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INTRODUCTION

The relationship between the oxygen saturation
and oxygen tension of the blood has, up to the
present time, been studied by methods requiring
in vitro analysis. These methods, such as the Van
Slyke-Neill manometric (1) and Krogh equili-
bration (2) techniques, require considerable time
and skill and give only discontinuous measure-
ments. This report describes an indirect study of
this relationship by simple instrumental methods
which supply immediate and continuous informa-
tion in s'ivo. They consist of the oxygen elec-
trode (3), which can be used to measure polaro-
graphically the oxygen tension in the intact hu-
man skin (4), and the oximeter (5, 6), which
measures the arterial blood oxygen saturation in
the intact human ear.

In this paper are described the changes in the
oxygen tension of skin warmed by a rapid circu-
lation, brought on by altering the blood arterial
oxygen saturation in normal human subjects (7).
The correlation of skin oxygen tension and blood
arterial saturation and its relationship to the oxy-
hemoglobin dissociation curve are demonstrated.

METHOD

The method of producing alterations of the blood ar-
terial oxygen saturation has been described previously
(7). It consists of administering constantly varying
mixtures of pure oxygen and pure nitrogen through an
anesthesia machine to obtain and maintain the desired
level of the arterial oxygen saturation, as measured by
the Millikan oximeter.

The subject, shortly after eating his regular meal, lay
quietly for approximately 45 minutes, breathing air, be-
fore inhaling the gas mixtures. Skin temperature read-
ings were taken, the oximeter was attached to the ear,
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and the oxygen electrodes were inserted in the skin.
"Ear-thickness" readings were taken on the oximeter
until stable and the "saturation" was then set at "100"
while the subject breathed pure oxygen (5, 6). Oxygen
tension readings were taken at frequent intervals until
they became stable. A low or high oxygen mixture was
then inhaled. After the inhalation of this gas mixture,
the subject was again allowed to breathe room air. In
some experiments the arterial saturation and the oxygen
tension changes during this period of recovery were
noted.

The saturations studied ranged from 67 to 100%. Any
change from one level of saturation to another was made
gradually, and the saturation was kept constant at the
desired level for several minutes. While the saturation
was held constant, oxygen tension readings were taken,
in most experiments until they too became constant (solid
circles, Figure 1). In some of the experiments, where the
effect of reduced arterial oxygen saturation was being
studied, repeated oxygen tension readings were not taken
(open circles, Figure 1) at each level of saturation in
order not to prolong unduly the total period of hypoxia.
In these instances readings were taken only after the
desired saturation had been maintained for a period of
time found, from the other experiments, to be sufficient for
the skin oxygen to come into equilibrium with the blood
arterial oxygen.

The oxygen electrode, method of taking readings, and
corrections for temperature variations have been de-
scribed by Montgomery and Horwitz (4). In the pres-
ent experiments, however, the electrodes were uncali-
brated so that only relative changes were measured.
The reading obtained while the subject was breathing
air was arbitrarily designated at 100. The electrodes
were sterilized by boiling and their tips were kept in
sterile saline solution when not in use. The electrodes
were inserted in the skin of the outer aspect of the arm
of each subject. Eight different electrodes were used
and, in most of the experiments, the same set of five elec-
trodes.

The first three experiments, in which only two elec-
trodes were used, showed that the oxygen tension per-
centages of the two electrodes, at a given arterial satura-
tion, differed significantly. To minimize the effect of
these differences, from three to five electrodes were used
in all subsequent experiments, the oxygen tension (Figure
1) being taken as the average of values obtained by the
several electrodes.
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Skin temperature was recorded continuously through-
out each experiment by thermocouples (8) placed on
different areas of the skin near the various electrodes.
In order to maintain a rapid circulation through the skin
of the arm it was occasionally necessary to apply heat
elsewhere to the body. The skin temperatures were kept
between 30 and 340 C except in two instances where the
temperature of the skin could not be raised above 29° C.
The room temperature of all experiments averaged 26° C.
Neither skin nor room temperature varied more than one
degree throughout any one experiment.

Fourteen normal, white adults, ages 18 to 46, were
used as subjects; all but three were males. A total of 31
experiments was performed.

OBSERVATIONS

The effect of decreasing or increasing the blood
arterial oxygen saturation on the oxygen tension
of the skin is shown in Figure 1, where the results
of the 31 experiments are plotted. In each ex-
periment the oxygen tension changed in the same
direction as the arterial saturation.

One can see in Figure 1 striking differences
in the amount of change in oxygen tension, per
unit change in arterial saturation, at different
levels of arterial saturation. In lowering the satu-
ration from 75 to 70%, for instance, the tension
was decreased by only 4%o. In lowering the- satu-
ration from 95 to 90%, the tension, on the other
hand, was decreased by 20%o. The large changes in

tension at the high arterial saturations were es-
pecially apparent in several instances (not in-
cluded in Figure 1) where the arterial saturation
was progressively increased between 96 and 99%
saturation by small increments ranging from %4 to
1%o arterial saturation. These small changes in
saturation, regardless of how gradually they were
made, always produced considerable increases in
oxygen tension.

Several other observations on the relationship
between the arterial oxygen saturation and skin
oxygen tension were made:

1. The recovery of the oxygen tension and the
arterial oxygen saturation: Observations on the
rate of recovery of the arterial saturation and the
skin oxygen tension were made when the subject
was allowed to breathe room air immediately
upon the termination of some of the experiments.
After low oxygen inhalation (two experiments),
the arterial saturation fully regained its normal
value in approximately five minutes while the skin
oxygen tension required about 10 minutes. After
high oxygen (six experiments), the saturation
also returned to normal in approximately five min-
utes and the tension again required twice as much
time.

The final recovery value of the arterial satura-
tion, noted in most instances after the subject had
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FIG. 1. SKIN OXYGENTENSION VERsus ARTERIAL OXYGENSATURATION
The skin oxygen tension of each of the points was obtained by averaging the values of several electrodes used

simultaneously.
* Skin oxygen tension in equilibrium with arterial oxygen as obtained by repeat tension readings at each level of

arterial saturation (see Method).
O Skin oxygen tension in equilibrium with arterial oxygen as obtained by single tension readings at each level of

arterial saturation after the saturation had been maintained constant for several minutes (see Method).
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TABLE I

Oxygen tension of the skin, in galvanometer units,
while subject is breathing air

Values "For each experiment" are average of all elec-
trodes used in each experiment. One very high reading,
88, obtained with electrode "B," was not included. Read-
ings were obtained after electrodes had been in the skin for
approximately 30 minutes and were stable.

For each For each electrode
experi-
ment A B C D E

Oxygen tension
Average 20 19.2 25.3 18.2 17.2 16.8

Stand dev. 4.6 3.2 9.4 6.1 8.7 5.6

Range 12 to 15.5 to 12.5 to 7.5 to 8.5 to 6.S to
27 29 38 29 32.5 26

No. experiments 13 12 12 12 12 8

been breathing room air for approximately 15
minutes, was about the same as the initial reading
on room air. The oxygen tension on recovery

from breathing low oxygen averaged 91%o (range
73 to 108%o) of the initial room air reading,
whereas it was 106% (range 86 to 138%o) after
the inhalation of pure oxygen.

In a few instances a droplet of blood was found
when the electrodes were removed. This had no

apparent effect on the readings, unlike the experi-
ence of Montgomery and Horwitz (4).

2. Effect of carbon dioxide: In a single experi-
ment, in which the arterial saturation was main-
tained at 80%o, 2.5%o CO2 (9), included in the gas

mixture for a period of 10 minutes, caused no

measurable change in the oxygen tension.
3. Skin oxygen tension in galvanometer units

while breathing air: It was noted throughout these
experiments that the oxygen tension reading of
skin, warmed by a rapid circulation, was fairly
consistent while the subjects were breathing air.
The readings for the five electrodes used most fre-
quently were analyzed and are listed in Table I.
The average value of each of these five electrodes
ranged between 16.8 and 25.3 galvanometer units.

DISCUSSION

Under the conditions of these experiments, in
which an attempt was made to maintain a rapid
cutaneous circulation, the oxygen tension of the
skin, measured polarographically by the oxygen

tension electrode, changed consistently with the
blood arterial oxygen saturation, as measured by
the Millikan oximeter.

The quantitative relationship between the ten-
sion, expressed in percent of initial value while
breathing air, and the saturation may be repre-
sented by a curve (Figure 1) which, between 67%o
arterial saturation and the upper limit of the oxy-
hemoglobin dissociation curves obtained by gaso-
metric analysis (10-12), has the characteristically
changing slope of these latter curves. At the
higher saturations in the present experiments, the
relationship is closely similar to that reported by
direct polarographic measurements on the arterial
blood (13). The oxygen tension of the skin hav-
ing a fast circulation thus bears the same type of
relationship to the arterial oxygen saturation as
does the arterial oxygen tension.

Some technical and physiological limitations
of these experiments may be emphasized: 1. The
observations extend down to only 67%o arterial
saturation. Hypoxemic patients may offer an op-
portunity to study the curve at lower levels. 2.
Certain limitations are inherent in the Millikan
oximeter (5, 6, 14) and in the stationary platinum
oxygen electrode (4). When the arterial oxygen
saturation was increased, or decreased, to any
given level, there was a considerable difference
between tension changes of individual electrodes.
These differences are unexplained and demonstrate
the importance of using several electrodes in de-
termining the degree of any change. 3. An at-
tempt was made to maintain a cutaneous circula-
tion fast enough (as indicated by differences
between skin temperature and room temperature)
to supply oxygen in excess of metabolic needs.
Variations in cutaneous circulation or oxygen
metabolism are expected to contribute some error
(4). 4. Two important physiological factors, the
pH (6) and the temperature (15, 16) of the blood
and tissues, were not completely controlled or
measured. It is of interest to note that the scatter
of observations in Figure 1 closely resembles the
scatter of points of the conventional dissociation
curve having alterations of the blood pH over the
range 7.2 to 7.6 (6). Considering the above, the

[ curve may prove to be more useful if some of these
variables are better controlled.

By the simultaneous use of the oximeter and
oxygen electrode, clinical disturbances related to
the oxygen dissociation of the blood may be more
readily laid open to investigation. The effect of
various metabolic and hypoxemic states on the
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oxyhemoglobin dissociation of blood may be stud-
ied at the bedside of critically ill patients without
discomfort or the loss of blood.

Two other observations on the relationship be-
tween the arterial oxygen saturation and the oxy-
gen tension of the skin were made: 1. The oxygen
tension of the skin, after the inhalation of low or
high oxygen mixtures, required several minutes
longer than the arterial saturation to return fully
to its original value. This agrees with other
studies made on the'viscera of animals (17). 2.
The consistency of all the oxygen tension galvano-
metric readings on our subjects, while they were
breathing air (Table I), suggests that the uncali-
brated oxygen electrode may be used to establish
an ''oxygen tension reading," in galvanometric
units, of skin with a rapid circulation in normal
subjects. Such an electrode may then be useful
in studying changes in oxygen tension in skin and
their implications regarding the central and pe-
ripheral circulation.

SUMMARY

1. The blood arterial oxygen saturation of nor-
mal human subjects was altered by the inhalation
of a gas of varying oxygen concentration to give
readings between 67 and 100%, as measured by
the Millikan oximeter. Simultaneously the oxy-
gen tension of the skin, having a reasonably rapid
circulation, was measured by several oxygen
electrodes.

2. The oxygen tension changed in the same di-
rection as did the arterial saturation. When the
tension, expressed in percent of the reading ob-
tained while breathing air, was plotted against the
arterial oxygen saturation, a curve was obtained
(Figure 1) with the characteristically changing
slope of the conventional oxyhemoglobin dissoci-
ation curves of blood.

3. After the inhalation of low or high oxygen
mixtures, the skin oxygen tension returned more
slowly to initial values than did the arterial
oxygen saturation.

4. Unexplained differences in the tension
changes between the individual electrodes made
the simultaneous use of several electrodes advis-
able.

5. Oxygen tension galvanometric readings ob-
tained while breathing air were fairly consistent,
suggesting that the uncalibrated oxygen electrode

may be used to establish an "oxygen tension read-
ing" of skin with a rapid circulation in normal
subjects.
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