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INTRODUCTION

Knowledge of tissue oxygen tension, if simul-
taneous measurements of blood flow are available,
can greatly facilitate the study of tissue oxygen
supply, utilization, and extraction from the blood.
In the past, studies of oxygen content of arterial
and of venous blood measured rates of oxygen
utilization by those organs whose rates of circula-
tion could be measured simultaneously. How-
ever, these instances were few and only gross
changes of O, tension in the tissues could be esti-
mated. This method proved impracticable for
use in intact skin because of the impossibility of
obtaining representative samples of venous blood.

Clinically the estimation of altered O, tension
in intact skin of limbs has largely depended upon
the changes in color resulting from different de-
grees of oxygen saturation of the hemoglobin in
the small vessels. Such an estimate of O, tension
in skin is not only an extremely rough approxi-
mation, but is on occasion wholly erroneous. The
cherry-red skin of the very ischaemic foot, termed
“rubor on dependence,” has a low O, tension.
Starr (1) has shown that the cyanotic color of
extremely ischaemic skin can be changed to a pink
color by exposing the limb to high concentrations
of oxygen, with little resulting therapeutic effect.
We have demonstrated extremely low O, tension
in the skin of normal hands made bright pink by
local chilling (0°-10° C.). The color, in this
case, is not an estimate of skin O, tension but only
of oxygen concentration in its vessels.

Prior to the work of Davies and Brink (2) on
the microelectrode, several methods had been em-
ployed to estimate oxygen concentrations in ani-
mal tissues, but none had proved satisfactory.
Pfliiger’s (3) first method depended upon the
measurement of oxygen in fluids derived from the
organs, and was superseded by measuring the
partial pressure of different gases equilibrated

against these fluids. Strassburg (4) and Krogh
(5, 6) refined the second of these methods. Ver-
zar (7) calculated the O, tension in tissues of
organs from estimations of oxygen saturation of
arterial blood and of blood within veins leaving
the organs. Pietro (8) and Tobieson (9) meas-
ured tensions of gases in depots of gas injected
into body cavities, canals, and subcutaneous areas.
Campbell, in his review of the literature in 1931,
concluded that the nearest approach to a satisfac-
tory method for measuring O, tension in intact
tissue was the one in which gas bubbles were
introduced into tissue, allowed to come to equi-
librium with respect to oxygen, and the gas with-
drawn and analyzed (10).

In 1942 Davies and Brink (2) came to the con-
clusion that the gas bubble technique, though the
best up to that time, was far from satisfactory.
It cannot measure rapid changes, or O, tension
in small areas. They briefly recounted the devel-
opment of the platinum electrode for measurement
of oxygen in solutions (11-15), and in green
leaves (16), and designed two types of platinum
electrodes for use in animal tissues (17, 18). One
was a recessed tip electrode which could be cali-
brated in known solutions of oxygen, but had the
disadvantages of slow “recovery” in use, and, as
we have learned, of difficulty in cleaning after use
in tissue. The other was an open type electrode
which recovered rapidly and was easily cleaned,
but gave only relative values. Hodes and Lar-
rabee (19) used the open type electrode to meas-
ure direction of change of O, tension in the intact
skin of the human forearm. They demonstrated
moderate increases in galvanometric deflections
when skin was heated, great increases when oxy-
gen was breathed, and decreases to zero when the
circulation to the part was arrested. They dem-
onstrated no linear relationship between O, ten-
sion and current in skin, did not know what
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caused the changes with temperature, and had no
way to calibrate the electrode to derive even semi-
quantitative results.

The method herein presented involves the use
of a modified form of the free-tip electrode of
Davies and Brink. Preliminary results were re-
ported in 1948 (20). Efforts at calibration to
allow quantitative expression of results as pres-
sure of O, in mm. Hg have proved fairly success-
ful. Day-to-day calibrations of some electrodes
varied little, and these electrodes have been used
in skin measurements. Other experiments of a
more general nature do not require as well cali-
brated electrodes. The method is still under de-
velopment, but we believe that it yields quantita-
tive data on oxygen present in skin, and opens the
way for in situ descriptions of oxygen metabolism
in skin. A reasonably quantitative method for
measuring cutaneous circulation (21) makes the
interpretation of results easier. Skin O, tensions
measured under a variety of physiological and
pathological conditions are reported.

METHOD

Apparatus. The electrodes and circuit used were based
on the same principles as those utilized by Davies and
Brink. Platinum in a circuit having a fixed, low voltage,
reduces oxygen and the resultant current is proportional
to the oxygen present in solution. Details of construction
indicate our modifications.

The electrode was made of 0.2 mm. platinum wire, soda
lime glass tubing having 3 mm. O.D. and 1.5 mm. I.D,,
and mercury. Tubing was cut into 10 cm. sections and
the ends flamed to smoothness. The center of each sec-
tion was brought to white heat while rotating at the tip
of a gas flame 1 cm. long by 0.5 cm. wide. The cool ends
were pulled to produce a narrowed portion 1 cm. in length
having an inside diameter just sufficient to admit the
wire. A 10 cm. length of the wire was held at its ends
by forceps, flamed to clean and straighten it, and placed
in a section of the tubing. The section was held by the
fingers at each end, each of its two shoulders (narrow-
ing points near center of section of tubing) was suc-
cessively presented to the tip of a 0.5 X 0.2 cm. gas flame
and the section of tubing was rotated and pulled. As
soon as the shoulder melted upon the wire it was with-
drawn from the flame. Scissors were used to cut through
the glass-coated wire 5 mm. from each new shoulder, thus
forming two electrodes having tips approximately 0.4
mm. in diameter. The points were ground while rotating
at a 45° angle on a Hard Arkansas whetstone. The
clectrodes were placed in an electric furnace, and an-
nealed by allowing the furnace to come to 425° C. and
to return to room temperature, without opening the
door of the furnace. Mercury was inserted into the re-
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Fic. 1.

WIRING DiaGRAM OF CIRCUIT

(a) Electrode tip (cathode), (b) selector switch (con-
trolling six electrodes), (c) ‘electrode switch, (d) Ayrton
Shunt (Rubicon No. 1243), (resistance 0 to 65,000 ohms),
(e) dry cell (1.5 volts), (f) variable resistance (10,000
ohms), (g) calomel half-cell (anode), containing 0.90%
NaCl, (h) 0.9% NaCl in beaker, (i) variable resistance
(500 ohms), (j) fixed resistance (2,000,000 ohms), (k)
fixed resistance (40,000 ohms), (1) main switch, (G)
galvanometer (Rubicon No. 3418), (V) voltmeter.

maining section of tubing to complete the electrode. The
tips of electrodes were kept in 0.9% NaCl when not in
use.

Figure 1 indicates the arrangement of the circuit. No.
18 insulated copper wire was used for all connections
within the circuit except for that of electrode to se-
lector switch, where No. 30 plain enameled wire was
used. The variable resistance (i) was used to control
the zero adjustment of the galvanometer. The main
switch (1) was kept closed throughout all experiments.
Figure 2 depicts the apparatus in use.

When the apparatus was being calibrated, the circuit
was completed by the electrode tip (inserted in a small
piece of human skin) and the salt bridge (0.9% NaCl) of
the calomel half-cell in the beaker. When the apparatus
was used to measure O, tension in intact skin the cir-
cuit was completed by the electrode in skin and by the salt
bridge and the subject’s finger in the beaker. With plati-
num electrodes of this size a very low current flows in
either case (order of magnitude 10-7 amperes).

In oxygen free Ringer’s solution the electrode gave no
galvanometric deflections at voltages between 0.2V and
0.8V. Above this voltage a precipitous rise in current
occurred. In air equilibrated Ringer’s solution deflections
rose from 0 to 30 (Ayrton shunt at 10) at voltages be-



1122

tween 0.2V and 0.8V. The considerable deflections and
the relatively stable current at this voltage determined
the choice of 0.6V for all experimental work.

In order to avoid errors resulting from the period swing
of the galvanometer and from excessive reduction of oxy-
gen by prolonged current flow, i all experiments the gal-
vanometer was read 10 seconds after closure of the elec-
trode switch. Slightly lowered values were sometimes ob-
tained when repeat readings were made every minute.
Therefore, in all experiments at least two minutes were
allowed to elapse between readings. Even longer inter-
vals were necessary when blood flow, and therefore oxy-
gen supply, was much reduced, because reduction of oxy-
gen at the electrode tip then became cumulative.

Calibration. Electrodes for use in skin cannot be cali-
brated by the simple expedient of measuring galvano-
metric deflections resulting from electrodes placed in so-
lutions of known O: tension. The deflections increase in
proportion to the rate of supply of oxygen to the platinum,
and this is greatly facilitated by the convection currents
of a free solution. Furthermore, it is unlikely that the
coefficient of oxygen solubility of any one fluid would
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Fi1c. 2. PuortocrArPi OF CIRCUIT

(For captions see Figure 1)
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F1c. 3. CURRENT-OXYGEN TENSION RELATIONSHIP

Simultaneous measurements of current from (A) elec-
trode tip (electrode No. 4) in 0.9% NaCl and from (B)
electrode tip (electrode No. 6) in excised, dead skin in
0.9% NaCl. Curves show effects upon current of various
known tensions of oxygen in the saline. Correlation co-
efficient of points along A is 0.99, along B is 0.98. These
characteristic differences in slope are only slightly influ-
enced by the differences in the two electrodes. Temp.
23.5°=1° C.

be identical with that of skin, or if it were, that the co-
efficients of oxygen diffusion would coincide. Trials of
calibration from deflections obtained in free solutions
yielded values of O: tension in normal intact skin less
than a third of that expected on the basis of known oxy-
gen content of arterial blood. For use in intact skin it
was necessary to calibrate the electrodes in dead, excised
skin, in solutions of known oxygen tension.

The calibration technique consisted of equilibrating
0.9% NaCl with room air at constant temperature, in-
serting the circuit-connected electrode tip at a 45° angle
1.5 to 2.5 mm. (1 to 2 mm. vertically) into a small piece
of dead skin (skin that has ceased to metabolize), plac-
ing the skin-tipped electrode and the circuit-connected
saline bridge of the calomel half-cell in the saline, noting
constant temperature of the saline, and taking galvano-
metric readings at two minute intervals until the deflec-
tions became constant (oxygen equilibrium between saline
and skin, and the end of downward drift).

For the purpose of calibration, normal human skin was
obtained from the surgical amphitheater, was kept in
dry gauze for four hours at room temperature, its sub-
cutaneous fat was removed, the remaining full thickness
skin was cut into 3 X3 mm. wedges, and these were
quick-frozen and stored in an approximately sterile man-
ner. Such skin gave little or no evidence of oxygen
utilization.
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Correction factors. The relationships between known
tensions of oxygen and their galvanometric deflections is
given in Figure 3, both for electrodes free in 0.9% NaCl
(comparable to results of Davies and Brink), and for
electrodes in dead skin in 0.9% NaCl. Straight lines
were regularly produced as long as the temperature of
the solution was kept constant. Variations in NaCl con-
centration between 0.9% and 2.0% had no effect. Vari-
ations in pH between 6.3 and 7.3, using phosphate buffer,
had no effect. Wide variations in temperature of circuit
junctions made of different metals had no effect. When
the temperature of the solution was simply raised, mark-
edly elevated deflections resulted, but when the saline after
warming was re-equilibrated with oxygen, only moder-
ately elevated deflections were produced. Throughout
the reported studies each calibration was made at fixed
temperature with saline and excised skin in oxygen
equilibrium.

The effect of temperature near the electrode tip upon
galvanometric deflections was systematically studied, and
a correction factor for variations in temperature obtained.
The temperature correction factor (i.e., temperature co-
efficient of the diffusion current) of our electrode depends,
partly, upon the changing diffusibility of oxygen at
changing temperature, and corresponds approximately to
the value given by Kolthoff and Lingane (22) for other
stationary platinum electrodes. Electrodes were inserted
in excised, dead skin in 0.9% NaCl equilibrated with air,
and re-equilibrations were made at various temperatures
between 1° C. and 38° C. Ample data for statistical analy-
sis were obtained at temperatures in the neighborhood
of 1° C, 10° C, 20° C. and 30° C, to express a straight
line relationship between temperature and current with
a correlation coefficient of .99 between 1° C. and 30° C.
Sufficient data on equilibration at 37° C. were obtained
to allow extrapolation of the curve to this temperature.
A graph for correcting current at one temperature, to

40 30 20 10
——Temperature °C

F16. 4. TeEMPERATURE CORRECTION CHART

To correct (a), a galvanometric deflection taken at one
temperature, to (b), the deflection expected at another
temperature at the same oxygen tension, locate (a) and
follow along line drawn through V (vanishing point of
all lines), and read (b).
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TABLE I

Standard deviations (o) and cent standard deviations

(6 %) of the galvanometric deflections of eight electrodes,

within a single inseriion in a piece of dead skin, and between
different insertions in a piece of dead skin

Total Total | Av. i 3
me | dast | Rt | A | seme | oo
minations| tions tion
c e % o e %
6 38 4 236 | 2.0 85| 2.4 102
8 47 9 |31.8] 3.2 |10.1 | 15.7 | 49.3
B 15 4 |3401| 29 85| 30| 88
D 16 4 255 | 2.0 7.8 | 6.6 | 25.9
G 21 5 25.2 | 2.7 |10.7 | 5.8 | 23.0
I 26 5 264 | 2.7 1102 | 7.2]273
J 13 3 260 | 2.8 | 10.8 | 6.5 | 25.0
K 13 3 29.7 | 3.1 | 104 | 14.5 | 48.8
Skin in 0.9% NaCl equilibrated with air. All deflec-

tions corrected for temperature.

current at any other temperature for the same O, ten-
sion, in the range 1° C. to 37° C. was constructed from
the data (Figure 4). All figures used for calculating o,
tension in mm. Hg were derived from data arbitrarily
corrected to 20° C.

Use of electrode in skin. The intact human skin was
punctured with a 26 gauge hypodermic needle at an angle
of 45° to a depth of 2 to 3 mm., well into the corium but
short of the subcutaneous layer. The tip of the electrode,
sterilized by boiling for five minutes, was inserted 1.5 to
2.5 mm. into the opening made by the needle. Consider-
able experience was needed to avoid too superficial and
too deep insertions. Low readings and sluggish changes
were encountered in the former. The electrode was
held at a 45° angle by adhesive tape over it, and cotton
below it. Pressure and traction at the electrode tip were
avoided. Skin temperature was recorded from measure-
ments by a thermocouple on the skin near the electrode.

Calculations. Qs tension of intact skin was calculated
as follows: after correcting all galvanometric deflections
to 20° C., Os tension in the excised, dead skin was taken
as .209 X (760 — 32) =152, where .209 is the proportion
of oxygen in dry air, and 32 is the aqueous tension at 30°
C.1 Then, Os tension of intact skin = (corrected deflection
in experiment/av. corrected deflection in calibrations) X
152 mm. Hg. When this method was used we obtained
reasonable, if somewhat irregular values, averaging 87
mm. Hg O; tension, for skins having fast blood supplies.
Some of the irregularities in the findings (Table II) are
caused by variations of the electrodes (Table I), but
some by varying amounts of oxygen penetrating different
skins from the air (23).

Physiological procedures. Reflex vasoconstriction and
vasodilatation were at first accomplished in a constant
temperature room, by exposure of the body or by applying
heating pads to the body. For quicker reflex effects a bath

1COs of dead skin equilibrated against air is pre-
sumably negligible. Barometric pressure corrections are
much smaller than errors inherent in the method.
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TABLE II
O, tension of skin of normal subjects and of patients with peripheral arterial disease

Vasodilatation and vasoconstriction produced reflexly.

For calibration characteristic of electrodes see Table I.

Subject Part Eleﬁt;?de ‘:Re:lo:‘ ti:l:. Blood flow Pc:)’réa'!’:m}gz e)
cc./100 cc./
°C. °C. min. air oxygen
Normal, vasodilated Si Toe 6 21 31 40 122
We Toe 6 24 29 12 93
Sa Toe 8 26 33 26 58 440
Lo Finger 8 21 33 72 71
La Toe 8 23 30 20 129
Mo Finger D 30 34 15 150 306
Mo Arm B 79 395
St Finger D 31 35 20 56 600
St rm B 86 445
{_a Finger D 30 35 26 60 528
r Finger D 31 35 20 54 604
Averages 26 33 28 87 474
Normal, vasoconstricted| Si Toe 6 19 21 6 51
We Toe 6 22 22 2 44
Lo Finger 8 20 22 5 18
Mo Finger D 30 30 1 18 354
Ch Finger D 31 31 1 60 336
Ja Finger D 28 29 2 12 270
Fr Finger D 29 29 1 15 312
Wi Finger D 29 29 1 54 198
Averages 26 27 2 34 294
Arterial occlusion La Toe 8 23 26 6 5
vasodilated Ka Toe 8 23 26 6 35
Le Toe 8 22 26 8 17
Le Toe 8 23 28 11 6
Do Toe 8 21 25 7 22 72
Ma Toe 6 24 30 16 27 49
Averages 23 27 9 19
Arterial occlusion Su Toe 26 25 1 10 18
vasoconstricted

tub was used, but with this it was not feasible to control
environmental air temperature closely. Direct cooling
of an extremity (hand) was accomplished by covering
it with large ice flakes, rather than with cold water, in
order to avoid undue moisture at the junction of electrode
and skin.

Oxygen mixtures for inhalation were employed at fast
rates of delivery through a distended rubber bag and
close-fitting mask.

Blood flow was calculated as cc. of blood per 100 cc.
of digit per minute from measurements, at known room
temperatures, of the temperature of the surface of the
skin near each electrode (21). Valid calculations were
made in all of the studies except those in which direct
cooling of the extremity was employed. The measure-
ments of skin temperature were also used in calculating
Os tension of skin from the galvanometric deflections since
intracutaneous temperature is usually only about 1° C.
higher than skin surface temperature.

Sources of error. Several correctable sources of error
in the use of the electrode were encountered. The down-

ward drift of readings was usually minimal within less
than a half hour after the insertion of the electrode.
Local erythema and local wheal formation at the electrode
tip were rare and easily avoided. A droplet of blood
at the electrode tip made the reading inaccurate. A blood
droplet with its large volume to surface ratio could not
take up, or give off, oxygen as readily as cells did. The
droplet was detected when the circulation was arrested
or oxygen breathed, for then galvanometric deflections
changed more slowly than normally, and there was fur-
ther confirmation on withdrawing the electrode. The er-
ror was corrected by reinserting the electrode elsewhere.
Errors having to do with varying thickness of skin, and
with varying depth of electrode, sometimes required re-
insertion for correction. These errors are lessened by
keeping the electrode tips at depths 1.5 to 2 mm. (24).
Further study is in progress. In closing the electrode
switch, the galvanometric deflection was sometimes dis-
torted unless the finger was promptly withdrawn from
the switch. Occasionally, on very damp days there were
fluctuations in current which were prevented by drying
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the wires or by drying the wire-mercury contacts in the
electrodes.

The errors resulting from reinsertions (see Table I)
can be minimized by the use of several electrodes.
Study of reinsertion variation in electrodes is being con-
tinued. With changing circulations there are changes in
distances from hemoglobin to electrode as capillaries open
and close. This must result in changing oxygen gradi-
ents which to some degree affect the current which is
measured, and the oxygen tension which is calculated
from it.

RESULTS

Excised skin. The electrode was first tested for
stability upon reinsertion into excised, dead skin.
Unfortunately, in many instances, both in the case
of the skin-tipped electrodes and of the free-tip elec-
trodes, constant calibrations were not obtained
(Table I). In both, the average reinsertion varia-
tion was about 25%, as compared with 15% day-to-
day variations of such electrodes in solutions (2).
Lacking a circulation, and having a slow supply
of oxygen, excised skin sometimes required that
measurements be made at longer intervals than
two minutes.

Freshly excised skin gave zero values when in
solutions having the same O, tension as air,
presumably because it metabolized. Such skin
became satisfactory for calibrations when later
it ceased to metabolize, and galvanometric read-
ings increased and then became constant. When
greater O, tensions than that in air existed in
the solutions, some oxygen penetrated the skin
to the tip of the electrode. Whether this would oc-
cur in especially freshly prepared specimens,
with most active metabolism, has not been de-
termined. Passivity of the skin to oxygen in
room air appears to denote death of skin, or at
least inability of skin to metabolize. More exten-
sive studies are being made of O, tension in ex-
cised skin under various conditions (25).

Intact skin. When cutaneous blood flow was
fairly high, with some 20 to 70 cc. of blood flowing
per 100 cc. of tissue per minute, the O, tension of
skin was usually in the region of 70 to 120 mm.
Hg, approximately that of the arterial blood sup-
plying it. When cutaneous blood flow was re-
duced by reflex vasoconstriction to 2 cc. per 100
cc. per minute, the O, tension of the skin was in
some cases as little as 15 mm. Hg, a small fraction
of the O, tension of the blood supplying it (Table
IT). When slow cutaneous blood flows changed
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to somewhat faster blood flows, great increases in
the O, tension of skin resulted (Figure 5). When
medium cutaneous blood flow increased by the
same absolute amount much less increase in O,
tension of skin occurred.

The lowest O, tension found in skin having nor-
mal vessels resulted from sufficient direct cooling
of the extremity to elicit the red hand that Lewis
(26) described as having a very slow circulation.
The slowed circulation and inability of hemoglobin
to give up its oxygen at low temperatures (27, 28)
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F16. 5. EFFECT OF PHYSIOLOGICAL VARIATIONS IN Broop
Frow UroN OXYGEN TENSION OF SKIN oF ToE

Electrode No. 6: (for its calibration characteristics see
Table I). Two normal female subjects, N. S. (upper
graph) and F. W. (lower graph). Blood flow through
skin of toe was increased reflexly by heating pads on the
body. Blood flow in toe was derived from measurements
of skin temperature (19).
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predominated over the lowered metabolism, and
skin tissue became depleted of oxygen.

The experiments of Hodes and Larrabee (19)
were repeated and confirmed, showing an in-
crease in oxygen in the skin of the arm resulting
from breathing oxygen and a decrease resulting
from the arrest of the circulation by pressure cuff.
Figure 6 shows such results plotted as O, tension
in mm. Hg. Breathing 100% oxygen caused
large increases in O, tension of skin in all cases in
which there was no severe disease of the vessels.
The largest increases from oxygen inhalation re-
sulted when the skin had a rapid circulation (Table
II). Oxygen tension at the peak of oxygen in-
halation was usually . between 400 and 600 mm.
Hg. The increment in O, tension was, on the
average, about the same as the increment in the
oxygen breathed, giving further evidence that fast
circulations through the skin are greatly in excess
of those needed for skin metabolism. In the case
of severe vasoconstriction by direct or reflex chill-
ing, O, tension of skin was about 10 mm. Hg (data

BREATHING
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not tabulated). Oxygen inhalation usually raised
this level to between 200 and 400 mm. Hg. The
increase resulting from oxygen inhalation was
usually greater in the case of direct chilling, prob-
ably because of a lower metabolism, than in reflex
vasoconstriction.

When the circulation was arrested by an arm
cuff inflated above systolic blood pressure, some
15 to 25 minutes were required to allow O, ten-
sion of skin to decrease to zero if no attempt was
made to exclude the blood from the small vessels
near the tip of the electrode. With the progress
of time the rate of decrease in O, tension declined.
The declining rate demonstrates a slowing of
metabolism of skin at lower O, tensions, in keep-
ing with the studies of some cells and tissues in the
Warburg apparatus, cited by Kempner (29). An
example of the effect of circulatory arrest is por-
trayed in Figure 6.

Another technique is probably more satisfactory
in estimating metabolism in skin. Blanching of
the skin some 5 mm. in diameter around the elec-
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Fic. 6. EFrFrFecTs oF OXYGEN INHALATION AND OF ARREST OF CIRCULATION ON
OxYGEN TENSION OF SKIN oF ToE

Electrode No. 8: (for its calibration characteristics see Table I).
open mask at rate of 15 liters per minute to a normal female.
blood pressure cuff on lower leg, with pressure 50 mm. above systolic.

Oxygen given by
Circulation arrested by
Blood flow in

toe derived from measurements of skin temperature of toe (19).
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trode tip is accomplished by raising and advancing
the electrode. Then the O, tension becomes zero
within one to two minutes. This short time al-
lows little influence from oxygen in the surround-
ing air. The rapid decrease in O, tension of
blanched skin, as compared with that of skin hav-
ing blood in its capillaries, demonstrates the much
lower oxygen storing capacity of hemoglobin-free
tissues. To derive metabolism, in volumes O,
per volume of skin per unit of time, from O, ten-
sion of skin containing no hemoglobin, requires
only an analysis of the oxygen content of bloodless
skin at one known O, tension.

Skin of extremities having diseased blood ves-
sels had reduced O, tension (Table II). The O,
tension of skin in hands and feet having occluded
arteries, increased with vasodilatation less than
was the case in normal subjects, except when a
collateral blood supply was excellent. In occlu-
sive vascular disease, as well as in normal limbs,
lowered oxygen tension in skin can be the result
of vasoconstriction. For this reason it was neces-
sary to cause vasodilatation and again measure the
O, tension of skin, before concluding that low
values resulted from arterial occlusion. When
this was done the clinical impression of severe
arterial occlusion was as well supported by finding
low oxygen tensions as by measurement of skin
temperature changes.

The O, tension of extremely ischaemic skin,
such as that resulting from massive arterial occlu-
sion, yielded information of clinical importance
which has not been previously available. A pa-
tient with rheumatic heart disease and auricular
fibrillation was seen three days after embolism of
a common iliac artery. The ischaemic limb was
anesthetic up to the knee, but there was no gan-
grene, bulla, or obvious drying, and its color was
pink in most areas and only mildly cyanotic in
others. The O, tension of skin of the foot was
approximately that of room air, and decreased at
ascending levels, on the limb. Breathing oxygen
failed to change the O, tension of skin of foot or
lower leg, but increased that of the upper leg.
We concluded that the skin of the lower leg, and
probably the underlying tissues, had lost all ca-
pacity to metabolize. The leg was amputated and
its gray muscle extending nearly to the hip con-
firmed our conclusion of widespread death of tis-

1127

sue. Shortly thereafter the problem of a second
such patient was clarified by similar measurements.

DISCUSSION

To what extent measurements can be said to be
of intra- or extracellular oxygen tension we cannot
say. Oxygen in the thin layer of fluid between

- electrode and the partly broken cells is probably

being measured, and the O, tension of this layer
results from the circulation rate, the rate of diffu-
sion from capillaries to cells, the rate of diffusion
of oxygen from the air into the skin, the rate of
utilization of oxygen by the cells, and the rate of
diffusion from the cells to the layer in contact with
the electrode. In a sense the O, tension that is
measured is the availability of oxygen to cells.

Several observations show that measurements
were of O, tension in the tissue of skin and not
of the blood in cutaneous vessels. Erratic values
were obtained when the tip of the electrode was
in blood, but theoretical values for O, tension of
skin were obtained when no blood could be ex-
truded from the puncture hole. Bloodless, ex-
cised, dead skin equilibrated against air yielded
values as much higher than those of intact skin
having a fast circulation, as the O, tension of air
is greater than the calculated O, tension of the
arterial blood in skin. In the skin of the warm
extremity the O, tension decreased only slowly
after sudden arrest of the circulation, and became
zero when the skin was deeply cyanotic after 25
minutes. Two seconds after re-establishing the
circulation the skin became bright red as the result
of the rapid inflow of arterial blood, but at that
moment the O, tension was as low as it had been
during the end of the arrest period. Sixty sec-
onds were required to establish the O, tension of
the pre-experimental period. Thus it seems clear
that skin tissue oxygen, rather than blood oxygen,
was measured, though the two closely approxi-
mate when the circulation is rapid.

One has to expect that the O, tension of intact
skin having a fast blood supply roughly approxi-
mates that of blood in large arteries (100 mm.
Hg), for fast blood flows to skin are greatly in
excess of metabolic needs, since such flows are
designed for the greater task of eliminating body
heat. How much this blood flow is in excess of
that needed for metabolism is shown by the fact
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that 2 to 5 cc. of blood per 100 cc. of skin per
minute are adequate for nutrition of skin, whereas
flows of 100 cc. are common during elimination
of excesses of body heat (21, 30). That skin O,
tension at fast blood flows reflects arterial oxygen
tension is shown by the great increases in skin O,
tension when oxygen is inhaled. However, skin
O, tension is not expected to be identical with
arterial oxygen tension for at least three reasons.
The cells consume at least a little of the oxygen.
Some oxygen penetrates from the surrounding air
(23). Oxygen tension of skin having a fast blood
flow was found, on occasion, to be 20 mm. Hg
lower when the limb was in nitrogen rather than
in air. The fact that the temperature in the mi-
nute vessels of skin is lower than in large arteries
depresses the dissociation of oxygen from hemo-
globin. Measurements taken from the O, dis-
sociation curves of Brown and Hill, at 95% oxy-
gen saturation, show that this decrease amounts
to some 15 mm. O, tension when the temperature
decreases from 37° to 34° C. (27). The increase
in oxygen of skin which accompanies an increas-
ing skin temperature (Figure 5) results mainly
from the faster supply of oxygen to cells by reason
of the faster circulation, but also from the greater
diffusibility of oxygen, and from the greater dis-
sociation of oxygen from hemoglobin at increased
temperature.

The method can be applied to a number of stud-
ies in the field of peripheral vascular disease, in-
cluding the clinical usefulness of oxygen inhalation
and of heat and cold upon ischaemic extremities.
One can now only speculate upon possibilities of
new therapeutic uses for oxygen inhalation, per-
haps in conjunction with direct cooling, in some
cases, to lessen metabolism, or with direct warm-
ing, in others, to increase oxygen dissociation and
diffusibility.

The method lends itself to other studies, two of
the most important being estimations of arterial
oxygen tension by measurements in warm skin
and estimations of metabolism of skin. Conven-
tional measurements of arterial oxygen tension
are difficult, and require arterial sampling. The
oximeter requires an arterial puncture for cali-
bration and fails to operate beyond the limits of
the oxygen dissociation curve. The skin oxygen
tension method offers an opportunity to explore
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intra-arterial oxygen above and beyond the con-
fines of the oxygen dissociation curve. At ten-
sions above 100 mm. the skin electrode is useful
in clinical estimates of blood oxygen tension.
Current unpublished experiments on patients with
right-to-left pulmonary shunts show that oxygen
inhalation results in a minimal rise in skin oxygen
tension (31).

We have made some preliminary experiments
on metabolism in intact skin. One way to esti-
mate metabolism of skin is to measure the decrease
of O, tension in the skin of a limb after arresting
the circulation by means of a blood pressure cuff
inflated above systolic blood pressure (Figure 6).
The rate of decrease of O, tension is a function
of metabolism of skin, and the procedure has the
advantage of simplicity, but it has disadvantages.
One results from doubt concerning total arrest of
the circulation by such compression, though blood
flow through bone is said to be extremely small
(32). Another disadvantage is a lack of exact
information regarding the penetration of oxygen
from air into different skins, and into skin at dif-
ferent O, tensions. There is also the disadvan-
tage of blood in small vessels acting as variable
oxygen stores for the skin. When the venous
blood in the extremity is allowed to escape by ele-
vating the extremity and applying the cuff pres-
sure rapidly, the average time of exhaustion of all
oxygen from the skin is 15 minutes. When more
blood is trapped in the extremity by depressing
the extremity and applying the cuff slowly, the
average time of exhaustion of all oxygen from the
skin is 25 minutes. Furthermore, in skin con-
taining hemoglobin, there is the disadvantage that
the derivation of oxygen volumes from O, tension
would require measurement of CO, as well as of
temperature and hemoglobin, because of the ef-
fects of these two factors upon the oxygen dis-
sociation curve.

These disadvantages are circumvented by avoid-
ing the use of a pressure cuff, and substituting for
it the procedure of raising and advancing the tip
of the electrode. The disadvantage of estimating
metabolism by this blanching technique lies in the
fact that repeated blanchings produce a somewhat
irregular curve of decreasing O, tension, either
because of movement of the electrode tip, or be-
cause of cumulative damage to the skin at the tip
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of the electrode. Some other method of blanch-
ing the skin may prove advisable, but none that
we have tried has produced as rapid a drop in O,
tension of skin.

SUMMARY

1. A method is presented for making rapid esti-
mations of oxygen tension in intact human skin.
It depends upon use of a platinum electrode in-
serted into the skin to measure electrical current.

2. The electrode is calibrated by inserting it into
excised, dead skin immersed in solutions of vary-
ing, known oxygen tensions. When calculated
corrections for temperature variations are applied,
current varies directly with oxygen tension in the
solution.

3. The method is highly sensitive during a sin-
gle insertion into skin, and is roughly quantitative
over a number of insertions.

4. Evidence is presented that the method meas-
ures oxygen tension of skin tissue and not of
blood.

5. Measurements of oxygen tension of normal,
intact, living skin of the extremities during con-
spicuous cutaneous vasodilatation approximate the
theoretical value for oxygen tension of such skin.
Oxygen tension of the skin greatly diminishes
during cutaneous vasoconstriction induced either
directly or reflexly by cold.

6. In normal individuals, inhalation of oxygen
mixtures ranging from 10% to 100% changes the
oxygen tension of the vasodilated skin of the ex-
tremities approximately in proportion to the con-
centration in the inhaled mixture. Oxygen ten-
sions of skin during vasoconstriction are raised by
inhaling 100% oxygen, but not to the levels
achieved during vasodilatation. :

7. The low oxygen tension in the skin of ex-
tremities made severely ischaemic by occlusive
arterial disease is moderately increased by oxygen
inhalation.

8. A means of estimating the rate of utilization
of oxygen by intact skin is described.

9. Small pieces of freshly excised skin in 0.9%
NaCl equilibrated with air have zero oxygen ten-
sion, presumably because of metabolism without
circulation. As “death” of skin supervenes, oxy-
gen tension approximates that of air.

10. Death of intact skin of a limb is strongly
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suggested when its oxygen tension approximates
that of air and is not influenced by oxygen
inhalation,
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