red blood cells and hematocrit deter

mination. 

It is the opinion of our group that all three techniques of 

extra corporeal circulation investigated, that is, controlled cross-circu

lation, biological lung oxygenation and artificial oxygenation have pos

sibilities for clinical use for open cardiac surgery, but that more re

search of an explicit nature in investigating physiological and metabolic 

changes associated with these techniques must be done. 
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