
CHART I 
Typical 50 c.c. · 90 minute Run on 4 Kg. Rabbit 

0 
E.O. L.O. 

pH 7.49 7.51 
pC02 37 36 
(mm Hg) 
p02 49 149 
(mm Hg) 

E.O.-Entering Oxygenator 
L.O.-Leaving Oxygenator 

Perfusion time in minutes 
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The results of open heart surgery 
during the first years of life have been 
disappointing. The high mortality is 
frequently considered to be due to the 
gravity of the intracardiac lesion. It is 
possible, however, that the high mor­
tality is related in part to the inade­
quacy of presently available methods of 
extracorporeal circulation. These may 
be tolerated by adults provided the pro­
cedure does not last too long, but pos­
sibly may lead to complications or death 
in newborns and in infants. By improv­
ing the extracorporeal circulation it may 
thus be possible to improve the results 
of open heart surgery in infancy. 

Since conventional oxygenators are 
known to cause damage to several blood 
components (red cells, platelets, plasma 
proteins, etc.) we postulated that a 
membrane oxygenator would be more 
appropriate for open heart surgery in 
infants. Some of the commercially 
available membrane oxygenators were 
investigated in our surgical laboratory 
and found inadequate for our purposes. 

Since 1966 we have been developing 
a different type of membrane oxygena­
tor which appears promising. The de-
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sign of this oxygenator was poresented 
to the Annual Meeting of the American 
Society for Artificial Internal Organs in 
1967. 1 

The purpose of the present paper is 
to describe the design and construction 
of this oxygenator and to outline some 
of our experimental investigations re­
lated to its use in the laboratory. 
Design 

The oxygenator consists of numerous 
fine silicon rubber (0.037" OD, 0.020" 
ID) tubes inserted inside a large tube 
also of silicon rubber. The larger tube 
is fashioned as a 'Y' on each end and 
the fine tubes are introduced via a limb 
of the Y on either end. The oxygen is 
flown through the fine tubes and the 
blood flows through the larger tube 
around and amongst the smaller tubes. 
The priming volume of the oxygenator 
is 45 mi. It is a constant volume low 
prime apparatus initially designed for 
total cardiopulmonary bypass. (Fig. 1 ) . 
Early Models 

The earlier models consisted of as 
many as 250 fine silicon rubber tubes 
contained within a tube of 3/4" ID. 
The volume of these multiple fine 

tubes, however, resulted in a rather high 
resistance to flow. 

The efficiency of the oxygenator was 
assessed by determining the quantity of 
gas moved across the membrane per 
minute, i.e., the oxygen transfer rate, at 
various flow rates. 

Assessment of these earlier models 
revealed that at flow rates of 800 mi. 
to 1200 ml/minute the average in­
crease in oxygen content was 3.8-4.7 
vol. percent. Beagle puppies in the 
4 kg. weight range were studied. With 
flow rates as high as 200 mi./kg. for 
30 minutes, oxygenation was adequate, 
but C02 elimination was not. The 
plasma hemoglobin was recorded as 
58 mg. % after one hour of perfusion. 
Later Model 

In an attempt to provide effective gas 
transfer at flow rates varying from 50-
75 ml/minute, we designed a smaller 
model with the following specifications: 
There are 52 fine silastic tubes 14" 
long, each tube being 0.037 OD, 0.020 
ID contained within a larger tube 3/8" 
ID and 1/2" OD. 

Investigation of this model was con­
ducted in rabbits, which ranged in 
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CHART II 

FOUR 2-HOUR PERFUSIONS ON A 4 KG. PUPPY 

90% Perfusion time in minutes Normal Nitrogen 
Runs Runs 0 30 60 90 120 

10% C2 E.O. L.O. E.O. L.O. E.O. L.O. E.O. L.O. E.O. L.O. 

pH 7.33 7.35 7.31 7.35 7.35 7.42 7.37 7.39 7.27 7.30 
31.5 

pC02 31.5 36 47 54 43 48 41 39 54 51 
p02 56 65 59 132 55 132 50 94 45 110 

pH 7.35 7.37 7.46 7.47 7.40 7.41 7.05 7.04 
pCOz 34 32.5 27.5 22 30 25.5 32 32 
p02 41.5 110 64 330 47 175 20 47 

pH 7.45 
pCOz 22.5 
p02 21.5 

pH 7.30 
pC02 29 
p02 21 

weight from 2-4 kg. 2 The anaesthetic 
agent was sodium pentobarbital, 30 
mg/kg. The carotid artery and the con­
tralateral jugular vein were cannulated 
with a 13-gauge plastic needle. The di­
rection of flow was from artery to vein 
in order to control flow and also to al­
leviate the difficulty in getting adequate 
flow from the veins of these small ani­
mals. The pump was situated between 
the animal and the oxygenator and the 
blood was pumped through the oxy­
genator as opposed to being pulled 
through. Samples were taken before and 
after passage through the oxygenator. 

Oxygen transfer rates were measured 
at low flow rates. The blood gas ten­
sions were determined with a physio­
logical gas analyzer. (Instrumentation 
Laboratories). The hemoglobin concen­
tration was determined with a Spencer 
Hemoglobinometer and the hemoglobin 
saturation and oxygen content were ob­
tained with the Severinghaus slide rule. 
A typical 90-minute perfusion on a 3-
kg. rabbit is shown in Chart I. 

Assessment of Oxygenators 
of Various Sizes 

Too. perfusions were conducted in 
small beagles ranging from 4 to 12 kg. 
for purposes of assessing various size 
oxygenators. (Chart II). In this man­
ner we determined the maximum flow 

WI NTE'R/1970 

7.51 7.58 7.62 7.39 7.36 
17.5 19 20.5 20.5 22 
94 22.5 390 22 260 

7.33 7.47 7.45 7.42 7.42 
30 
37 

27 30 22 21 
30 68 34 42 

rate and the effective oxygen transfer 
that each oxygenator was capable of 
achieving. For example, a 62 tube 1/4" 
wide tube oxygenator is capable of 
effective oxygen transfer with flow rate 
up to 7 5 ml. per minute. 

This prpcess was carried out with a 
series of dogs and the results to date 
have revealed that gas exchange oc­
curred and that carbon dioxide was 
eliminated, but that after 30 minutes 
there tended to be a continuous fall-off 
of 0 2 content. This was accompanied 
by streaming of the blood within the 
tube which made it necessary to rna-

nipulate the oxygenator with some 
form of squeezing motion to disturb 
the fine tubes in such a manner as to 
allow more blood to circulate among 
them. 

We then assessed the effect of a sys­
tem of "hand-squeezing" (agitation) 
for 15 minutes compared to a system 
of "non hand-squeezing" (non-agita­
tion) for a comparable period. The re­
sults were monitored by determinations 
of pH, pC02 and pOz as shown in 
Chart III. 

(Continued on Page 16) 

CHART IU 

CiJMPARATIVE RUN ON ANIMAL ... PARTIAL BYPASS ... TWIN OXYGENATORS ... 
AGITAnON BY HAND AND NON-AGITA.fiON 

("St)ueeze, No-Squeeze Method") 

Time 11:00 11:30 12:00 12:30 1:00 1:30 
NA A NA A NA A N-A A NA A NA A 

TEMP. oc. 37 37 37 37 37 37 37 37 37 37 37 37 
v 38 42 30 30 36 36 38 38 33 35 42 42 

PCD2 A 37 43 27 27 33 33 33 30 34 33 41 43 
(mm Hg) 

v 45 45 51 51 45 45 42 41 38 38 39 38 
P02 A 51 73 66 360 51 245 51 160 52 155 40 72 

N.A.-non-agitation 
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Determining Blood Flow 

gasses or the speed of the disc, or 
using gasses containing co~ raises the 
pCOz and lowers the pO~. These tech­
niques are used in respiratory acidosis 
or alkalosis. 

When metabolic acidosis or alkalosis 
is indicated drugs are used for correc­
tion. If a combination of the two exists 
a combination is used for correction: 
Normally there are 20 cc of oxygen 
in 100 cc of venous blood ( 15 volume 
percent), percent oxygen saturation is 
approximately 100% in arterial blood 
and 75% in venous blood of patients 
with normal circulation. 

Conclusion 

Based on the comparison of both 
cc per kilogram and liter per square 
meter without regard to age, it appears 
that both systems lean toward under­
perfusing the thin and over-perfusing 
the heavy. 

Figure No. 5 shows the actual flow 
range for a given height over a weight 
range of 1 00 to 200 pounds in both 
cc per kg. on L/m 2• The cc per kilo­
gram is based on weight alone without 
regard to height and is thus consistently 
the same at each height range. L/m·~ 
is based on height and weight and 
thereby shows a difference at each 
height indicated. The L/m ~ moves up­
ward and the span increases as the 
height increases over the same weight 
range. The L/m 2 shows the greatest 
difference at 200 pounds. indicating 
more flow to the tall. 

Since both scales when compared in­
dicated over-perfusion to the obese 
and under-perfusion to the thin the 
L/m 2 seems to show better protection 
for both obese and thin. Even at that, 
one can easily notice the difference in 
the amount the two methods would flow 
a patient. 

At any rate, if the flow is set up 
using both methods, and given the 
planned flow a value of 1 00%, as well 
as calculating the percentage for the 
other values, one could easily respond 
in both systems at the same time giving 
the percentage, L/m 2 , and cc/kg. what­
ever the flow happened to be. These 
values are determined ahead of time 
in our cases. Flow based on cardiac 
output during cardiac catheterization is 
not considered a good criterion, be-
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cause stenosis of the valves, se,ptal de­
fects, etc., tend to read to cardiac insuf­
ficiency. 

Summary 

Both methods vary somewhat in the 
total flow one would receive during 
bypass. Also, if one relied on percent­
age of planned flow, there would be no 
correlation from one method to the 
other unless the flow was determined 
by both methods. For simplicity of 
responding to the surg@on, and some­
times to an observer who may be fa­
miliar with the other method, and at 
times when the surgeon would like to 
know for some reason, we find it help­
ful to set a comparative flow scale 
using L/m 2 /min., and cc/kg./min. 
with percentage at each interval. By 
using a comparative method and no­
ticing that when compared both lean 
teward a possible need to compensate 
for the very thin and the obese-it is 
felt that maybe some arrangement 
should be made for other variants (e.g., 
age range). 

References 

Anders.on,. M. N., and Senning, A.: 
Studies m oxygen consumption during 
extracorporeal circulation with a 
pump oxygenation. Ann. Surgery 
1958, 59, 148. ' 

Brown, J. W., Jr., and Young, W. G., Jr.: 
A report on the use of both extra­
corporeal circulation and hypothermia 
of open-heart surgery. Ann. Surg., 
1958, 147, 603. 

Clauss, R. H., M.D., Associate Professor 
of Surgery, New York Universit~· 
School of Medicine. 

Gross, R. E., Sauvage, L. R., Pontius R 
G. and Watkins, E., Jr.: Experime~tal 
a~d clinical studies of a siphon-filling 
(bsc-_oxygenator system for complete 
cardiopulmonary bypass. Ann. Surg., 
1960, 151, 285. 

Kirklin, J. W., Theye, R. A. and Patrick, 
R. T.: The stationary vertical screen 
o;cygenator in extra corporeal ci•·cula­
hon. J. G. Allen, Editor, Sprin<Tficld 
Ill., Charles C. Thomas, 1958, 57. ' 

McGoon, D. C., Moffitt, E. A., Theye, R. 
A. and Kirklin, J. W.: Physiologic 
studie~ during high flow, normo­
thermic, whole body perfusion. J. 
Thoracic Surg., 1960, 39, 275. 

Sealy, W. C., Brown, I. W., Jr., Young, 
W. G., Jr.: Report on the use of both 
extra corporeal circullttion and hypo­
thermia for open heart surgery. Ann. 
Surg., 1958, 147, 603. 

Sealy, W. C., Brown, I. W., Jr., Young, 
W. G., Jr .. , Smith, .w. W. and Lesage, 
A. M.: Hypothermia and extra corpo­
real circulation for open heart surgery. 
Am. Surg., 1959, 150, 627. 

Gibbon, J. H., Jr., M.D.: "Surgery of the 
Chest". 

Lindskog, G.: "Thoracic and Cardio­
vascular Surgery with Related Path­
ology". 

Underwood, R. J., Roth, J. C. and Starr, 
A.: The influence of anesthetic 
technique on oxygen consumption dur­
ing total cardiopulmonary bypass. 
Anesthesiology, 1960, 21, 263. 

Young, W. G., Jr., Sealy, W. C., Brown, 
I. W., Jr.: Metabolic and physiologic 
observation on patients undergoing 
extra corporeal circulation in conjunc­
tion with hypothermia. Surgery, 1959, 
46, 175. 

Small Prime 
Discussion 

The importance of the stationary 
boundary layer of blood next to the 
membrane, which interferes with the 
gas exchange, has been recognized by 
other investigators. Obviou~y inter­
mittent compression, although it effec­
tively breaks up the boundary layer, is 
not a practical method. Presently we 
are designing an apparatus to replace 
hand-squeezing either mechanically or 
pneumatically. A prototype of a pneu­
matic apparatus has been constructed; 
it exposes the oxygenator to alternat­
ing positive and negative pressures 
within a plastic case. 

The agitation must be sufficient to 
break up the boundary layer in order 
to improve the oxygen transfer rate, 
but not so excessive or abrupt as to 
destroy erythrocytes. Improved design 
and additional testing are required be­
fore the oxygenator can be recom­
mended for clinical use-either for 
open heart surgery or the management 
of respiratory distress syndrome. 
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