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Department of Medicine, Cornell University Medical College, New York City)
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The first papers of this series (1, 2, 3) reported
methods of using radiant energy as a purely ther-
mal stimulus and demonstrated that the sensory
effects of radiation depend upon the temperature
changes produced in the skin by the absorption
of various spectral bands. The threshold stim-
ulus which activates a warmth sensitive end organ
was measured and was differentiated from the
sensory threshold of warmth. The sensory
threshold was shown to vary when different parts
of the body surface were exposed to the stimulus,
and this variation depended largely upon the end
organ population of the part and upon the ability
of the central nervous system to combine or sum-
mate discharges resulting from the activation of
numerous end organs. On certain parts of the
body surface the end organ population appeared
to be uniform, and here the relationship between
the strength of the threshold stimulus and the
size of the stimulated area followed a mathe-
matical formula. This was assumed to be the
formula for the summation of end organ re-
sponses from that region of the body surface.

The psychological aspects of cold sensation
have been studied extensively by Goldscheider
(4), Levine and Dallenbach (5), and others, and
the physiology by Bazett and McGlone (6) and
more recently, by Nafe and Wagoner (7). The
importance of temperature sense in the regulation
of body heat loss has been recently emphasized
by Herrington, Winslow, and Gagge (8), by
Jung, Doupe, and Carmichael (9), and by Du
Bois (10). The past studies of cold sensation
have not been concerned essentially with the rela-
tion of cold sense to regulation of body tempera-
ture, and it was hoped that with the radiation
method more could be learned about how the
human body recognizes the temperature of ob-
jects in its environment and that any similarities
or differences associated with the mechanism of
the perception of warmth and cold would be
found. As all objects of the temperature of the

skin surface or colder radiate in the spectral re-
gion longer than 4, and inasmuch as the skin
has the same optical properties throughout this
entire spectral range, we are not concerned with
the effects of different wave lengths in the present
study. The problem is limited, therefore, to a
determination of the threshold stimuli for cold
and to a comparison of the summation of re-
sponses from cold end organs with the summation
of responses from heat end organs.

EXPERIMENTAL

In the present experiments the technique previously
used has been altered to apply to an investigation of cold
sensation. The sense of cold was stimulated by exposing
a portion of the body surface to a block of solid CO,.
The radiant exchange between the skin and the CO,
is conveniently termed “cold” radiation! In these ex-
periments the skin, which has become adapted to the
general environment, is suddenly exposed to an object
much below room temperature so that the heat loss
from the skin by radiation is greatly increased. This
increase in heat loss is the quantity which is measured
as “cold” radiation, and is actually the heat loss of the
environment by radiation to the cold object. Thus ob-
jects below the general environmental temperature will
be sources of cold radiation and those above will be
sources of heat radiation.

Measurement of the minimum stimulating amount of
cold radiation

The apparatus used to measure the minimum stimulat-
ing amount of cold radiation was essentially the same
as that used for determining the minimum stimulating
amount of heat radiation and is described in detail in the
first paper of this series (1). In place of the incan-
descent lamp or electric stove used as sources of radiant
heat (S in Figure 1 of Paper 1) a block of CO, snow,
20 X 20 cm., was used as a source of cold radiation. A
silver lined truncated cone (30 cm. long, 22.3 cm. in diam-
eter at its base, and 7.7 cm. in diameter at its truncated

1'As the term “cold” radiation already appears in
standard textbooks of physics (See Edwin Edser, Heat
for Advanced Students, McMillan and Co., 1929) and
is being used by students and engineers interested in
air conditioning, acceptance of the term and its defi-
nition appear desirable.
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end) served to concentrate the rays in place of the lens
which focused the heat rays in some of the former ex-
periments. No filters were used. The strength of the
radiation was altered by moving the block of snow to-
wards or away from the subject. A cardboard shutter
was held between the CO, block and the cone, and after
the subject had become accustomed to the sensations of
the apparatus and the room, the shutter was removed
and a stimulating amount of radiation allowed to fall on
the subject’s forehead for 1 second. This length of
time was used for cold stimulation rather than the 3
seconds used for warm stimulation because the cold was
perceived much quicker than the warmth. Repeated tests
were made until the smallest amount of cold radiation
which the subject recognized accurately in this time was
found; the strength of the radiation was determined with
a small radiometer in the same manner that the warm
radiation stimulus was measured.

Circular holes cut in pieces of cardboard limited the
size of the skin area irradiated, and threshold stimuli
were determined for 8 areas ranging from 3.46 sq. cm. to
1986 sq. cm. The same technique was used to measure
reflection of cold radiation that had been used to meas-
ure infra-red reflection. Cold reflection was found to
be too small (less than 2 per cent) to effect the present
results.

Measurements of the thermal changes resulting from
cold radiation

Skin temperature changes resulting from cold radiation
were measured by the same technique with which the
changes resulting from warm radiation were measured,
and that method is described in detail in the second
paper of this series (2). The apparatus is shown in
Figure 1 of that paper. When the silver lined cone was
used to augment the cold radiation, it was mounted on
the same axis as the skin temperature measuring radi-
ometer in such a way that it reflected the radiation on-
to the skin surface while the radiometer was before
the constant temperature reference body. Swinging the
radiometer into position for measuring skin temperature
automatically moved the cone to one side. Curves of
the heating of the skin after cold radiation (corre-
sponding to cooling after heat radiation) were formed
and from them constant time charts were constructed.
They are shown in Figure 1. The details of their forma-
tion and their interpretation are the same as for heat
radiation and are described elsewhere (2). The lines
on this chart show the average cooling of the skin sur-
face by various strengths of cold radiation applied for
15, 30, 45, and 60-second periods. Skin temperature
changes reported in this paper are all derived from these
charts.

Early in the present investigation it became apparent

that there was a marked difference between the thermal
and stimulating effects of the same quantities of radiant
heat and cold. Because of the limited available intensity
of cold radiation it was necessary to measure even
smaller skin temperature changes than had to be meas-
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ured in the experiments with warmth. Therefore, a
number of tests were made to determine the accuracy
of the methods.

Calibration of skin temperature radiometer

As the method of determining the amount of the
change in skin temperature produced by a given exposure
to the CO, involved continuous observation of the skin
temperature for some minutes after the exposure, the
following experiment was devised to test the procedure.
Two Leslie cubes were mounted so that the radiometer
could swing readily from one to the other, the thermopile
of the radiometer facing directly into the cone of each
cube. The water in each cube was stirred constantly
by a motor and maintained at constant (= 0.01° C.)
temperatures by thermostatically controlled heaters.
The temperature of the water was measured by U. S.
Bureau of Standards certified thermometers, accurate
to 0.001° C,

One cube served as a constant temperature reference
body at 33.70° C. and the radiometer standardized against
it. The radiometer was then swung over to the other
cube, which was maintained at 34.55° C. for 3 minutes,
when the heater was turned off and the cube allowed to
cool. At intervals of one minute the cube thermometer
was read and simultaneously the difference between the
temperatures of the two cubes was measured with the
radiometer. The results are shown in Figure 2. Ther-
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STIMULATION OF COLD SENSATION BY RADIATION

mometer readings are plotted as solid dots. Radiometer
readings as circles. As there was less than 0.005° C.
difference between the temperature readings by these two
methods it can be assumed that the radiometer will ac-
curately follow the skin temperature changes for some
minutes.

Measurement of temperature changes produced by heat
and cold radiation on a blackened metal plate

To make sure that the observed difference in the ther-
mal properties of heat and cold radiation for the skin
was not owing to the experimental procedure, the heating
and cooling of a thin, blackened, copper plate was ob-
served. One Leslie cube- served as a constant tempera-
ture reference body and a circular copper plate was
mounted 3 mm. in front of the cone of a second Leslie
cube, which was also kept at a constant temperature.
The front surface of the plate was blackened and a
thermocouple was soldered in the middle of it so that its
temperature could be continually recorded. After the
plate had come to thermal equilibrium, it was irradiated
with 0.00105 gm./cal./cm.?/sec. of heat for periods of
30 and 60 seconds, and the subsequent cooling after ir-
radiation was measured by the radiometer. The proce-
dure was repeated, using the same number of calories
of cold radiation for the same time periods. The results
are shown in Figure 3. Almost identical temperature
changes were found after warm and cold irradiation,
and there was close agreement between the temperature
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measured with the radiometer and by the thermocouple.

From the above control experiments we feel that the
radiometric measurement of surface temperature by our
method is accurate to == 0.005° C.

RESULTS

The minimum perceptible cold radiation was
measured for several areas on six subjects, all
of whom were found to have approximately the
same sensory thresholds. On two of these sub-
jects a detailed study of the sensory threshold for
cold radiation was made by exposing 8 different
sized areas to the radiation stimulus. The 6
smallest areas, ranging from 3.46 cm.? to 40 cm.?,
were tested by exposing parts of the forehead.
The two larger areas consisted of the whole face
and the upper half of the anterior body surface.
In Table I the minimum amounts of radiation
which could be perceived as cold by each subject
on each area are recorded together with the aver-
age figures for both subjects. It is evident from
this table that, as in the study with radiant heat,
the threshold stimulus for cold decreased pro-
gressively with each increase in the area of the
skin surface tested.
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It was shown in the previous experiments that
a radiation stimulus is a thermal stimulus, ef-
fective as a result of the skin temperature change
which is produced. In the last column in Table
I, the changes in the temperature of the surface
of the skin produced by the threshold stimuli are
shown. They likewise show decreasing values
the larger the size of the area tested. The rela-
tionship between the threshold stimulus (ex-
pressed as surface temperature change) and the
size of the area tested is shown graphically in
Figure 4. Because of the wide range of values
the results are plotted in logarithms. The curve
is of the same type as that formed from the re-
sults of a similar experiment with non-penetrating
infra-red radiation. We were unable to obtain a
sufficiently strong cold stimulus to test very small
areas. The threshold stimulus for a single end
organ found by Bazett and McGlone (6) is
shown added to our curve by an interrupted line.

Within the range of radiation intensities used
in these experiments the fall of skin temperature
was directly proportional to the strength of the
radiation applied for a constant time. This is
~shown on Figure 1, in which skin temperature
change is plotted against the strength of the radia-
tion applied for 15, 30, 45, and 60-second periods.
The lines drawn between the points are straight
and pass through the origin. This result, which
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was also present in the experiments with heat, in-
dicates that these temperature changes are inde-
pendent of vasomotor effects and are produced
by the absorption of the radiation. There was a
striking difference between the thermal effect of
heat and cold radiation, cold changing the skin
temperature much more than the same number of
calories of heat. This is shown on Figure 5, in
which the results of experiments with heat and
cold are plotted on the same scale. The upper
curve indicates changes caused by cold ; lower line,
changes resulting from heat.

DISCUSSION

The unequal changes of skin surface tempera-
ture produced by identical amounts of heat and

TABLE I
Minimum stimuli for various sized body areas
Skin
temper-
Area Subject I|Subject II{ Average | ature
eleva-
tion
Location | Se |S0 S| Eonl/ S el Rate
°C.
cm? secog:;
Forehead....| 3.46 |0.0013 |0.0012
0.0013 | 0.0014
0.0013 | 0.0013 | 0.0013 |0.019
Forehead... . 7.08 |0.00094| 0.00094
0.00097( 0.00095
0.00094| 0.00092
0.00094 0.00094( 0.013
Forehead....| 10.0 0.00082} 0.00082
0.00079| 0.00077
0.00072{ 0.00072
0.00072( 0.00074{ 0.00076] 0.011
Forehead....| 14.5 0.00064| 0.00059,
0.00072{ 0.00065
0.00063| 0.00068
0.00062| 0.00065] 0.009
Forehead....| 23.8 0.00046| 0.00051
0.00036| 0.00051
0.00051} 0.00048
0.00047} 0.00050| 0.00048| 0.007
Forehead....| 40.0 0.00046{ 0.00041
0.00043| 0.00038| 0.00042| 0.006 —
Entire face..| 197 0.00033| 0.00036
0.00032{ 0.00033| 0.00033| 0.004
Face and
chest..... 1,680 (I) | 0.00032| 0.00026
1,940 (1I)| 0.00027} 0.00022| 0.00027| 0.004 —
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cold radiation was an unexpected and at first per-
plexing finding. The experiments in which the
temperature of the blackened copper plate was
measured after warm and cold radiation indi-
cated clearly that the measurements were accu-
rate and that the observed phenomena were not
owing to an error in technique. Vasomotor
changes seemed to be eliminated as a cause by
the linear relationship found between surface
temperature change and the quantity of the heat
or cold radiation absorbed. Bazett and McGlone
(6) had reported that cold is conducted into the
skin more slowly than heat and it seemed that this
might explain our results on a purely physical
basis. At the room temperature in which we
worked the skin surface was colder than the
deeper structures and heat was constantly flowing
out. A simple experiment with artificial material
was devised to stimulate the conditions in the
skin.

A piece of beef muscle 7 mm. thick was pasted
on one side of a Leslie cube. The water in the
cube was maintained at 37.20° C. It was then
irradiated for periods of 30 and 60 seconds with
equal amounts of heat and cold, and the change
in its surface temperature after each period was
measured with the radiometer in the same way
that the temperature of the skin surface was

measured after irradiation. The results are
shown on Figure 5 together with the changes in
skin surface temperature produced by the same
amounts of radiation. The lower curve is the
temperature change caused by heat radiation, the
upper curve by cold radiation. Almost exactly
the same temperature changes occurred on the
meat and on the skin surface. The difference ob-
served between the thermal effect of warm and
cold radiation therefore seems to depend upon
the thermal properties of tissue and is entirely
independent of the blood flow in the skin. This
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phenomenon occurs only during short periods of
irradiation, for the circulation in the skin is altered
after one or two minutes’ exposure and for long
periods like amounts of heat and cold radiation
do not cause equal and opposite skin temperature
changes.

Because of the phenomenon just discussed, it
is obvious that heat and cold sensation cannot be
compared on the basis of radiation intensities and
that comparison is possible only when the change
of the skin temperature is considered as the
stimulus. In our results the actual temperature
changes at the end organs are not known, for they
will depend on thermal conduction into the skin.
We have contrasted the skin surface temperature
increase or decrease associated with minimal sen-
sations of warmth and cold for a number of dif-
ferent sized areas. This is graphically shown on

RATE OF TEMP.CHANGE
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Figure 4. Analysis of these curves reveals cer-
tain interesting differences between the perception
of warmth and cold. In the region of large areas
the curves are horizontal and further increase in
the size of the area tested, although increasing
the number of end organs stimulated, fails to re-
duce the threshold stimulus. The minimum tem-
perature change has been reached to which end
organs will respond. This threshold for cold end
organs is a fall of skin temperature of 0.004° C.
per second and is much greater than the threshold
for warm end organs of 0.001° C. per second.
The curve for cold sensation slopes more gradu-
ally and eventually crosses the curve for heat
sensation so that in the region for small areas the
sensory threshold for warmth is higher than the
sensory threshold for cold. This, together with
Bazett and McGlone’s value for the threshold for
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(See text for detailed description.)
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a single end organ, indicates that the number of
cold endings is greater than that of the heat end-
ings and that responses from warm end organs
are summated more effectively than responses
from cold end organs.

These findings strongly support the belief that
separate end organs respond to increases and to
decreases of skin temperature. An elevation of
skin surface temperature of 0.001° C. per second
activates heat receptors; a fall of 0.004° C. per
second, cold receptors. These responses take
place within a range of skin temperatures of sev-
eral degrees, the exact limits of which were not
determined. It is entirely possible for an object
remaining at constant temperature to stimulate
warm receptors when the skin is cold and cold
receptors when the skin is warm. The warmness
or coldness of any object is therefore a physi-
ological property dependent entirely upon its effect
in’altering skin temperature. This effect can be
brought about by vasomotor change, by vaporiza-
tion, draughts or the conduction or radiation of
heat or cold to the skin. There is no evidence
from these experiments to support the contention
of Nafe and Wagoner (7) that temperature sen-
sation is secondary to vasomotor responses to
thermal stimuli.

To summarize these experiments on the per-
ception of heat and cold by the human organism
in a comfortable environment, we have added
Figure 6. The upper half of the chart repre-
sents the change in sensory threshold for heat
over a wide range of areas on the face and an-
terior thorax; the lower half, the change for
cold over the same areas. The regions external
to the curves represent conditions under which
sensation of warmth or cold is experienced; the
ruled regions, conditions under which end organs
are responding but no sensation is evoked. The
clear portion between the ruled areas show the
degree that the skin temperature can be raised or
lowered without activating thermal receptors.

SUMMARY

Using the radiation technique previously de-
scribed, the end organs in the skin which are sen-
sitive to cold were stimulated. The term “ cold ”
radiation was defined. The source of cold radia-
tion was a block of CO, snow, the rays from

i

which were concentrated onto the skin by a large
silver cone. The foreheads of six subjects were
tested and the individual sensitivity to cold radia-
tion found to be approximately the same. Two
subjects were studied in detail by determining the
minimum stimulating intensities of cold radiation
for areas of different sizes. The thermal changes
produced at the skin surface by these radiations
were measured to == 0.005° C. with a radiometer.

CONCLUSIONS

1. The number of cold end organs per unit
area is greater than the number of heat endings
and they are nearer to the skin surface.

2. On the forehead, spatial summation of cold
sensation follows the same pattern as for heat
sense but the summation is poorer.

3. The threshold of thermal stimulation for a
cold end organ is a fall in skin temperature of
0.004° C. per second.

4. Cold radiation produces about twice the rate
of change in skin temperature, calorie for calorie,
as does heat radiation.

5. Temperature sensation does not depend upon
vascular changes in the skin.
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