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ABSTRACT

For more than 2,000 years, local tissue
heating has been used to treat rheuma-
tism, arthritis, muscle strains and sprains,
and a variety of other afflictions. Heat
can be applied with hot packs, ultra-
sound, diathermy, microwave, lasers, or a
whirlpool bath. The overall effect is the
same. Heat is applied to the surface of
the skin in an effort to transfer the heat
deep into the tissue. However, there is
always a possibility of harmful as well as
beneficial effects from the heating of the
skin. Numerous models have been
developed, including the Pennes equa-
tion, to understand how blood flow and
skin conductivity are related. However,
this model does not take into considera-
tion the effect of central sympathetic
outflow on skin thermal conductivity.

Therefore, the present study examined
heat dissipation in the skin on 4 areas on
the body in 10 subjects in thermally neu-
tral and warm environments to alter
skin sympathetic activity. The results of
the experiments showed that if skin
thermal conductivity is measured with
subjects exposed to a warm environ-
ment, heat loss is more pronounced in
the skin. Thus in a cold room, hot packs
cause a greater change in skin tempera-
ture and provide greater stress on the
skin.

INTRODUCTION

Unlike the core tissues of the body
where tissue is maintained at a fairly
constant temperature of approximately
37°C, the shell tissues of the body, that is
the arms, legs, and superficial areas of
the skin, are maintained at considerably
lower temperatures.!? For more than
2,000 years, heating of tissue has been
used to increase vasodilatation of the
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Table 1. Skin Blood flow, skin tfemperature and skin thermal index after exposure to a thermally

neutral and warm environment

Thermally Neutral Room

Skin Blood Blood Skin Skin
Thermal Flow Flow Temp Temperature
Index Rest Change Rest °C Change °C

Back 14.4 84.0 41.6 31.8 3.4

Hand 22.6 118.1 68.7 31.8 3.1

Quadriceps 22.8 57.6 60.4 30.6 3.3

Toe 20.8 173.9 70.4 24.4 4.7

Mean 20.2 108.4 60.3 29.7 3.6

Hand occluded 16.4 n/a n/a 31.8 3.3

Skin thermal index = number of calories to increase skin temperature 1°C;

blood flow change = the increase in blood flow during local heating over the 30-second period;

skin temp rest °C = the skin temperature at each area examined at rest;

skin temperature change °C = the skin temperature at each area examined after 30-second exposure to the brass disc

skin and the tissues below.>* Numerous
studies point to the therapeutic benefits
of warming tissue.*® Irrespective of the
means of warming the tissue, be it
diathermy, microwave, or ultrasound, +°
there is an increase in temperature of
both the skin and the tissue below that
allegedly increases tendon extensibility,’
reduces joint stiffness,® and increases
local tissue blood flow.’

Although numerous studies argue
the advantages and disadvantages of one
therapeutic modality versus the other in
heating tissue,!? or using combined
modalities such as hot packs and ultra-
sound together,” the fact remains that
heat must be transferred from the skin
to deep tissue in order to be effective.
By warming the skin, a thermal gradient
is established between the surface of the
skin and the deep arteries of the body,
thereby warming the tissue in between.
For example, typical forearm tempera-
ture at the surface of the skin is approxi-
mately 31°C, whereas temperature of the
bone is approximately 33°C.! To increase
deep tissue temperature, considerably
higher temperatures are necessary at the
surface of the skin. For example, increas-

ing skin temperature to 42°C causes an
increase in circulation, which then dissi-
pates some of the heat but allows other
heat to transfer through conductive heat
loss to deep tissues below. !

Body fat has a strong influence on
skin and deep tissue temperature in men
at rest.!? Subjects with a high body fat
content have poor conductive heat loss
to the deep tissues, and therefore
require higher surface temperatures for
heat transfer.'® There is also a tendency
to use higher temperatures in some pop-
ulations where local tissue temperatures
are sometimes elevated to 42°C or 43°C
using microwave,'*! ultrasound,'® or
lasers.'” When thermal conduction of the
skin is overloaded, damage can result to
the skin.'®

To understand the factors that influ-
ence the conduction of heat across the
skin, Pennes heat equation is commonly
used.!”? Recently, Gowrishankar
showed that a transport lattice matrix is
also a good approach to understanding
heat dissipation in the skin.!® However,
neither model takes into consideration
changes in skin blood flow associated
with altered sympathetic outflow.
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Warm Room

Skin Blood Blood Skin Skin

Thermal Flow Flow Temp Temperature

Index Rest Change Rest °C Change °C

411 94.3 46.8 35.8 1.1

33.8 184.8 715 36.3 1.3

27.0 128.2 107.5 34.8 1.9

50.8 198.2 100.9 35.5 1.2

38.2 151.4 81.7 35.6 1.4

26.3 n/a n/a 36.5 1.4

Because sympathetic vasoconstriction ly screened prior to the investigation

can override all other stimuli to the skin and signed a form acknowledging their

and reduce skin blood flow even in the consent to participate in the study. All

face of noxious stimuli,? alteration in protocols and procedures were

sympathetic outflow due to global heat- approved by the Committee on Human

ing, for example, may alter the thermal Experimentation at Loma Linda

conductivity of the skin. University.

Therefore, in the present investiga-

tion, conductivity of the skin was METHODS

assessed in 10 subjects at 2 environmen- Measurement of Heat Dissipation

tal temperatures, a thermally neutral The ability of the skin to dissipate heat

temperature and a warm temperature. was measured by applying a 48-gram

The ability of the skin to dissipate heat brass disc to the surface of the skin

was then assessed under both environ- (diameter 25 mm). The disc was coated

mental conditions by applying a heated with 3 coats of polyurethane rubber to

brass disc to the skin and monitoring the avoid heat loss except on the bottom

change in skin temperature and skin surface. A hole was drilled (5 mm)

blood flow as the brass disc cooled. By through the center of the disc to allow

knowing the number of calories added simultaneous blood flow measurements

to the skin and the change in skin tem- under the area where the disc was

perature, the thermal conductivity of the applied by allowing the laser (Moor

skin could be calculated. Instruments, Oxford England) to scan
through the brass disc. Furthermore, a

SUBJECTS small hole was drilled (1 mm) through

A group of 10 subjects was examined. the side of the disc so that a thermistor

The average age of the subjects was 25.9 could be inserted into the center to

+ 3.4 years. The average height was 165.3 measure the temperature of the brass

+ 3.3 cm and the average weight was disc (Biopac Systems, Goletta, CA). The

61.8 + 7.6 kg. All subjects were medical- disc was then held by a thin wire and
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placed in a water bath at a temperature
of 41°C for 1 minute prior to use. This
brought the brass disc to a uniform tem-
perature. The disc was then lifted out of
the bath, quickly blotted dry, and placed
on the skin. Once the disc was placed on
the skin, the change in brass disc versus
skin temperature was assessed over a
30-second period to measure the heat
transfer from the disc to the skin.
Temperature of the skin was measured
by a second thermistor (Biopac
Incorporated, Goleta, CA). The data
from the 2 thermistors were amplified
with 2 Biopac amplifiers and digitized
with a 16-bit analogue-to-digital con-
verter and a Biopac MP 150 system.
Before each experiment, the thermistors
were calibrated in a controlled tempera-
ture water bath against a standard ther-
mometer to assure accuracy in the
temperature measurements.

Measurement of Blood Flow

Blood flow was measured by a Moor
Instruments laser Doppler imager
(Oxford, England). The imager was used
in the single point mode such that a sin-
gle laser beam continually monitored
blood flow in 1 location. The laser was
calibrated with standard calibration
beads on a weekly basis to assure its
accuracy and repeatability in flow meas-
urements. The laser was kept at a dis-
tance of 20 centimeters above the skin
for all measurements.

Method of Clamping Skin Temperature
Skin temperature was clamped using a
Peltier junction. The Peltier junction had
heat sinks mounted on the top to dissi-
pate cold and was connected to a 12-volt
variable current power supply. As the
current was increased into the Peltier
junction, heat was applied to the skin.
Generally, the current used was 300 mil-
liamps at 1.5 volts or 0.45 watts. Current
was applied to the Peltier junction to
slowly increase the temperature of the

skin to 29°, 32°, 35°, 38°, and 40°C, and
then at each temperature, current was
reduced to clamp skin at that tempera-
ture for 30 seconds prior to blood flow
measurements.

PROCEDURES

On any 1 day, subjects entered the labo-
ratory and sat in either a thermally neu-
tral room or a warm room (38°C) at rest
for 20 minutes. Subjects wore short
sleeve shirts and shorts during this peri-
od of time. The temperature of the room
was regulated either at 18° + 2°C (ther-
mally neutral environment) or 38° + 2°C
(warm environment) with humidity at 35
+ 10%. After the subject rested, he or
she lay in a horizontal posture and
points were marked on the lower back,
above the quadriceps muscle, toe, and
hand where measurements would be
taken. In random order, the heated brass
was applied to the skin for a period of 1
minute and changes in skin temperature,
skin blood flow, and the temperature of
the brass disc were measured continu-
ously as described previously. This was
accomplished both in the thermally neu-
tral and warm rooms at each body loca-
tion. Finally, in an additional set of
experiments, only on the toe and the
back, the skin was heated in stages to
29°,32°,35°,38°, and 40°C with a Peltier
junction, and blood flow was measured
through a hole in the center of the
Peltier junction. This latter series of
experiments was performed to see the
interaction between central sympathetic
outflow and local heat on altering skin
blood flow.

Statistical Analysis

Statistical analyses involve the calcula-
tions of means, standard deviation (SD),
and Student’s ¢-tests. In addition, a
repeated measure analysis of variance
(ANOVA) was used to compare the
changes within groups. The level of sig-
nificance was P<0.05.
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Toe, Thermally Neutral Environment

-8 858U Y

B

Figure 1. The blood flow (flux) measured on the toe in 10 subjects as the mean + SD at 2 seconds
before, 1 second before, and at 3, 4, 5, 10, 15, 20, and 30 seconds after the application of the
brass disc; (A) shows the response of the 10 subjects in the thermally neutral room whereas (B)
shows the response of the subjects in the heated room.

RESULTS for the 4 regions of the body started at
When the disc was applied to the skin, 29.7°C before the application of the disc
there was an exponential decrease in and then increased by an average of

disc temperature and an exponential 3.6°C after application of the brass disc
increase in skin temperature. As shown in the thermally neutral environment.

in Table 1, the skin temperature average The lowest temperature recorded for the
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Back, Thermally Neutral Environment

B

Figure 2. The blood flow (flux) measured on the back in 10 subjects as the mean + SD at 2 sec-
onds before, 1 second before, and atf 3, 4, 5, 10, 15, 20, and 30 seconds after the application of
the brass disc; (A) shows the response of the 10 subjects in the thermally neutral room whereas
(B) shows the response of the subjects in the heated room.

skin was on the toe where the tempera-
ture was significantly cooler than the
other 3 regions of the body (P<0.01) by
ANOVA. Coincidentally, this area
showed the greatest increase in temper-
ature after application of the disc,
increasing by 4.7°C. In contrast, in the

warm environment (hot), average skin
temperature started much higher
(35.6°C) than when the subjects were in
the neutral room. Here, there was no
statistical difference between the skin
temperatures and location.
Interestingly, the change in the skin
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Hand, Thermally Neutral Environment
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Figure 3. The blood flow (flux) measured on the hand in 10 subjects as the mean + SD at 2 sec-
onds before, 1 second before, and at 3, 4, 5, 10, 15, 20, and 30 seconds after the application of
the brass disc; (A) shows the response of the 10 subjects in the thermally neutral room whereas
(B) shows the response of the subjects in the heated room.

temperature after disc application, which body in the warm room (P<0.01). In the

was also statistically greater in the toe warm environment, the change in skin
than in the other areas of the body in temperature was approximately one
the cooler environment (P<0.05), was third of that of the thermally neutral
significantly less in each region of the environment. Thus, if the room was
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Quadriceps, Thermally Neutral Environment

B

Figure 4. The blood flow (flux) measured on the quadriceps in 10 subjects as the mean + SD at
2 seconds before, 1 second before, and at 3, 4, 5, 10, 15, 20, and 30 seconds affer the applica-
tion of the brass disc; (A) shows the response of the 10 subjects in the thermally neutral room
whereas (B) shows the response of the subjects in the heated room.

warm, then there was little heating of hand, and quadriceps muscle. Each
the skin. graph shows the mean + SD for the

The resting blood flow 2 seconds group. In addition, each figure shows the
before the application of the disc and resting skin blood flow and the changes
the blood flows over a 30-second period in blood flow that resulted from applica-
during which the brass disc was placed tion of the disc in the thermally neutral
on the skin are shown in Figures 1 room and the 38°C environment.
through 4 respectively for the toe, back, As can be seen in these figures and
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Figure 5. The skin blood flow (in flux) from the back and the foe when skin femperature was
clamped at 29°, 32°, 35°, 38°, and 400C (85°, 90°, 95°0, 100°, 104°F). Each graph shows the
response of the subject in the thermally neutral and warm environments.

summarized in Table 1, for the toe, blood in the warm room. In contrast, for the

flow at rest was highest in any level in quadriceps, blood flow was lowest aver-
the body averaging 173.9 flux in the aging 57.6 flux in the thermally neutral
thermally neutral room and at 198.2 flux room and 128.2 flux in the warm room.
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The increase in blood flow comparing
rest to after 30-second application of the
brass disc was significant in the both the
thermally neutral room and the warm
room (P<0.01). However, the change in
the blood flow was greatest in the warm
room for each of the 4 regions of the
body averaging 81.7 flux increase com-
pared to a 60.3 flux increase in the cool-
er environment. The increase in blood
flow after application of the brass disc
was significantly greater above the
quadriceps muscle and the toe in the
warm room (P<0.05) compared with the
back and hand. This can be seen in Table
1 and Figure 1 for the toe. The pattern of
blood flow change for the toe was nearly
identical after application of the brass
disc to the toe after exposure to either
of the 2 environmental temperatures,
showing an immediate and then continu-
ous increase in blood flow over the 30-
second period. For the skin on the back,
although blood flow varied greatly from
one person to another as assessed by the
SD in Figure 2, the same general trend
was seen. As shown in Figure 3 for the
hand, blood flow was substantially high-
er and also showed the same general
trend; however, blood flow increased
steadily throughout the 30-second peri-
od rather than showing a rapid response
at the beginning as was the case for
Figures 1 and 2. Finally, as shown in
Figure 4, blood flow increased very rap-
idly on the skin above the quadriceps
muscle in both the thermally neutral and
warm environments after application of
the brass disc.

Based on these results that showed
that some areas of the body produced a
greater blood flow response to local
heating of the skin after global heating,
an additional series of experiments was
accomplished using a Peltier junction as
described in the Procedures section. In
this series, skin temperature was
clamped at 29°, 32°, 35°, 38°, and 40°C
(85°,90°, 95°,100°, and 104°F), and blood

flow was assessed. This was accom-
plished in both the 38°C room and the
thermally neutral room. The results from
the back and toe are shown in Figure 5.
As can be seen in this figure, blood flow,
which, as shown in the previous figures,
increased with global heating, increased
further as skin temperature was elevat-
ed. However, for any given skin temper-
ature, the blood flow response was
substantially higher in the warmer envi-
ronment. Thus, local heat and global
heat both interacted together in produc-
ing a blood flow response to a thermal
stress. For the back, the difference
between the blood flows after exposure
to the 2 different environmental temper-
atures was almost double, whereas for
the toe, it was somewhat less. Repeated
measured ANOVA showed that the
blood flow difference was significant at
any 1 skin temperature between the 2
environments (P<0.05).

Given the above, the thermal con-
ductivity of the skin was calculated, and
it was determined as a heat transfer
index. This was accomplished by per-
forming an additional experiment at
each environmental temperature in
which the disc was pulled out of the
warm water bath, blotted, and then the
temperature was monitored for 30 sec-
onds. In this manner, the temperature
loss of the disc alone could be calculated
without touching the skin. By then using
the temperature loss of the disc over a
30-second period compared with the
temperature loss of the disc when laid
on the skin, the actual loss of tempera-
ture from the disc into the skin could be
calculated. Because the brass disc
weighed 48 grams and brass has a specif-
ic heat of 0.095, the number of calories
lost by the disc can be calculated by the
product of the change in disc tempera-
ture after application of the disc to the
skin for 30 seconds, the disc weight, and
the thermal coefficient of the disc. For
example, if the disc temperature were
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reduced by approximately 2°C, the disc
would loose approximately 9 calories.

As shown in Table 1, in the cooler
environment, for the skin of the back
the thermal index was 14.4. To raise the
skin temperature 1°C, 14.4 calories of
heat need to be added to the skin under
the disc. This calculation pertains to a
square surface area for the disc and skin
of 0.00491 square meters. Therefore, the
total number of calories to raise 1
square meter of skin (approximately
half the body surface area) would be
29,346 calories for the back. More calo-
ries are required for a square meter of
the hand, quadriceps, or toe. In the hand,
46,027 calories are required to raise 1
square meter of skin by 1°C, while for
the quadriceps the figure is 46,462 calo-
ries, and for the toe it is 46,392 calories.

In the warmer environment, also
shown in Table 1, the thermal index
averaged twice as high, and some specif-
ic areas of the body were substantially
higher. For example, in the toe, the ther-
mal index was 50.8 in the warmer envi-
ronment compared with 20.8 in the
thermally neutral environment.
Therefore, it would require more than
90,000 calories to heat a square meter of
skin at the toe by 1°C. The smallest dif-
ference in thermal index was seen with
the quadriceps muscle. Thermal index
for the other areas of the body was still
substantially higher in the warmer than
the thermally neutral environment.
These differences were significant
(P<0.01).

DISCUSSION

Numerous modalities have been used to
heat the skin in an effort to increase
skin circulation as well as the circulation
and temperature of the underlying tis-
sue. These include diathermy,
microwave, ultrasound,*® and hot packs.’
The purpose of these techniques is to
develop a thermal gradient from the
skin to the underlying muscle such that

the muscle, soft tissue, and tendons
begin to warm and thereby increase
extensibility and reduce pain.**' Global
heating also increases tissue blood flow.’

In the present investigation, rather
than applying a continuous hot pack or
using other modalities to increase tissue
temperature, heat was applied with a
small piece of metal such that a limited
number of calories could enter the skin.
In this manner, the actual thermal con-
ductivity the skin could be measured as
the magnitude of the skin response to
limited local heat exchange. It is well
known that when heat overloads the
skin, damage can result.!® Using hot
packs or microwave radiation, local skin
temperature has been recorded as high
as 42° to 43°C.'422 Pennes developed a
heat equation to study at what point the
skin could be damaged by too much
heat.!”?* However, these models for pre-
dicting burns did not take into consider-
ation local sympathetic outflow.

In a clinical setting, rooms are
always kept cool (approximately 17°C).
This is due to the belief that bacteria can
develop more readily in a hospital set-
ting with warmer room temperatures.’
As such, most experiments have been
performed on heat conduction in the
skin during treatment in these cool
room temperatures. At these cooler tem-
peratures, there is considerable vasocon-
striction of the skin to protect the core
temperature of the body.?® Sympathetic
vasoconstriction is often seen in a cool
environment, and it can override nox-
ious stimuli such as electrical stimula-
tion, thereby preventing blood flow from
increasing.> This is also true of contrast
baths. When contrast baths are used, if
the room is thermally neutral, the blood
flow response is poor compared with the
response seen if the room is warm.?

It is no surprise then, that in the
warmer environment, skin blood flow is
higher and hence, because of the higher
blood flow, it takes more calories of heat
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to change skin temperature. With higher
blood flow, the blood, which has a very
high thermal conductivity, will pull heat
away from the heat source.

Thus, by just increasing the room
temperature to 38°C (102°F), it takes
twice as much heat from the disc to
warm the skin to the same extent as
seen in the cooler environment. Skin
blood flow is strongly related to envi-
ronmental stress. In a warmer environ-
ment such as a 42°C, blood flow
increases even more. As such, thermal
conductivity should even be higher.
Therefore, the effectiveness of a single
point heat source seems to be best in a
cooler environment. When using this in
a cooler environment, the change in skin
temperature (and presumably deep mus-
cle temperature) would be higher than if
the room was warmed or the person was
in bed under the covers. If a person was
warm under blankets or heavy com-
forters, just as with a warm room, sym-
pathetic cholinergic vasodilator afferents
should increase skin blood flow and
make a single point heat source less
effective.

However, it should be noted that the
blood flow change was greater in the
warmer environment. Thus, there seems
to be 2 contradictory events occurring.
The increase in skin blood flow associat-
ed with applying a single point heat
source was greater with a subject who
had been preheated. With a relaxation in
sympathetic vasoconstrictor activity and
an increase in vasodilator activity, local
heat caused by the release of nitric
oxide from the vascular endothelial cells
causes a greater blood flow response.?
This is the exact same phenomenon seen
in previous studies with contrast baths,?
and yet tissue temperature did not
change as much. Thus, if the purpose of
using a single point heat source is to
increase blood flow, then keeping the
subject in a warmer environment or
wearing warm cloths with a single point

heat source underneath should increase
blood flow more effectively. However, if
the object of using the single point heat
source is to increase deep tissue temper-
ature, then single point heat sources are
less effective under these circumstances
(because skin temperature has a
reduced thermal gradient in a warm
environment). This is not to say that sin-
gle point heat sources are ineffective if
the room is warm or if someone is wear-
ing heavy clothing; the advantage of
using this modality is simply reduced.
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