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Few of the studies of temperature sensation
have emphasized the importance of the perception
of thermal change on the regulation of internal
body temperature. Not only does the recognition
of such changes make it possible for a man to pro-
vide a more comfortable environment for himself,
but the automatic regulation of heat production
and heat loss is dependent primarily upon it. The
separate channels through which the human body
dissipates its heat have been extensively studied
and each of them has been shown to'be important
under certain environmental conditions. The heat
exchange between man and objects in his environ-
ment can be altered by increasing or decreasing
the rate of blood flow to the skin. The resulting
alteration of skin temperature varies the heat ex-
change by conduction, convection, vaporization,
and radiation; and so balances the external heat
loss against the heat produced by metabolism that
a constant internal temperature is maintained.
The recognition by the organism of the tempera-
ture of environmental objects is thus important
for the regulation of body temperature.

The temperature receptors in the skin which are
responsible for the sensation of warmth and cold
have been identified (1), and although these end
organs are doubtless concerned in the autonomic
control of skin temperature, there is no proof that
other end organs may not be equally important.
However, the study of temperature sensation is
the most convenient way of investigating the per-
ception of environmental temperature change.

The knowledge of temperature sensation as it
is ordinarily experienced is meagre because almost
all experiments have been performed by placing
hot or cold objects on the skin so that only the
effect of conducted heat or cold has been deter-
mined. Such thermal stimulation is always com-
bined with tactile sensation and is quite different
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from the stimulation produced by a change of en-
vironmental convection or radiation. These lat-
ter changes are experienced much more frequently
than those due to contact with warm or cold
bodies.

There are many reasons why radiant heat is the
most suitable stimulus for a study of temperature
perception. It is the only thermal stimulus which
can be applied without simultaneously provoking
another sensation. The magnitude of the stimu-
lus is readily controlled and measured, and the ac-
companying skin temperature elevation can be
determined. The duration of the radiation and
the size of the area to which it is applied are un-
limited. The use of penetrating radiation has
made it possible to produce different types of
thermal gradient change during heating and has
proved useful in establishing the mechanism by
which the end organs in the skin are stimulated
by heat. Using radiant heat we have investi-
gated several aspects of temperature perception
and have discussed them in the following three
parts: Part I considers the absorption of radia-
tion by the skin and the relative effectiveness of
radiations of different wavelength on the stimula-
tion of warm sensation. Part II deals with the
thermal changes in the skin which are responsible
for the sensation of warmth. Part III discusses
the minimum sensitivity of the body to tempera-
ture change and the effect of the size of the ir-
radiated area on the sensation produced, as it is
influenced by the number of end organs stimu-
lated and by spatial summation of the separate end
organ responses.

Of all forms of thermal stimuli, radiation is
the most frequent and physiologically the most
important. Changes in environmental radiation
are constantly taking place and a radiation stimu-
lus always precedes a conduction stimulus when-
ever there is a marked difference of temperature.
Furthermore, recent studies (4) have shown that
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the exchange of radiation between the body sur-
face and objects in the environment is the most
important mechanism of heat loss under ordinary
conditions. Under conditions of comfort about
60 per cent of the heat produced by the body is
lost by radiation, and this amount varies consid-
erably under extremes of environmental radiation.
In zero weather a man loses twice as 'much heat
by radiation as he produces under basal condi-
tions; and on exposure to the sun on a clear, hot
day he absorbs more than three times as many
calories as his basal heat production (12). The
response to changes of environmental radiation is
in itself, therefore, one of the most important
mechanisms of heat regulation.

The radiation to which man is exposed in his
natural environment comprises a spectral range
from 0.29 p in the ultraviolet to 20 u in the infra-
red. Physiologically, this range may be divided
into four regions, the ultraviolet (A < .36 p), the
visible (0.36 p <A <08pu), the penetrating
infra-red (0.8 < A < 3p), and the non-pene-
trating infra-red (A > 3 u). The infra-red spec-
trum is so divided because of the intense absorp-
tion at the skin surface of radiation longer than
3 p. This absorption is due to'the presence of
water and organic compounds in the skin (8).
The action of ultraviolet light upon the skin is
largely photochemical, and this type of radiation
does not occur naturally in sufficient amounts to
affect the thermal mechanism of the body. The
effect of the longer waved radiation, in so far as
is known, is entirely thermal. The sun, which is
the most important radiator in man’s environment,
has an energy distribution at the 'earth’s surface
on a clear day about as follows (11, 13): 5 per
cent ultraviolet, 40 per cent visible light, 54 per
cent penetrating 'infra-red, and 1 per cent non-
penetrating infra-red. All other bodies in man’s
surroundings radiate penetrating infra-red or non-
penetrating infra-red.

The degree of heating of the skin by radiation
depends on the quantity of energy absorbed and
therefore is influenced by the reflecting power and
penetrability of the skin. These physical prop-
erties of the skin have been studied for various
spectral regions. Hardy and Muschenheim (9)
found that white human skin reflected less than 5
per cent of the non-penetrating infra-red radia-
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tion, and that 90 per cent of the energy was ab-
sorbed within 0.05 mm. of the skin surface. The
reflection of penetrating infra-red was greater, as
much as 25 per cent of the short wave near infra-
red being reflected and nearly 50 per cent of the
remaining energy penetrating to a depth of 0.5
mm. For both regions, the properties of the ne-
gro skin for reflection and penetration were found
to be the same as those for the white skin. From
white skin, more visible than penetrating infra-
red radiation was reflected, and visible radiation
has been shown to penetrate deeper than penetrat-
ing infra-red (2). Negro skin reflects about half
as much visible radiation as white skin; the pene-
tration of negro skin has not been satisfactorily
measured, but it is probably more opaque than
white skin to visible radiation.

A sensory effect of far infra-red, near infra-
red, and visible radiation was studied by Sonne
(14). He exposed an area on the forearm of
white subjects to the maximum amount of radia-
tion from these sources which the subject could
bear, and measured the intensity in gm.
cal/cm?/min. The values were for visible ‘3.11,
for penetrating infra-red 1.79, and for non-pene-
trating red 1.33. He found that the skin re-
flected 35 per cent of the visible and penetrating
infra-red radiation and none of the longer waved
infra-red radiation.

Keller (10) determined the effect of artificial
pigment on the heating resulting from irradiation
by these sources. He found that painting the
skin with india ink had no effect on the heating
due to non-penetrating infra-red radiation. How-
ever, the same quantity of visible radiation pro-
duced a much greater rise in the surface tempera-
ture after the pigment was applied than before.
The effect of india ink on the heating due to pene-
trating infra-red radiation was similar to, but less
marked than that due to visible radiation.

The present experiments differ from those of
Sonne and Keller in several ways. The minimum
perceptible sensation has been studied because we
believe that it is a more delicate test of warmth
perception than the maximum bearable sensation
which is essentially painful. Instead of applying
pigment to white subjects, negro subjects have
been used as a more direct approach to the prob-
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lem of pigment function. In addition to the arti-
ficial sources of radiation sunlight has been used.

METHODS

The sources of artificial radiation which we employed
were chosen after careful spectrometric analysis and their
emission curves are shown in Figure 1. Non-penetrating
infra-red radiation of longer wavelength than 3 & was
obtained from a 250 watt electric hot plate, 12 cm. in
diameter. A thousand watt tungsten filament flood light
furnished a penetrating infra-red band between 0.8 # and
3w after the visible and long wave ‘infra-red had been
filtered out by a Corning heat transmitting glass. This
lamp also supplied the visible radiation from 0.4 & to 0.7 &
after the light'had passed through 9 cm. of an 0.8 per cent
aqueous solution of copper sulphate. This filter did not
completely absorb a small band of infra-red at 1 & but it
furnished the most complete source of pure visible light
we were able to obtain. The near infra-red constituted
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head of the subject H was held behind a small screen in
which a circular aperture, 14.5 cm.?, limited an area on
the forehead to irradiation. A large screen separated the
subject from the operator and allowed the settings for the
stimuli to be made without the subject’s knowledge. A
cardboard shutter was held between the source and a hole
in this screen so that rays could pass to the subject only
when this shutter was removed. During experiments
with 'visible radiation, special care was taken that the
subject did not see the light.

A test for the minimum intensity of radiation which
would produce sensation was made in the following way.
The subject sat behind the screen with his head in posi-
tion for some minutes before these experiments began, to
accustom himself to the thermal sensation of his fore-
head. The shutter was then removed and a stimulating
amount of radiation allowed to fall on the exposed skin
surface for 3 seconds. This length of time was arbi-
trarily chosen because it was found that if any sensation
were produced it would be evoked by irradiation for this

i1 2 3 4 5 6

iz p

7 8 9 1o

WAVELENGTH

F16. 1. SPECTRAL DISTRIBUTIONS OF THE ENERGIES OF THE ARTIFICIAL
Sources oF RapiaTioN: (1) VisieLe LicHT, (2) PENETRATING INFRA-RED,

(3) NoN-PENETRATING INFRA-RED

about 24 per cent of the transmitted energy, and attempts
to decrease the relative'amount of near infra-red by alter-
ing the thickness or concentration of the filter resulted in
absorption of the visible red rays. To obtain a sufficient
intensity of visible, and in ‘some cases of penetrating
infra-red, the radiation had to be concentrated by a lens.
Precautions were taken to keep the focused radiation as
uniform as possible over ‘the exposed skin surface. The
intensity of various parts of the field was measured, and
the maximum variation of intensity was 10 per cent.

The sunlight used for stimulation was directed into the
laboratory by a heliostat. The radiation was reflected
from two second surface silvered mirrors, and its in-
tensity was regulated by controlling the size of the ef-
fective aperture.

A diagram of the apparatus used to measure the stimu-
lating effect of radiation is shown in Figure 2. The
source of the radiation, S, was mounted on a roll table so
that the strength of the stimulus could be altered by mov-
ing the source toward or away from the subject. ‘The

time. The subject signalled his perception by calling
“on.” The intensity of radiation was then decreased by
steps, and the test repeated until the smallest intensity of
radiation was found to which the subject responded with
accuracy. The forehead was then removed, and the
radiometer, R, placed in the aperture in the screen to
measure the strength of the radiation. This strength
was designated the minimum stimulus.

False sensations of warmth were largely eliminated by
noting the time after the onset of irradiation at which the
subject called “on.” With radiation of the minimum
perceptible strength, the sensation was always noted about
3 seconds after the exposure began. By this means the
operator evaluated the perception of sensation reported
by the subject. The test was considered satisfactory
when the minimum radiation was found to which the
subject responded in the characteristic time interval each
time he was exposed to radiation. Fatigue and lack of
concentration caused a great decrease in the sensitivity of
subjects, but when these factors were controlled similar
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values were obtained on repeated tests. This method is
more objective than those previously used in the study of
warm sensations.

The radiometer used to measure the intensity of radia-
tion was fitted with a small metal flange which rested
against the surface of the screen in such a way that the
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where

R MgCO, = Percentage reflected by MgCO;,
Rskin = Percentage reflected by skin,
d = Galvanometer deflection caused by radiation
reflected by MgCO,,
d, == Galvanometer deflection caused by radiation
reflected by the skin.
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F16. 2. DIAGRAM OF APPARATUS FOR MEASURING THE MINIMUM
DETECTABLE ENERGY :

S =1000 watt lamp; C = condensing lens; F = filter; H = subject’s

head ; R = radiometer.

absorbing surface of the instrument was always located in
the plane of the skin, perpendicular to the beam of radia-
tion. The thermopile of this instrument which was con-
structed in our laboratory was of the type previously de-
scribed (6) except that the radiation receivers were
blackened with india ink. The voltage generated was
measured with a Leeds and Northrup potentiometer
(Type K-2). The calibration was carried out with a
Leslie Cube and checked against a radiation standard of
the National Bureau of Standards. The sensitivity of the
instrument was such that 0.000051 gm. cal/cm?/sec. of
radiation generated 0.00001 volt.

To measure the reflecting power of the skin the fore-
head was placed in the aperture in the screen and a very
sensitive radiometer adjusted 7 cm. from the skin, per-
pendicular to its surface. The galvanometer index was
set at zero to compensate for the natural radiation from
the skin. The skin was then irradiated from an angle of
about 60° from the normal with a strength of radiation
too weak to change the skin temperature. The gal-
vanometer deflection resulting from radiation diffusely
reflected into the radiometer was measured. The proce-
dure was repeated, substituting a scraped block of mag-
nesium carbonate for the skin surface. Reflection from
the skin was calculated from the proportion:

RMgCO;, d

R skin N Z’

The reflection of various spectral regions for magne-
sium carbonate has been measured by Coblentz (3). He
found that about 86 per cent of radiation was reflected
throughout the visible spectrum. We determined pene-
trating infra-red reflection by interpolating Coblentz’s
values for our source and obtained the result 73 per cent.
The percentage of non-penetrating infra-red reflection
from skin was too small to measure by the above method.
Since it is known that both white and negro skin reflects
less than 5 per cent of far infra-red beyond 2u# we have
made no correction for non-penetrating infra-red reflec-
tion.

RESULTS

The smallest intensity of radiation, measured in
gram calories per second per cm.?, capable of pro-
ducing a sensation was determined on twelve
white subjects. They showed moderate differ-
ences of sensitivity but the relative stimulating
amounts of visible, penetrating infra-red, and
non-penetrating infra-red radiation were the same
for all. The results of tests on three white sub-
jects are characteristic of the group and are
shown in Table I. Subjects I and II were males
(with fair skins); Subject IIT was a woman
(whose skin had the same reflecting power as that
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TABLE I
Minimum stimulus in gm. cal[cm®[sec.: White subjects
Vel | Fesias | Nonpemsradg
Subjeet........... I I | nx I I | m I I
Triall............ .0026) .0026| .0028| 0015/ .0014| .0012| .0008| .0011| .0005
b INORORORRRI Y 0025| .0027| .0029 .0014| .0014} .0012| .0008| .0009| .0005
L 0025 .0015( .0015 .0009{ .0009
.0028| 0015
A for 3 b | 2
verage for 3 sul
j “ﬁng ....... i 0027 0014 0008
Reflecting power of
in, per cent..... 35 20 0
Energy absorbed. . . .0018 0011 .0008

of the other two subjects). An area of 14.5 sq.
cm. of forehead was exposed to the radiation.

It will be seen that the sensitivity of white sub-
jects increases with the wavelength of the incident
radiation so that the smallest response is produced
by the visible light and the greatest by the non-
penetrating infra-red. The reflecting power of
white skin for these radiations is also given in the
table and even when allowance is made for the
energy reflected, the increase in sensitivity with
increasing wavelength is apparent. Thus, the
absorption by the skin of the same amount of
visible, penetrating, or non-penetrating infra-red
will not produce the same intensity of sensation.

The sensitivity of two negroes to the three types
of radiation was measured. The values are re-

TABLE II
Minimum stimulus in gm. callcm?[sec.: Negro subjects
Visible light | Penetrating Non-
isible light | PEIEIRCRE | penetrating
Subject.............. I II I II I I
Trial1.......... .0012{ .0015| .0016{ .0020| .0009| .0006
2 e .0017( .0014( .0019{ .0020{ .0013| .0006
K 2 .0011{ .0012{ .0019 .0012
4., .0013 .0020 .0012
5.l .0020
Average......... .0013 .0014{ .0019{ .0020] .0011} .0006
Skin reflecting
power, per cent..| 13 16 17 19 0 0
Energy absorbed. . 0011 .0015 .00097

corded in Table II. Subject I was a very dark
negro man ; Subject IT was a woman of a medium
brown color. The difference in pigmentation is
evidenced by the skin reflecting power. As the
pigmentation of negroes is highly variable the val-
ues given in Table II would not apply to all col-
ored subjects. ‘

TABLE III

Minimum stimuli in gm. callcm?[sec. of sun’s radiation
White subjects Negro subjects

T T 1 I | I 1 | 11
Trial1................ .0020] .0023{ .0020| .0025] .0023
2 e .0026] .0026] .0025| .0021} .0024
3 .0026| .0026{ .0028 %5? .0029
Average............... .0025| .0025| .0024| .0023| .0025

Reflecting power, per cent 30 17 19

Energy absorbed. ...... .0018 .0020

The thermal response of the white and negro
subjects to sunlight was compared. It was found
convenient to use a larger area of the forehead for
these measurements and a skin area of 23.8 cm.?
was ‘irradiated. The minimum stimulus was
measured in the usual way, and the values are
given in Table III. The sensitivity of white and
negro subjects to the incident sunlight is seen to
be approximately the same ; the negro subjects re-
quired ‘greater absorption of energy to produce
sensation.

COMMENT

The results (Table I) of the study of the sensi-
tivity of white subjects to radiations of different
wavelength show that part of this effect is due to
the difference in the reflecting power of the skin
for the various radiations. After allowing for
reflected energy the non-penetrating infra-red is
more than twice as effective as the visible light in
producing sensation, and it is evident that the ef-
fectiveness of the radiation in stimulating sensa-
tion depends upon the opacity of the skin for that
radiation. The smaller the penetrating power of
the rays the more easily they produce sensation.
That the stimulating effect of radiation depends
solely on reflection and penetration can be seen
from the following experiment. The skin of
white subjects was coated with india ink to pro-
vide a surface which completely absorbs all radi-
ation, and minimum stimuli were determined by
exposing this artificially pigmented skin. The
sensitivity of the subjects to all the radiation
bands was then the same and was equal to that of
the non-penetrating, non-reflecting infra-red radi-
ation. Thus, all the differences in the response of
white skin to these radiations can be attributed to
a combination of reflection and penetration of the
energy.
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The ratio of the amounts of these radiations
which Sonne found when he produced the maxi-
mum bearable sensation in white subjects, is prac-
tically the same as that for the barely perceptible
warmth. It thus appears likely that this ratio is
valid for all degrees of sensation produced by
radiation. The sensation which Sonne (14) pro-
duced was essentially that of pain and not of heat,
a fact which suggests that strong stimulation of
the heat receptors results in pain.
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negro’s pigment influences the absorption of radi-
ation and the sensitivity to radiation. Studies
with carbon black are not applicable to an under-
standing of the functions of the human skin pig-
ment as related to radiation (5, 10).

The relationship between the absorption of ra-
diation by the skin and the sensitivity of both
white and negro subjects to it is shown diagram-
matically on Figure 3. The basis for the com-
parison is the sensitivity of white subjects to

WHITE | NEGRO WHITE| NEGRO WHITE | NEGRO,, WAVELENGTH UNITS
RELATIVE
MINIMUM_STIMULIL __ %0 145 190 1250 100 125 I =.00! MILLIMETER
1}4=1000 MILLIMICRONS
AMOUNT REFLECTED 120 |20 37 | so _0 o IM=10000 ANGSTROM UNITS
TOTAL AMOUNT ABSORBED 220 |125 183 | 200 100 125
WITHIN 0.2 MMOF SURFACE 110 [(t25) 92 | 120 100 125
BELOW 0.2 MM 110 ](0) (1] 80 [] ]
VISIBLE PENETRATING NON- PENE TRATING
LIGHT INFRA-RED INFRA- RED
[(=XTY 0T5p EJN

RELATIVE ENERGY REQUIRED
T0
EVOKE SENSATION

ULTRA-VIOLET
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Fi1c. 3. CoMPARATIVE STUDY OF RESPONSE oF WHITE AND NEGRO SUBJECTS TO VARIOUS RapiaTioN BANDs.
SoLip LiNE: WHITE SuBJeECcTS. INTERRUPTED LINE: NEGRO SUBJECTS

Minimum stimuli for negroes (Table II), as
for white subjects, depend on the reflecting and
penetrating properties of the skin. Negro skin
is more opaque than white skin to visible radiation
and to it the negroes were 55 per cent more sensi-
tive than the white subjects. For both types of
infra-red radiation white and negro skin have the
same absorbing properties, and the minimum stim-
uli for these two radiation bands show the same
ratio on the two groups of subjects. The fact
that the negroes required about 25 per cent more
of both infra-red radiations than the white sub-
jects is best accounted for by a difference in the
individual sensitivity of the subjects to heat. It
is only for the visible spectral region that the

non-penetrating infra-red; it is assumed that 100
units of this radiation are required for stimulation
of sensation. For each type of radiation the min-
imum stimulating quantity has been divided into
the amount reflected and the amount absorbed,
and the latter has been subdivided into that ab-
sorbed at the skin surface (superficial 0.2 mm.)
and that which penetrates into the skin. In the
lower part of the figure minimum stimuli have
been plotted'as solid curves for the white subjects
and as interrupted curves for the negroes. The
only marked difference in these two curves is for
visible light and this is associated with a striking
difference in the corresponding part of the table.
That visible radiation does not penetrate into
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negro skin as it does into white skin is shown by
this diagram. The absorption by the negroes of
only 125'units of visible radiation is required to
produce sensation; this is the same as the stimu-
lating amount of non-penetrating infra-red radia-
tion. Since non-penetrating infra-red is com-
pletely absorbed within the superficial 0.2 mm. of
the skin it is assumed that the visible radiation is
similarly absorbed. Because the penetration of
visible light into negro skin has not been measured
directly, these values on Figure 3 for the energy
absorbed at the skin surface and below, are en-
closed in parentheses.

In the experiments with sunlight, the white sub-
jects were stimulated by the absorption of about
10 per cent less radiation than the negroes. If
allowance is made for the fact that the white sub-
jects were individually about 25 per, cent more
sensitive to heat than the negroes, the negroes are
shown to be about 15 per cent more sensitive to
solar radiation than the whites. The 40 per cent
visible radiation in sunlight is responsible for this
difference in the sensitivity of the two groups.
Thus only in sunlight can pigment be considered
to play a significant role in the exchange of body
heat by radiation. It was previously shown that
pigment has no effect on the loss of heat from the
skin surface (7).

The fact that the least penetrating radiation is
the most stimulating, indicates that the production
of sensation by radiation results from the activa-
tion of the temperature receptors in the skin. It
has been suggested by Bazett and McGlone (1)
that the sensory response to radiation is due to the
stimulation of end organs other than those which
usually respond to thermal change. No real evi-
dence has been offered for this theory, and the re-
sults of the present study exclude such a possi-
bility. The non-penetrating infra-red which is
the most stimulating type of radiation is com-
pletely absorbed at the skin surface (within 0.1
mm.) and none of it penetrates to the depths at
which the end organs are found. The sensory re-
sponse to this radiation is necessarily due to heat
conducted from the surface.

SUMMARY AND CONCLUSIONS

1. Measurement of the thermal sensitivity of
the skin to radiation by a new technique is

523

described. The method provides for an objective
determination of the smallest rate of irradiation
which will produce sensation. The response of
the skin to sunlight, visible light, and infra-red
radiation was studied. The infra-red spectrum
was studied in two portions, that of wavelength
shorter than 3 p designated as penetrating infra-
red, and that of longer wavelength designated as
non-penetrating infra-red. Artificial sources of
visible ' light, penetrating, and non-penetrating
infra-red, were obtained by use of proper filters
and light sources. The purity of the spectral
bands was determined by a spectrometer. The
reflecting power of the skin and the intensity of
the stimulating energy were measured by a radi-
ometer.

2. The specific stimulating qualities of the vari-
ous radidtions were measured for white and negro
subjects. The results with white subjects showed
that the minimum amounts of incident radiation
required to evoke sensation were in the ratio of
3:2:1 respectively, for the visible, penetrating
infra-red, and non-penetrating infra-red radiation.
Allowing for the reflected energy the ratio be-
came 2.2:1.5:1. This last difference is attributed
entirely to the penetrating power of the radia-
tions ; the more penetrating the rays, the less sensi-
tive is the subject to them.

The study of negro subjects gave 1.5:2.5:1.3
as the ratios of the minimum stimulating energies
on the same basis as the white subjects. Correct-
ing for reflection 1.3:2.0:1.3 was the ratio. In
this study also the difference in the stimulating
abilities of the radiation bands can be explained by
the difference in the opacity of the skin for the
radiation.

3. Comparative studies of white and negro sub-
jects showed that the negro subjects were approx-
imately 76 per cent as sensitive to infra-red radia-
tion as the white subjects. The white subjects
were 15 per cent less sensitive than dark negroes
to the thermal effects of sunlight.

4. The effect of natural pigment upon the re-
sponse to thermal radiation is significant only in
the visible 'portion of the spectrum. The effect
of natural pigment upon the thermal response to
sunlight is found to be small. Therefore, pig-
ment plays only a small role in the thermal ex-
change of man and his environment.
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5. The sensory response to radiation is the re-
sult of the stimulation of the temperature recep-
tors in the skin.
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