
cloacal gland as does transfer from 
long days to short days, and treatment 
by replacement of androgen stimulates 
the cloacal gland just as does exposure 
of the males to long days (5, 7). 

These data indicate that activity of 
the cloacal gland is androgen-depend- 
ent, and that the cloacal protrusion 
is a reliable indicator of the male's 
gonadal response to changes in photo- 
period. The size of the protrusion cor- 
relates highly not only with testicular 
indexes of reproductive condition but 
also with behavioral criteria such as 
copulation and crowing (7). 

Thus the cloacal protrusion of a male 
quail can be used as a convenient ex- 
ternal index of androgen; unlike meas- 
urement of the testes, the method re- 
quires no surgery; like the testes, the 
protrusion is closely related to behavior- 
al and other physiological indicators of 
breeding condition. Such an index is 
especially useful in experiments requir- 
ing repeated measurements over time, 
as well as in studies (for example, in 
the field) in which surgery may inter- 
fere with the variables being observed. 
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Silicone Rubber: Oxygen, Carbon Dioxide, and Nitrous Oxide 
Measurement in Gas Mixtures 

Abstract. Pressure changes, arising from counter diffusion of gases through 
a sealed silicone rubber tube, may be used to measure tension of gases in a 
mixture. When the tube is initially filled with one of the gases, and the mixture 
surrounds it, the pressure rise is related to the tension of the remaining gas. 
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mixture. When the tube is initially filled with one of the gases, and the mixture 
surrounds it, the pressure rise is related to the tension of the remaining gas. 

The properties of silicone rubber in- 
clude both a high permeability to all 
gases and a significant differential per- 
meability between these gases (1-3). 
Recently it has been shown that these 
properties also hold true for anesthetic 
vapors and gases (4). While pursuing 
our studies on diffusion of gases and 
anesthetic agents through silicone rub- 
ber, we observed that when a sealed 
silicone rubber tube filled with a gas 
to which it is relatively impermeable 
is surrounded by a gas to which it is 
highly permeable, changes occur in 
pressure within the tube. Initially there 
is a rapid rise, followed by a short 
plateau before its slow exponential de- 
cline to the base line. These changes 
in pressure can be explained by the 
differing rates of permeation of the 
gases on either side of the membrane. 
The rapid rise would represent the in- 
ward diffusion of the highly permeat- 
ing gas from without, while the plateau 
and slow fall would indicate progres- 
sive loss by outward diffusion of the 
less permeating gas. Consequently, the 
partial pressure of the highly perme- 
ating gas in the external mixture should 
be a function of both the rate and the 
height of the initial rise in pressure 
within the tube, thus providing a meth- 
od for measuring the partial pressure 
of that gas. 

To test this hypothesis, a silicone 
rubber tube of 50 cm length, 3 mm in- 
ternal diameter, and 5 mm external 
diameter was attached to a sensitive 
pressure transducer at one end. A long 
inlet and a short outlet tube at the 
other end allowed a known gaseous 
mixture to be introduced and sealed off. 
This tube was then placed in a glass 
cylinder through which the atmosphere 
to be measured was circulated. In the 
first experiment, mixtures of varying 
concentrations of highly permeating 
nitrous oxide and less permeating ox- 
ygen were used as external atmospheres, 
while the tube was filled with 100 per- 
cent oxygen. 

In order to establish an accurate 
base line, continuous flow of gases 
was maintained both inside and out- 
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side the tube until it had been clamped; 
thereafter, readings of pressure were 
taken at 60-second intervals. Five dif- 
ferent concentrations of nitrous oxide 
in oxygen were tested, namely, 100 
percent, 75, 50, 25, and 5 percent. 
Each was run three times (Fig. 1). We 
decided that the rise in pressure be- 
tween the 1st and 2nd minutes after 
the tube was sealed would be the most 
accurate indicator of nitrous oxide per- 
meation, because during this period a 
quasi-steady-state flux inward of nitrous 
oxide had been reached, following an 
initial unstable period during which 
saturation of the membrane occurs. 
When this reading for each gaseous 
mixture was plotted against the per- 
centage of nitrous oxide in that mix- 
ture, a linear relationship was discov- 
ered (Fig. 2). 

We further found that this held true 
for other gas mixtures. In the second 
experiment, nitrogen filled the tube 
while varying concentrations of oxy- 
gen and nitrogen were used as the ex- 
ternal atmosphere. This was achieved 
by adding either of these gases to room 
air, which was considered, for the pur- 
poses of the experiment, as essentially 
a two-gas mixture. Oxygen is known 
to be approximately twice as permeating 
as nitrogen (1). The recorded rise in 
pressure in the tube could therefore 
be related to the oxygen tension in 
the external atmosphere. The proce- 
dure described in the first experiment 
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Fig. 1. Pressure within the sealed silicone 
rubber tube for varying concentrations of 
N20 in 02, plotted against time. 
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was used. In addition, the Po, of the 
external atmosphere was determined, 
by use of a standard oxygen electrode, 
from a sample withdrawn while the 
pressure changes were being recorded. 
Ten mixtures with varying oxygen ten- 
sions were examined, and again a linear 
relationship resulted when pressure rise 
between the 1st and 2nd minutes was 
plotted against the Po2 (Fig. 3). 

Carbon dioxide is five times as per- 
meating as oxygen. Therefore, in the 
third experiment, air filled the sealed 
tube, while varying concentrations of 
carbon dioxide in air formed the ex- 
ternal atmosphere. The Pco2 of this 
external atmosphere was measured by 
means of a potentiometric analyzer, the 
method of sampling being the same as 
in the second experiment. Again the 
Pco2 of each of ten mixtures was plot- 
ted against the pressure rise between the 
1st and 2nd minutes and a straight line 
was obtained (Fig. 4). 

Since previous investigations have al- 

ready demonstrated the relative rate 
of permeation of gases through sili- 
cone rubber (1-3) many possible uses 
for this membrane have been sug- 
gested. Among these are: a membrane 
oxygenator in extracorporeal circula- 
tion (3), an artificial gill, for extracting 
oxygen from water (5), and the frac- 
tionation and purification of gases. 
However, we cannot find any reference 
in the literature to silicone rubber be- 
ing used to measure tension in gaseous 
mixtures directly. 

The method described depends upon 
a sealed silicone rubber tube of con- 
stant volume. To insure that this vol- 
ume was not altered by changes in 
pressure, a relatively thick tube was 
chosen. At the start of each run it was 
necessary to have the internal gas at 

atmospheric pressure and 100 percent 
pure. This was achieved by flushing 
the tube with gas continuously for 30 
seconds immediately prior to sealing 
the tube. The composition of the ex- 
ternal gaseous mixture must remain 
constant throughout. This required a 
large volume flowing continuously over 
the tube. When the less permeating 
fraction of a given gaseous mixture is 
used as the internal atmosphere the 
whole mixture is used externally, and 
the rate in rise of pressure within the 
tube is a function of the partial pres- 
sure of the more permeating gas. This 
method may be modified by reversing 
the gases, in which case the fall of 
pressure is recorded, or by the use of 
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constant volumes separated by a sili- 
cone rubber membrane. 

Certain precautions must be taken 
to insure accuracy. Dead space between 
the pressure transducer and the active 
part of the tube must be brought to a 

35 

0 1 20 30 40 50 60 70 80 90 00 
N/IT ROUS OXIDE, mI/IOOC mn (APPROX 

Fig. 2. Pressure rise in a 60-second period 
between 1st and 2nd minutes after closure, 
plotted against percentage of N,20 in a 
N20 and 02 mixture N20 and 02 mixture. 

z 7 

6 

I5 

.4 

3 

2 

I 

200 400 600 

Po2 OF GAS SAMPLE, mmHg 
800 

Fig. 3. Pressure rise in 60-second period 
between 1st and 2nd minutes after closure, 
plotted against the Po, of a sample taken 
at the time of the reading. 
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Fig. 4. Pressure rise in a 60-second period 
between 1st and 2nd minutes after closure, 
plotted against the Pco2 of a sample taken 
at time of the reading. 

minimum and kept constant through- 
out. Minimum pressure must be used 
consistent with adequate flushing of the 
tube before closure; even under opti- 
mum conditions this flushing may inter- 
fere with readings during the 1st min- 
ute. The influence of temperature is 
obviously a possible source of error. 
However, the permeation rates of gases 
of various temperatures are known (1) 
and a correction factor could therefore 
be applied. Our experiments were all 
conducted at temperatures within the 
range of 22? to 27?C, and no signifi- 
cant differences were noted within this 
range. Changes in water vapor pressure 
in the mixture could lead to error; 
however, we could detect no effect 
when the readings were taken between 
the 1st and 2nd minutes. 

This method, therefore, appears to 
offer a sturdy, portable apparatus for 
the rapid estimation of the partial pres- 
sure of a gas. It also has the virtue of 
being inexpensive. While our experi- 
ments have been limited to oxygen, 
carbon dioxide, and nitrous oxide, the 
method should be applicable to most 
gases. Possible applications of this 
method include (i) gas analysis in clini- 
cal anesthesia, (ii) respiratory care, and 
(iii) the estimation of oxygen and car- 
bon dioxide in atmospheres of enclosed 
spaces, such as mines, submarines, or 
even space capsules. Recently we have 
modified our method to allow the meas- 
urement of partial pressure of oxygen, 
carbon dioxide, and nitrous oxide with- 
in the blood stream (6), thus increasing 
the clinical potentialities of the tech- 
nique. 
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