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Tmu NEED for an efficient and safe method
of extracorporeal circulation in surgical
treatrnent of intracardiac lesions has long
been recognized, but not until 1939 when
Gibbon 9 reported his pioneering experi-
mental efforts with total body perfusion
during cardiopulmonary bypass did the
procedure appear to be within reach for
clinical application. Since that time exten-
sive experimental investigations concerned
mostly with development of an ideal pump
oxygenator and control of certain com-
plicating factors inherent in artificial per-
fusion of blood have been undertaken in
nany instances with discouraging results.
Indeed, until very recently it appeared that
widespread clinical use of extracorporeal
circulation would not be possible for some
years. Thus, the recent demonstration of
the efficacy of artificial extracorporeal cir-
culation has finally broken a major barrier
in the further advancement of cardiovascu-
lar surgery and stands as a brilliant achieve-
ment in surgical progress. The fact that
Gibbon,10 in 1953, accomplished the first
successful clinical application of this method
in repairing an atrial septal defect in an 18-
year-old girl was indeed an appropriate
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event and provides high tribute to his
thoughtful investigations and devoted ef-
forts in this field of endeavor.
A highly significant contribution in this

field was made by Lillehei and his asso-
ciates 13 who in 1954 employed controlled
cross circulation between a living human
donor and patient to perform open cardiot-
omy. Using this method 32 patients were
operated upon for congenital cardiac le-
sions including ventricular septal defects
and tetralogy of Fallot with impressive re-
sults, thus providing a powerful stimulus in
this field. In general the reduced flow prin-
ciple based upon the so-called "azygos-
factor" as first described by Andreason and
Watson 2'3 was used by Lillehei with a flow
rate through the donor circuit of 25-35
cubic centimeters per kilogram body weight
of the patient, which is much less than nor-
mal calculated basal cardiac output of 100-
160 cubic centimeters per minute. Kirklin
and his associates 11,12 meanwhile con-
structed a Gibbon-type vertical screen oxy-
genator and pump system and subsequently
demonstrated in a series of 40 operations
that open cardiotomy could be accom-
plished in man using a completely mechan-
ical extracorporeal circuit. Moreover, by
this method, flow rates approximating nor-
mal resting cardiac output could be main-
tained eliminating the need for a donor to
provide oxygenated blood and thus main-
taining the patient in a normal physiologic
state for prolonged periods. Although it
may appear that use of a pump oxygenator
which provides large flow rate is preferable
to a low flow system, from a practical stand-
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point it has been established by clinical ex-

perience that lower rates of flow can be
maintained more simply and with less com-

plicated and cumbersome equipment and
with approximately equal safety for the
patient. Moreover, lower rates of flow have
the advantage of minimizing the risk of air
embolism and hemolysis and of permitting
low systemic pressures during cardiotomy
thus reducing blood loss from the cardiot-
omy and the need for blood replacement.

In 1955, DeWall and Lillehei 8 developed
a simple expendable artificial oxygenator
for cardiopulmonary bypass based upon the
bubble diffusion principle for maximum
mixing of oxygen with blood. When this
oxygenator was incorporated in the circuit,
originally employed by Lillehei for cardiac
bypass, the biologic donor oxygenator was

no longer needed and the major objections
to their original method of controlled cross

circulation was eliminated. Using this rela-
tively simple oxygenator with low flow rates
between 35 and 50 cubic centimeters per
kilogram body weight per minute, open

cardiac surgery at last became clinically
practical.

This report is concerned with our own

experience with use of temporary extra-
corporeal circulation in 98 cases of cardio-
vascular disease during the past 11 months.
Temporary controlled extracorporeal cir-
culation of two types has been used, one

being total cardiopulmonary bypass and
the other simple unilateral bypass shunt-
ing blood from venous to venous or arterial
to arterial regions. The choice of method
employed in the individual case depended
upon the location and nature of the lesion.

CARDIOPULMONARY BYPASS

Method. Cardiopulmonary bypass pro-

vided the means of operating upon the
heart or upon the great cardiac vessels di-
verting the blood stream through the pump
oxygenator system to maintain a constant
perfusion of the body and at the same time
permit operation inside of the heart in a

FIG. 1. Diagram showing method of total car-
diopulmonary bypass. Venous blood was withdrawn
through cannulas in the superior and inferior venae
cavae, passed through the pump oxygenator, and
the oxygenated blood was returned to the abdom-
inal aorta through a femoral arterial catheter.

relatively bloodless operative field (Fig. 1).
In all cases vascular cannulations in the pa-

tient were done using plastic catheters or

tubing. Venous outflow from the superior
and inferior venae cavae was obtained by
cannulation with plastic tubing of appro-

priate size through the tip of the right
auricular appendage. Tapes were passed
about the cavae to be tightened around the
cannulae for complete inflow occlusion. In
our earlier cases the left and occasionally
the right subelavian artery was cannulated
for return of oxygenated blood to the arte-
rial system, but at present in all cases in-
cluding infants the common femoral artery
is used for arterial inflow, threading a plas-
tic catheter into the common iliac artery or

abdominal aorta from a femoral arteriot-
omy. When perfusion was completed, the
femoral arteriotomy was repaired with arte-
rial sutures, and no complications occurred
in the extremity.
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FIG. 2. Photograph of stainless steel oxygen dif-
fuser used in oxygenating blood column showing
multiple perforations (0.021 inch diameter) in the
diffusion plate. Venous blood entered through the
plastic catheter A and oxygen entered base of
diffuser through steel tubing B.

The pump oxygenator system used was a

modification of the DeWall-Lillehei sys-
tem.8 Oxygen was diffused through a spe-
cial stainless steel plug with a diffusion
plate perforated with multiple openings
0.021 inch in diameter (Fig. 2). The dif-
fuser was inserted into the lower end of a

plastic polyvinyl tube 90 centimeters (3
feet) long which served as the oxygenator
or diffusion column (Fig. 3a). For flow
rates less than 1,500 centimeters per min-
ute tubing with 1 inch internal diameter
was used for the diffusion column, but for
larger flow tubing with a 11/2 inch internal
diameter with a correspondingly larger
plate was used. Oxygen flow through the
diffusion plate was at a rate of approxi-
mately 10 times the flow rate of blood; e.g.,
5 liters of oxygen per minute for 500 cubic
centimeters per minute blood flow. Blood
at the apex of the column which was in a

foamed state was directed into a disposable
polyethylene plastic half-gallon bottle for
elimination of oxygen bubbles (Fig. 3b).
A stainless steel sponge coated with "Dow-
Corning Antifoam A" was placed in the
bottle, and upon contact of the blood with
the steel mesh the bubbles burst due to re-

duction in surface tension, and the blood
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was converted to a liquid state. The blood
then flowed by gravity into a coiled polyvinyl
tube 270 centimeters (9 feet) long which
assisted further in eliminating oxygen bub-
bles and served as an arterial blood reser-
voir (Fig. 3c). The coiled tube ("Helix")
was immersed in a tank of water main-
tained at 1060 Fahrenheit to prevent exces-
sive heat loss in an effort to maintain the
normal body temperature of the patient.
The oxygenated blood was pumped from
the- reservoir directly to the patient. No
blood filters were employed in the circuit
thus eliminating another source of possible
obstruction and trauma to the blood in the
extracorporeal system. To date no compli-
cations due to thrombi or particulate mat-
ter in the,blood stream have occurred.
A double Sigmamotor pump was used

and proved to be very satisfactory (Fig. 3).
Rate of flow was based upon body weight
of the patient so that for patients less than
two years of age 50 cubic centimeters per
kilogram body weight was circulated
through the pump oxygenator and in pa-
tients more than two years old 35 cubic
centimeters per kilogram was used. The
smallest flow used was 175 cubic centi-
meters per minute in a 13-week-old infant
weighing 3.5 kilograms and the maximum
rate of flow was 2,800 cubic centimeters per
minute in an 80 kilogram adult. Two pump
heads were used, one to remove blood from
the venae cavae and pump it through the
oxygenator and the other to remove blood
from the oxygenated reservoir and pump it
into the femoral cannula (Fig. 3). With
each case the pump heads were calibrated
to the desired rate of flow using sterile nor-
mal saline solution and then equilibrated
against each other so that blood volume in
the patient remained essentially constant.
Blood for use in the pump oxygenator

was drawn from donors on the morning of
operation into 500 cubic centimeter con-
tainers, either siliconized glass bottles or
plastic bags containing 15 milligrams hep-
arin and 30 cubic centimeters of 5 per cent
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FIG. 3. Photograph of pump oxygenator system used in 88 cases of cardiopulmonary bypass.
Venous blood pumped into the system was oxygenated in the bubble type oxygenator and
diffusion column A. Defoaming of the blood was accomplished in polyethylene bottle B which
contained "Dow-Cornin Antifoam A" applied to a stainless steel sponge. Oxygenated blood
was collected in the codled helix which was immersed in a warm water bath at 106 degrees
Fahrenheit (C). The double Sigmamotor pump and oxygen source completed the system.

glucose in normal saline. The blood was
maintained at body temperature in a ther-
mostatically controlled water bath until
ready for use. The pump oxygenator was
filled or "primed" with about 1,000 cubic
centimeters of blood eliminating all bub-
bles from the tubes containing the oxygen-
ated blood to prevent air embolism. Before
the cannulations were performed, heparin
1.0 to 1.5 milligrams per kilogram was ad-.
ministered intravenously, and at the com-
pletion of the perfusion the heparin effect
was counteracted by a similar quantity of
protamine sulfate diluted in about 50 cubic
centimeters of 5 per cent glucose. Also, im-
mediately after perfusion, a transfusion of
freshly drawn citrated blood was started to
restore essential clotting factors.

Surgical exposure for cardiopulmonary

bypass was obtained by transverse bilateral
thoracotomy usually entering the fourth in-
tercostal space anteriorly. The sternum was
transected and the internal mammary ves-
sels were ligated. The pericardium was in-
cised transversely to expose the base of the
heart and venae cavae. The superior medias-
tinum was carefully examined for the pres-
ence of a persistent left superior vena cava
or a patent ductus arteriosus since either of
these structures interfere greatly with the
perfusion. At the completion of operation
the pericardium was closed loosely and the
thoracotomy was repaired instituting bi-
lateral intrapleural underwater drainage
with gentle suction.

Potassium Induced Cardiac Arrest. As an
adjunct to extracorporeal circulation in-
duced cardiac arrest was used to produce a
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FIG. 4. Diagram showing method of inducing
cardiac arrest during cardiopulmonary bypass using
dilute potassium citrate solution. With cardiac in-
flow occluded, the ascending aorta was occluded
and potassium citrate was injected slowly until
asystole occurred.

completely quiet and bloodless field. Extra-
corporeal circulation was started with in-
flow occlusion for a period of about one

minute to permit emptying of the heart fol-
lowing which the ascending aorta was oc-

cluded and an injection of dilute 2 to 5 per

cent solution of potassium citrate was made
into the proximal aortic segment (Fig. 4).
The solution consisted of 2.0-5.0 cubic cen-

timeters of freshly prepared 20 per cent
potassium citrate solution diluted with 18
or 15 cubic centimeters of oxygenated hep-
arinized blood to give the desired strength.
Cardiac arrest was produced gradually un-

der electrocardiographic control by slow
injection until visible myocardial contrac-
tions and electrical activity of the heart
were eliminated. Aortic occlusion and cor-

onary stasis was maintained until the repair
of the cardiotomy was started. Shortly after
the occluding clamp on the ascending aorta
was released and coronary perfusion was

restored, cardiac activity resumed. In most
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cases stimulating drugs were unnecessary,
but occasionally a dilute 2.5 per cent so-
lution of calcium chloride was injected
slowly into the femoral arterial cannula
to strengthen the myocardial contraction.
However, this was done cautiously under
constant electrocardiographic control since
excessive calcium ion may produce ven-
tricular fibrillation under these circum-
stances. In only one instance was cardiac
massage used to assist cardiac emptying
after potassium induced cardiac arrest. The
longest period of induced cardiac arrest by
this method was 42 minutes with complete
recovery. Air embolism may be a significant
danger where potassium arrest is used since
trapping of air within the flaccid heart oc-
curs readily. This complicating feature was
relatively easy to control by washing out
the air with warm saline solution or by
opening the venae cavae to fill the heart
with blood before the cardiotomy was
closed. From a practical standpoint small
amounts of trapped intracardiac air cause
no appreciable disturbance where coronary
perfusion can be maintained with extra-
corporeal circulation since the air may be
forced through the coronary circulation
without significant effect.
Once the feasibility of cardiopulmonary

bypass was demonstrated, the importance
of certain technical problems concerned
with rapid recognition and expeditious re-
pair of intracardiac lesions was apparent.
This was particularly true of ventricular
septal defects which vary widely in loca-
tion, number, and size. The technical dif-
ficulties encountered were largely overcome
when potassium arrest was employed, and
this has become routine in the more recent
patients. Preliminary intracardiac palpation
through the right auricular appendage was
done in all patients where the appendage
was large enough to admit the exploring
finger. Final localization of the defect was
thus permitted and the technic of repair
was planned. Exposure of ventricular de-
fects was obtained through a ventriculot-
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omy incision made in the direction of the
outflow tract of the right ventricle (Fig. 5).
Frequently sizable preventricular branches
of the right and left coronary arteries were
suture-ligated and divided where this was
necessary to obtain adequate exposure. For
large defects polyvinyl sponge (Ivalon)
patches were used to tamponade the clos-
ure using 2-0 and 3-0 black silk sutures to
hold the sponge in place (Fig. 5a). Small
ventricular septal defects were closed with
multiple interrupted silk sutures using one
row of mattress sutures and a second row
of simple interrupted sutures (Fig. 5b).
From the time potassium arrest was adopted
for routine use, almost all defects were re-
paired without polyvinyl sponge because
complete relaxation of the myocardium
facilitated approximation of the edges of
the defect and prevented the sutures from
tearing out. Sutures were inserted carefully
in defects of the membranous septum be-
cause of the proximity of the A-V conduc-
tion bundle to the posterior border of the
defect. Complete A-V dissociation occurred
in the only one patient where a deep suture
was used in this critical area of the defect
and this type of repair was not used again
(Fig. 5c). Location of the ventricular septal
defects varied greatly and were classified
according to anatomic position (Fig. 6).
Among 45 ventricular septal defects 34
were in the membranous septum (Type II)
and frequently satisfactory exposure and
repair required division of the septal inser-
tion of the tricuspid papillary muscle of the
septal leaflet. After repair of the defect the
papillary muscle was reattached to the sep-
tum with multiple sutures. Defects in four
patients were located in the posterior supe-
rior position of the muscular ventricular
septum (Type III) and were exposed by
dividing papillary muscles to the posterior
tricuspid leaflet. Defects in the outflow
tract of the right ventricle were demon-
strated low in the muscular septum in four
patients (Type IV) and in three patients
the defect was above the crista supraven-
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Tricuspid Ri lht
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FiG. 5. Drawing showing usual method of re-
pair for ventricular septal defects showing exposure
of defect in membranous septum and position of
septal leaflet of triscuspid valve. Closure of ven-
tricular defects was done with polyvinyl sponge
(a) or by direct sutures (b and c). Repair of pos-
terior angle (indicated by arrow) may injure A-V
conduction bundle and A-V dissociation followed
in one patient after repair by method c.

Pulmon
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FIG. 6. Drawing showing anatomic position of
ventricular septal defects in 45 patients. Defects
in membranous septum (Type II) were most com-
mon (34 cases). Type I, III and IV defects oc-
curred in three, four and four cases, respectively,
and in five patients defects were multiple.

tricularis (Type I). Search was made in
each case for additional defects and more
than one ventricular defect was discovered
and repaired in five patients. In three pa-
tients the left to right intracardiac vascular
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Ventricular Defect
FIG. 7. Drawing demonstrating transatrial ap-

proach to repair of ventricular defects located in
membranous septum. Exposure of the defect was
obtained by atriotomy incision parallel to A-V
sulcus and by division of the tricuspid leaflet. After
repair of the defect was completed, the tricuspid
valve and atriotomy were repaired (Inset a and b).

Pulmonory

FIG. 8. Drawing showing method of repair of
atrial septal defects. The upper margin of the
defect was grasped with a hemostat (Inset a) and
closure was done with a double row of continuous
black silk (Inset b).

shunt occurred between the left ventricle
and right atrium, and in all these there was

a deformity, usually a cleft, in the septal
leaflet of the tricuspid valve. Repair of the
defect and of the cleft tricuspid valve was

easily performed through an atriotomy inci-
sion directed parallel to the atrioventricular
sulcus. Recently this same transatrial ap-
proach was used in four patients in repair
of typical interventricular defects of the
membranous type (Fig. 7). A small incision

in the septal leaflet of the tricuspid valve
gave excellent ex-posure of the defect for re-

pair, and the valve was subsequently reap-
proximated with a continuous suture (Fig.
7a). Patients appeared to tolerate the atriot-
omy better than the ventriculotomy ap-
proach and this method is preferred when-
ever the defect may be readily palpated
through the right auricular appendage.

Repair of atrial septal defects was per-
formed using a similar but considerably
smaller thoracotomy incision than used for
ventricular septal defects. Preliminary pal-
pation of the defect was done through the
right auricular appendage to localize the
defect and detect other anomalies such as

anomalous location of pulmonary venous

drainage and defects of the tricuspid or

mitral valves. Inflow occlusion was estab-
lished, an atriotomy incision was made, and
after blood was aspirated from the right
atrium the upper angle of the defect was

grasped with a hemostat (Fig. 8). Repair
of the defect was accomplished with a run-

ning suture of 3-0 black silk which was

continued up and down the defect to give
a double row of sutures (Fig. 8a and b).
Polyvinyl sponge was not used in repair of
simple atrial defects. In one case of atrio-
ventricularis communis after the mitral and
tricuspid valvular anomalies were repaired,
the residual atrial defect was patched with
a wafer of polyvinyl sponge, and in another
both ventriculotomy and atriotomy inci-
sions were used in repair of the compli-

cated defect which consisted of both inter-
ventricular and interatrial defects with
anomalous A-V valves.

Repair of the ventricular septal defect in
patients with tetralogy of Fallot was sim-
ilar to the method just described for iso-
lated ventricular defects, but in these cases

care was exercised to avoid including a

leaflet of the aortic valve in the sutures be-
cause of the dextraposed aorta over-riding
the ventricular septum. In most instances
the obstruction to the outflow tract of the
right ventricle was produced by a com-
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bined infundibular and valvular pulmonic
stenosis. In some instances the ventriculot-
omy incision was extended upward through
the annulus of the pulmonary valve into the
pulmonary artery. After the infundibulec-
tomy was completed, plastic repair of the
pulmonary valvular annulus was done in-
creasing the diameter of the annulus by
suturing the incision transversely in the
pulmonary artery and adjacent ventricle
and the remainder of the ventriculotomy
was repaired longitudinally producing a "T"
shaped closure of the incision.

Technics of repair which were used for
less common defects have already been or
will soon be described elsewhere.4-7

UNILATERAL BYPASS

A method for bypassing only a portion of
the cardiovascular system was used without
an oxygenator when only veno-venous or
arterio-arterial shunting was necessary.
For example, in one patient, a 14-year-old
boy with combined infundibular and val-
vular pulmonic stenosis with intact ventric-
ular septum and roentgenographic evidence
of right ventricular hypertrophy (Fig. 9a),
cardiac inflow occlusion was produced and
caval blood was pumped into the pulmo-
nary artery at a rate of 1,500 cubic centi-
meters per minute (Fig. 9b). Right ventric-
ulotomy was used for complete infundibular
resection and pulmonary valvulotomy un-
der direct vision. The method was success-
ful in this patient but appeared to produce
excessive blood loss and total cardiopulmo-
nary bypass is probably more satisfactory
for this purpose.

Unilateral bypass was used in by-passing
the descending thoracic aorta in order to
prevent spinal cord ischemia distal to the
occluding clamps resulting in paraplegia
during resection and grafting of the aorta
for fusiform aneurysm.'2 Thus, for aneu-
rysms of the descending thoracic aorta and
thoraco-abdominal aorta oxygenated blood
was removed through a plastic cannula
placed in the left auricular appendage and
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FIG. 9A.

FIG. 9. Roentgenogram of chest in 14-year-old
patient with combined infundibular and valvular
pulmonary stenosis showing right ventricular hy-
pertrophy and absence of a dilated pulmonary
artery (a). Method of bypassing right ventricle
and pulmonary valve is demonstrated in (b).

FIG. 9B.
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Fic. 10A.

Fic. 10. Roentgenogram of chest in 72-year-old
patient with acute dissecting aneurysm of distal
portion of aortic arch (a) and diagram showing
method of unilateral bypass used in resecting and
grafting aorta (b).

FIG. 10B.
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pumped into the abdominal aorta through
a catheter threaded up a femoral artery
(Fig. 10a and b). In general a flow rate of
approximately 500 to 750 cubic centimeters
per minute was used to produce the desired
protective effect upon the spinal cord. Upon
completion of the grafting procedure which
usually required 35 to 60 minutes, the can-
nulae were removed and the appendage
and femoral artery were repaired. In cases
of unilateral bypass heparin was adminis-
tered in dosage 1.0 milligrams per kilogram
body weight and, if perfusion exceeded 30
minutes, additional small doses of heparin
were administered.

RESULTS

Since January 1956 temporary extracor-
poreal circulation was used in 98 operations
for cardiovascular disease (Table I). In 88
instances total cardiopulmonary bypass was
employed and 10 operations were per-
formed with unilateral bypass alone.
Among the patients with cardiopulmonary
bypass there were 23 early deaths occurring
within the first 2 weeks after operation usu-
ally in the first 24 hours and 3 late deaths
occurring as much as two months after op-
eration giving a total mortality in this group
of 29.5 per cent (Fig. 13). Three deaths oc-
curred in patients in whom unilateral by-
pass was employed and all of these were in
patients with massive aortic aneurysms and
advanced arteriosclerosis associated with
renal insufficiency. Indeed the total mortal-
ity can only be evaluated properly after full
consideration of the complicating features
of the disease which existed in most patients.
Many of the patients, for example, were in
advanced stages of chronic cardiac failure at
the time of operation, and the surgical at-
tempt was made as a final resort. Moreover,
in several patients surgically incorrectible
anomalies such as endocardial fibro-elastosis
and extremely complicated septal defects of
the atrio-ventricularis communis type were
encountered at thoracotomy. The fact that
no patients were refused operation in whom
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the possibility seemed to exist that surgical
correction of the lesion was possible un-

questionably accounted to a major extent
for the apparent high operative risk.
A meaningful impression of the results of

operation with extracorporeal circulation
may be obtained by close scrutiny of the re-

sults in the various categories. Cardiopul-
monary bypass was used in 45 patients with
ventricular septal defect, of which 38 sur-

vived providing a mortality rate of 15.5 per

cent. The youngest patient in this group
was 11 weeks old and the oldest was 40
years old. Sixteen patients were less than
two years of age, and in most instances
these patients were serious surgical risks at
the time of operation as evidenced by the
fact that 5 of the 7 deaths in this group
occurred in patients less than two years old.
Associated anomalies were present in more

than half of the patients with ventricular
septal defect, in most instances increasing
the cardiac disability and adding to the
technical problem at operation. Five pa-

tients had concomitant tricuspid insuffi-
ciency of severe degree requiring valvulo-
plasty, and in one a ruptured papillary
muscle was repaired successfully. Two pa-

tients also had aortic regurgitation of severe

degree. In one extremely ill three-year-old
patient a ventriculo-atrial shunt with tri-
cuspid insufficiency was complicated by
severe subaortic stenosis, yet successful re-

pair of all three defects was accomplished
using a right atriotomy and ascending aor-

totomy. In another patient a large ventric-
ular defect was corrected in the presence

of a corrected transposition or malrotation
of the heart. Recurrence of the ventricular
septal defect occurred in an 11-year-old girl
who had a large defect measuring 3 centi-
meters in diameter closed with polyvinyl
sponge at the first operation. In order to
expose the defect it was necessary to divide
the papillary muscle of the medial leaflet
but this was repaired after the defect was

closed. Pulmonary arterial pressure which
had been equal to aortic pressure before

TABLE I. Cardiovascular Lesions Operated upon
Using Extracorporeal Circulation

No.
Lesion Cases

A. Cardio-pulmonary bypass
Ventricular septal defect 45
Atrial septal defect 12
Tetralogy of Fallot 7
Atrio-ventricularis communis 5
Aneurysm ascending aorta 4
Pulmonic stenosis 4
Transposition great vessels 2
Aortico-pulmonary septal defect 2
Ruptured ventricular septum (coronary) 1
Ruptured tricuspid valve (trauma) 1
Calcific aortic stenosis 1
Ruptured aneurysm sinus Valsalva 1
Single ventricle 1
Aortic regurgitation (congenital) 1
Endocardial fibroelastosis 1
Aorto-ventricular fistula (traumatic) 1

Subtotal 88

B. Unilateral bypass
Aneurysm descending aorta 9
Infundibular pulmonic stenosis 1

Subtotal 10

Total 98

closure of the defect showed a 50 per cent
reduction. After an uneventful early post-
operative course while she was at home
chest pain suddenly occurred and conges-
tive failure ensued. Six weeks later when
the patient was in severe failure, cardiopul-
monary bypass was used again. A recur-

rence of the defect 1.5 centimeters in diam-
eter was discovered at the posterior angle,
but the principle cause for the failure and
extreme hepatomegaly was tricuspid insuf-
ficiency due to disruption of the papillary
muscle. Under potassium induced cardiac
arrest the septal defect and septal leaflet
of the tricuspid valve were repaired, and
the patient recovered. This case illustrated
the importance of induced cardiac arrest
in repair of ventricular defects since at the
original operation done without induced
arrest, sutures must have partially torn out
due to the vigorous myocardial contrac-
tions. With the ventricle completely relaxed

Volume 145
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TABLE II. Mortality in Operations Performed with Extracorporeal Circulation

Mortality
Early Late Total Per Cent

A. Cardiopulmonary bypass
Ventricular septal defect 45 7 0 7 15.5
Atrial septal defect 12 2 0 2 16.6
Tetralogy of Fallot 7 3 0 3
Aneurysm ascending aorta 4 2 1 3
Pulmonic stenosis 4 0 0 0
Atrio-ventricularis communis 5 3 0 3
Miscellaneous 11 6 2 8

Total 88 23 3 26 29.5

B. Unilateral bypass
Aneurysm descending aorta 9 2 1 3
Infundibular pulmonic stenosis 1 0 0 0

Total 10 2 1 3 30

firm repair was greatly facilitated at the
second operation.
Of particular importance in evaluation of

results of operation. for ventricular septal
defect is a consideration of pulmonary arte-
rial pressure since it is known that altera-
tions in pulmonary vascular resistance in
this condition are of vital prognostic sig-
nificance. Sixteen patients in this series had
moderate to severe pulmonary hypertension
with pressures at cardiac catheterization in
excess of 70 millimeters of mercury. In sev-

eral patients the pulmonary arterial pres-

sure was more than 90 per cent of systemic
arterial pressure and in one patient the
pressures in pulmonary and systemic beds
were roughly equal. Indeed mild arterial
oxygen unsaturation was evident in some

patients where the peripheral arterial blood
was 85 to 95 per cent saturated indicating
a tendency to reversal of the vascular shunt.
No frankly cyanotic patients or patients
with Eisenmenger's syndrome were oper-

ated upon. Nevertheless, the response of
pulmonary arterial pressure to surgical re-

pair of the ventricular defect was extremely
gratifying, the maximum benefit in this re-

spect occurring in patients where the pul-
monary pressure was greatest (Table II).
The studies were made by direct measure-

ment of intracardiac and arterial pressures
at the time of operation, and the cases were
classified according to severity on the basis
of comparison of pulmonary to systemic
arterial pressure expressed as percentage.
It is noteworthy that in the patients with
severe pulmonary arterial hypertension
where pulmonary pressure was greater than
70 per cent of systemic pressure, a 51.7 de-
crease in this ratio occurred immediately
after repair of the defect. In the moderate
and mild cases there was a 43 per cent and
27.2 per cent decrease, respectively. Subse-
quent follow up on these patients reveals
convincing clinical evidence of progressive
decrease in pulmonary pressure with roent-
genographic evidence of decrease in pul-
monary vascularity and reduction in car-
diac size (Fig. lla & b). Confirmation of
this response will be obtained subsequently
by cardiac catheterization.

In 12 patients where surgical repair of
large atrial septal defects was performed,
11 of which were of the septum secundum
type and one an ostium primum defect,
there were two deaths yielding a mortality
of 16.6 per cent. One of the fatalities oc-

curred in a 50-year-old woman who had
been virtually bedridden for years with
intractable congestive heart failure and
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FIG. 11A. FIG. 11B.
FIG. 11. Roentgenograms of chest made before and five months after repair of a large ven-

tricular septal defect in a 5-year-old patient with severe pulmonary hypertension showingdecrease in cardiac size and vascularity of lung fields.

FiG. 12A. FiG. 12B.
FiG. 2. Roentgenograms of chest in 12-year-old patient with large atrial defect, rheumaticmyocarditis, and congestive failure made before and eight months after repair of the defectshowing striling decrease in cardiac size and pulmonary vascularity.
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FIG. 13. Alteration in pulmonary arterial pres-
sure at operation before and after repair of ven-
tricular septal defect with pulmonary pressure ex-
pressed as per cent of systemic arterial pressure.

auricular flutter. When cardiopulmonary
bypass was begun and cardiotomy per-
formed, the cardiac rhythm reverted to
sinus for the first time in more than a year
and repair of the massive septal defect was

well tolerated. Unfortunately, on the fourth
day after operation she died suddenly, pre-
sumably from acute heart block. The other
fatality occurred following potassium in-
duced cardiac arrest in a 40-year-old woman
where massive coronary air embolism
caused ventricular fibrillation. Although
cardiac resuscitation was possible in this
patient, she died 12 hours later from cere-

bral complications. In all of the survivors
a careful and complete closure of the de-
fects was obtained and the operation was

extremely well tolerated. After operation
striking improvement and in some complete
relief of symptoms with reduction in heart
size has already occurred (Fig. 12).
Open cardiotomy for repair of tetralogy

of Fallot was done in seven patients none
of whom were severely cyanotic. In fact,
most of these cases were of the "atypical"
type where the shunt at the ventricular
level was either balanced or a moderate left
to right shunt existed. In this group of pa-
tients one had an associated aortic insuffi-
ciency of moderate degree. In another there
was pulmonary hypertension. One three-
year-old patient had an anatomical tertal-
ogy of Fallot complicated by a large aortico-
pulmonary septal window, and this patient
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survived total correction of the combination
of anomalies. Three deaths occurred among
the patients with tetralogy of Fallot, all
three presumably due to congestive cardiac
failure during the first 24 hours after
operation.
Open cardiotomy for pulmonary stenosis

was performed in five patients without a
death. In four patients a severe infundibular
obstruction was present and in three of
these there was combined infundibular and
valvular stenosis. One patient in this group
was cyanotic and angiocardiography re-
vealed the presence of a small ventricular
septal defect and infundibular stenosis
(Fig. 14). At cardiotomy the septal defect
was repaired and complete infundibulec-
tomy was done reducing right ventricular
pressure at operation from 160/0 to 65/3
millimeters of mercury.

Impressive results were obtained in sev-
eral patients with unusual cardiac condi-
tions. For example, in one 14-year-old pa-
tient with severe pulmonary hypertension
a large aorticopulmonary septal window
measuring 4.0 centimeters in diameter was
successfully divided.7 In another patient in
congestive failure an intracardiac fistula be-
tween the ascending aorta and right ven-
tricle produced by a stab wound was re-
paired. These and other gratifying results
compensate in large measure for the opera-
tive risk encountered in many other opera-
tions where extracorporeal circulation was
used.

DISCUSSION

Hematologic complications following op-
erations in which extracorporeal circulation
and pump oxygenator are employed may
occur from many mechanical factors and
trauma to the blood. Yet in spite of the
turbulence produced in the gas diffusion
type oxygenator and in the pumping mech-
anism, surprisingly little hemolysis was pro-
duced in our patients. All tubing and con-
nectors in the circuit were made of plastic,
stainless steel, or gum rubber reducing the
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tendency to destruction of blood cells and
platelets. Samples of blood removed from
the arterial cannulae at the conclusion of
perfusion consistently revealed a plasma
hemoglobin value less than 50 milligrams
per cent and in none of the cases studied
has it reached a dangerous or nephrotoxic
level. Renal function studies which were

conducted in eight patients in his series in-
dicate that the procedure was well toler-
ated by the kidney producing only a tran-
sient depression of renal function during
the perfusion.1 Hematologic studies includ-
ing coagulation time and platelet counts on

these same samples revealed only a mod-
erate depression in thrombocytes, but 2
earlier patients had uncontrolled hemor-
rhagic manifestations after operation for
unknown reasons. In the majority of pa-

tients the slight hematologic changes were

within the limits of safety for the patient
after the brief periods of time, usually less
than twenty minutes, of temporary extra-
corporeal circulation which were employed.
Induced cardiac arrest proved to be an

invaluable adjunct to surgical repair of cer-

tain defects. Potassium citrate solution as

recommended by Melrose and Dreyer 14
was used routinely for this purpose and in
general was highly satisfactory. Certain
disadvantages to use of potassium exist,
however, particularly concerned with dis-
turbance in electrolyte balance produced
by large quantities of potassium ion. In one

five-year-old patient, for example, 35 milli-
equivalents of potassium was necessary to
produce asystole, and in another 12-year-
old patient more than 100 milliequivalents
was used. After operation, because of the
possibility of hyperkalemia, calcium chlo-
ride was administered by constant slow
drip. Although not as potent as potassium,
acetyl choline may be used similarly to in-
duce cardiac arrest without producing a

disturbance in electrolyte pattern. Its effect
is reversible by use of small quantities of
atropine,15' 16 and because of these advan-

FIG. 14. Selective angiocardiogram made in 5-

year-old cyanotic patient showing infundibular
pulmonary stenosis and small ventricular septal
defect producing early opacification of the aorta
by the contrast medium.

tages, it may subsequently be used as a

substitute for potassium.

SUMMARY

During the past few years temporary ex-

tracorporeal circulation has been developed
for clinical application in surgical treatment
of cardiovascular diseases. Two methods
have been employed, total cardiopulmonary
bypass with pump oxygenator and unilat-
eral bypass without oxygenator. Ninety-
eight operations using temporary cardio-
pulmonary bypass are reported, 88 being
total cardiopulmonary bypass and 10 uni-
lateral bypass.
The oxygenator system was a bubble dif-

fusion type which produced consistently
good oxygenation without serious hemato-
logic changes.

Ventricular septal defects were repaired
in 45 patients. Decrease in pulmonary pres-

sure occurred at operation in all patients,
and clinical improvement resulted in the
38 survivors.
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Repair of atrial septal defects was usually
well tolerated under cardiopulmonary by-
pass and is considered to be the method of
choice for these defects. Among 12 patients
operated upon 10 recovered and are ap-
parently cured.
Complete correction of tetralogy of Fal-

lot was attempted in seven patients with
four survivors, and in four patients with iso-
lated pulmonary stenosis there were no
deaths.

Unilateral bypass was used successfully
in one patient with combined infundibular
and pulmonary valvular stenosis. For aneu-
rysms of the descending thoracic aorta by-
pass around the lesion proved effective in
preventing ischemic damage to the spinal
cord during temporary aortic occlusion.

ADDENDUM

Since this paper was presented, 52 cases of
cardiopulmonary by-pass and 12 cases of unilateral
aortic by-pass for aneurysm of the descending aorta
have been operated upon. The total cardiopulmo-
nary by-pass experience numbers 150 cases and
unilateral by-pass 22 cases. A stainless steel oxy-
genator has recently been used which is superior
in many respects to the disposable plastic oxy-
genator described herein.
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