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a b s t r a c t

The thermal interaction of human body and the environment during running activity is an important
mechanism that may affect the athletic performance. Skin temperature plays the fundamental role of reg-
ulating the heat exchange by convection, radiation and evaporation. In this study, the skin temperature
response to running exercise has been tested by infrared thermographic imaging, a highly reliable
method for the real time, non-invasive monitoring of local cutaneous temperature over the body surface.
Measurements performed for long-distance runners showed a fall in skin temperature during the initial
stage of running exercise, regardless of the type of work (overground or treadmill) and environmental
(outdoor or indoor) conditions. It is argued that this skin temperature decrease is associated with the
cutaneous vasoconstrictor response to exercise. A continuous increase in load intensity (as occurs during
an incremental treadmill exercise) may produce further reductions in skin temperature; conversely, a
constant load running exercise is likely to promote the attainment of a relative minimum of skin
temperature, followed by a gradual little rise over time related to thermoregulatory vasodilation.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

The thermoregulatory system of human body is aimed at main-
taining a constant internal body temperature of about 37 �C. This
steady temperature is the result of a balance between the meta-
bolic heat production and heat dissipation to the environment.
For a resting man, the typical heat production is about 100W
and it is often expressed in terms of heat production per unit area
of skin (i.e., about 58 W/m2 = 1 met). At rest, the main challenge to
the regulation of body temperature derives from changes in envi-
ronmental conditions. At low ambient temperatures, the rate of
heat loss exceeds the metabolic heat production and the internal
body temperature tends to decrease; in these conditions, skin
blood flow is reduced to conserve heat. At high ambient tempera-
tures, heat can be gained from the environment, core temperature
rises and defense mechanisms (sweating) occur.

During physical exercise (for instance long-distance running),
metabolic heat production may rise by 10–20 times as much (as
compared with that of a sedentary person) and this rate of heat
production may be sustained for several hours; a part (up to
30%) of metabolic heat production is converted into mechanical
power, the rest has to be transported from the peripheral compart-
ments of the body to the skin to be dissipated into the environment
[1]. If the heat dissipating mechanisms (convection, radiation, and

evaporation from skin, convection and evaporation through respi-
ration) are unable to cope with metabolic heat production, heat
starts to accumulate in the body, leading to an increase in body
temperature. The duration and intensity of exercise, which affect
the metabolic heat production, contribute significantly to heat
accumulation in the body during exercise. As core temperature
increases, heat dissipation increases sufficiently to balance heat
production, and a steady state in core can be achieved if the envi-
ronment allows adequate heat loss. Otherwise, the athlete is forced
to decrease his/her speed (in order to reduce heat production),
drop out of the race or, in the worst case, even collapse owing to
hyperthermia. Even in running competitions of relatively short
duration (10–15 km), extreme rises in body temperature may
occur, particularly when the ambient temperature is high. During
marathon races (42.2 km), runners commonly have a post-race
core temperature ranging from 38.5 �C to 39.5 �C, but it can even
exceed 40 �C during or after the race [2]. The ability to tolerate high
core temperatures is related to genetic, training and acclimatisa-
tion factors as well as to the athlete’s skin temperature, as warmer
skin (and warmer environment) creates greater circulatory strain
and lowers core temperature tolerance. For instance, large core-
to-skin gradients and relatively low skin blood flows may explain
tolerances for high core temperatures during long-distance
running exercise [2].
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It is apparent from the above discussion that the analyses of the
human thermoregulatory system in people at rest and under pro-
longed physical activity pursue different objectives. For resting
people, the main issue to deal with is the evaluation of thermal
comfort, while for exercising subjects the knowledge of internal
body (core) temperature and skin temperature during an intense
activity like long-distance running is of great importance to under-
stand the sustainability of the required muscular work as well as to
infer a possible association of the thermoregulatory response with
the athletic performance.

During physical activity, core temperature is typically propor-
tional to the metabolic rate and largely independent of a wide
range of environmental conditions, while skin temperature is
rather influenced by skin blood flow and environmental conditions
[1,2]. Whereas internal (core) temperature measurements, typi-
cally performed by rectal or ingestible sensors, are invasive and
can cause discomfort to runners, modern thermal imaging devices
like infrared thermography are particularly suitable to precisely
map the cutaneous temperature distribution and its evolution dur-
ing exercise. A pioneering investigation of skin temperature during
running by using infrared thermography was performed by Clark
et al. [3]. They recorded skin temperature distributions and
changes in two athletes standing and running outdoor and on a
treadmill. During running, skin temperature distributions differed
markedly from that observed before exercise. Torii et al. [4] used
thermography to record skin temperature in the upper part of
the body during bicycle exercise; they observed a fall in skin tem-
perature for all the sample group (ten healthy men) during the
muscolar exercise and attributed it to a cutaneous vascoconstrictor
response to exercise rather than thermal factors, such as evapora-
tion due to skin sweat. Thermographic imaging was employed by
Zontak et al. [5] to study the hand temperature response for ten
subjects exposed to graded load and constant load exercise (bicycle
ergometry); the skin temperature showed a continuous decrease

for the graded load exercise and a descending-ascending profile,
followed by a quasi-steady-state period, for the constant load exer-
cise. They argued that the thermographic skin response reflects the
dynamic balance between hemodynamic and thermoregulatory
processes.

More recent thermographic analyses during exercise were pre-
sented in Refs. [6–8]; these studies reported the skin temperature
response to intermittent or graded treadmill running. Authors
focused their attention to the upper part of the body (back and
front torso) [6], anterior part [7], and posterior part [8] of the body,
finding a general decrease in skin temperature over the monitored
spots during running. In particular, thermal imaging presented in
Ref. [7] documented the different temperature responses of thighs,
forearms and trunk as well as the presence of hyperthermal spots
over the entire body during the recovery; these findings are likely
to be related to the cutaneous blood flow adaptation to the specific
exercise.

The above mentioned literature studies demonstrated that
thermographic imaging is particularly indicated to record the tem-
perature distribution on the skin surface during physical activity.
The emissivity for skin in the infrared region is nearly constant,
with a value of 0.98 ± 0.01 [9], irrespective of race and unaffected
by the presence of sweat [3]. Measurements can be taken continu-
ously in time and local temperature changes can be detected with a
high degree of accuracy. Moreover, image processing systems
make it possible to obtain the average skin temperature of specific
regions. Although their extensive use for diagnostic purposes,
these systems have been rarely employed to investigate the skin
temperature variation during exercise.

The aim of this work is to assess the skin temperature response
to running exercise by thermographic imaging. Results obtained by
infrared thermal images of runners subjected to outdoor running
(on road and track) and indoor treadmill exercise (graded and con-
stant load) are presented and discussed.

Nomenclature

A body surface area (m2)
cbody body specific heat (J/kg K)
cp,a specific heat at constant pressure of air (J/kg K)
Cres rate of convective heat loss from respiration (W)
Csk convective heat transfer rate from skin (W)
Emax maximum evaporative heat transfer rate from skin (W)
Eres rate of evaporative heat loss from respiration (W)
Ersw rate of evaporative heat loss by regulatory sweating (W)
Esk evaporative heat transfer rate from skin (W)
fcl ratio of the clothed surface area to the nude body area
fi, f0 weighting factors used in Table 1
hc convective heat transfer coefficient (W/m2 K)
he evaporative heat transfer coefficient (W/m2 kPa)
hlv latent heat of vaporisation of water (J/kg)
hr radiative heat transfer coefficient (W/m2 K)
h = hc + hr total (convective + radiative) heat transfer coefficient

(W/m2 K)
Lr = he/hc Lewis ratio (K/kPa)
m body mass (kg)
m0 pulmonary ventilation rate (kg/s)
M rate of metabolic heat production (W)
n number of skin temperature measurement sites
pa water vapour pressure in ambient air (kPa)
psk,s saturated water vapour pressure at the skin (kPa)
qres total rate of heat loss through respiration (W)
qsk total rate of heat loss from skin (W)

Rcl thermal resistance of clothing (m2 K/W)
Re,cl evaporative heat transfer resistance of clothing

(m2 kPa/W)
Rsk radiative heat transfer rate from skin (W)
S rate of heat storage in the body (W)
t time (s)
Ta air ambient temperature (�C)
Tbody body temperature (�C)
Tcl mean temperature of clothed body surface (�C)
Tcore temperature of the core body compartment (�C)
Tex temperature of exhaled air (�C)
Tmr mean radiant temperature (�C)
To = (hrTmr + hcTa)/(hr + hc) operative temperature (�C)
Tsk mean skin temperature (�C)
Tsk,i local skin temperature (�C)
V velocity (m/s)
w skin wettedness parameter
W rate of mechanical work (W)

Greek symbols
ask fraction of the body concentrated in the skin compart-

ment
g =W/M mechanical efficiency of the body
xa humidity ratio of inhaled (ambient) air (kgv/kg)
xex humidity ratio of exhaled air (kgv/kg)
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