
RESEARCH PAPER

Head temperature modulates thermal behavior in the cold in humans
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ABSTRACT
We tested the hypothesis that skin temperature, specifically of the head, is capable of modulating
thermal behavior during exercise in the cold. Following familiarization 8 young, healthy,
recreationally active males completed 3 trials, each consisting of 30 minutes of self-paced cycle
ergometry in 6�C. Participants were instructed to control their exercise work rate to achieve and
maintain thermal comfort. On one occasion participants wore only shorts and shoes (Control) and
on the 2 other occasions their head was either warmed (Warming) or cooled (Cooling). Work rate,
rate of metabolic heat production, thermal perceptions, rectal, mean weighted skin and head
temperatures were measured. Exercise work rate was reduced during Warming and augmented
during Cooling after the first and second minutes of exercise, respectively (P � 0.04), with the rate
of metabolic heat production mirroring work rate. At this early stage of exercise (�5 min) the
changes over time for rectal temperature were negligible and similar (0.1 § 0.1�C, P D 0.51), while
the decrease in mean skin temperature was not different between all trials (1.7 § 0.6�C, P D 0.13).
Mean head temperature was either decreased (Control: 1.5 § 1.1�C, Cooling: 2.9 § 0.8�C, both P <

0.01) or increased (Warming: 1.7 § 0.9�C, P < 0.01). Head thermal perception was warmer and more
comfortable in Warming and cooler and less comfortable in Cooling (P < 0.01). Participants
achieved thermal comfort similarly in all trials (P > 0.09) after 10 § 7 min and this was maintained
until the end of exercise. These results indicate that peripheral temperatures modulate thermal
behavior in the cold.
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Introduction

Behavior is the most effective form of temperature
regulation,1 as compared to autonomic thermoregula-
tory responses (e.g. shivering, sweating or changing
cutaneous vasomotor tone) behavior’s capacity is lim-
itless.2 However, while behavior plays a comparatively
large role in temperature regulation,3 paradoxically
relatively little is known of its control in humans.4

Several behavioral models have been used to exam-
ine the control of thermal behavior in humans. A
notable example is voluntary exercise,5 as it is the only
model where heat is produced endogenously. The rate
of metabolic heat production, which is largely a func-
tion of the selected exercise work rate, has been found
to be inversely related to ambient temperature when
participants are given the freedom to select their work
rate.6 Therefore, it is not surprising that work rate is
voluntarily reduced in heat7 and voluntarily increased
in the cold.8 Unfortunately, the control of this behav-
ior remains poorly understood.

Evidence from non-exercise models demonstrates
that central (core) and peripheral (skin) body temper-
atures are capable initiators and transducers of ther-
mal behavior.9 However, these 2 effector systems are
differentially driven by input from the core and skin,
with autonomic thermo-effectors being strongly influ-
enced by the core (>5:1 [core:skin], see refs. 10-11)
whereas the skin influences alliesthesial/behavioral
thermo-effectors equally (1:1 [core:skin], see ref. 12).
The skin is more responsive to changes in the ambient
thermal environment than the core.13 The arrange-
ment for skin temperature as the preferred thermal
behavioral input minimises energy- and water-costly
responses brought about by an increase in core tem-
perature and is aimed at escaping forthcoming ther-
mal insults.14 When exercising in the heat, the skin
and alliesthesial responses are independently capable
of determining behavior without any difference in
core temperature.15,16 However, Caputa and Cabanac8

concluded that “increased motivation for muscular
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activity in a cold environment appears to be governed
chiefly by [core] brain temperature.” Thus, and as dis-
cussed further below because different ambient tem-
peratures can modify thermal and perceptual
responses, whether our previous observations in the
heat15,16 can be extended to the cold, thereby conflict-
ing with the data of Caputa and Cabanac,8 remains to
be determined.

Further complicating the matter is that the allies-
thesial effects of changes in skin temperature are het-
erogeneous. For example, the hands and feet ‘feel’ the
cold more whereas the face ‘feels’ the heat more, with
whole-body thermal comfort following these biggest
responders.17 Moreover, Nakamura and colleagues18,19

demonstrated that in the cold humans preferentially
maintain a warm trunk and in the heat preferentially
cool the head. However, of all regions the head (face,
scalp and neck) appears most promising as a behav-
ioral initiator given that this region: i) possesses
greater thermosensitivity per unit area than other
body parts,20 ii) is responsible for a strong drive for
corrective behavior,18,19 and iii) is (at least partially)
uncovered in most circumstances and thus, is available
for intervention. Therefore, the aims of this study were
to evaluate if peripheral temperatures are capable of
modulating exercise behavior in the cold, and to iden-
tify if local head temperature can modify this behavior.

Materials and methods

Experimental overview

Eight males completed 3 trials each consisting of 30
minutes of self-paced cycling exercise on an ergometer
in an environmental chamber at »6�C. Participants
were instructed to cycle to achieve and maintain ther-
mal comfort for the duration of the trial.8 On one
occasion, participants wore only shorts and shoes
without head manipulation (Control), whereas on 2
other occasions their head was either warmed (Warm-
ing) or further cooled (Cooling). Trials were con-
ducted at the same time of day, separated by a week
and randomized. Additionally, all trials were com-
pleted during the New Zealand autumn (mean § SD
outdoor daytime temperature of 14.6 § 4.1�C).

Participants

Eight healthy and recreationally active males volun-
teered to participate in this study. Their characteristics

were (mean § SD): age 24 § 3 y, height 1.8 § 0.1 m,
weight 82 § 11 kg, body surface area (BSA) 2.03 §
0.19 m2 and percent body fat 10 § 3%. The study was
approved by the Massey University Human Ethics
Committee and performed in accordance with the
1975 Helsinki Declaration, with each participant pro-
viding informed, written consent.

Preliminary session

Approximately one week before the first experimental
trial, participants reported to the laboratory for
anthropometric measurements and a familiarization
to the experimental protocol. The cycle tests were con-
ducted in a cold environment (5.6 § 0.6�C, 45 § 8 %
r.h.), with exercise being performed on a mechani-
cally-braked cycle ergometer (Monark 818, Varberg,
Sweden) at an exercise work rate that was freely
adjustable based on the resistance of the braking pen-
dulum and the pedal rate of each individual (self-
paced). All subsequent exercise tests were completed
on the same cycle ergometer with the same self-
selected preferences for seat and handlebar height.
The preliminary session required subjects to cycle for
15 minutes and familiarize themselves with the cycle
ergometer (both resistance and cadence adjustment)
to achieve thermal comfort while fully instrumented
(see below).

Experimental procedure

Approximately seven days following the preliminary
session, participants arrived to complete one of 3 tri-
als: during the Control trial the head was left uncov-
ered whereas during the Warming trial the head was
heated (55�C) via a liquid conditioned hood (Delta
Temax Inc., Canada), while during the Cooling trial a
fan (Fantech Pty Ltd., China) was placed to blow the
cold ambient air at a speed of 20 km¢h¡1 toward the
head. In the Warming trial a silicone swim cap (Aqua-
line, China) was worn on top of the hood to ensure
maximal compression of the tubes being pressed to
the head. Although participants could not be blinded
to the experimental manipulation, they were unaware
of the research aims and hypotheses.

All participants arrived at the laboratory having
refrained from strenuous exercise, alcohol and caffeine
for a period of 24 hours. To minimize variations in
pre-exercise muscle glycogen content and hydration
status, participants were required to complete a
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24 hour diet and physical activity log before each trial
and asked to replicate this for subsequent trials. Par-
ticipants were not allowed to drink during the trials
and wore only shorts and training shoes. Upon arrival
to the laboratory, participants voided, measured their
nude body weight, and then self-inserted a rectal
thermistor (Mon-a-therm, Tyco Healthcare Group,
USA) 10 cm beyond the anal sphincter for the mea-
surement of rectal temperature (TRec). A heart rate
monitor and skin thermistors were applied, resting
heart rate was recorded, and participants then entered
the environmental chamber for completion of the
experimental trial. Upon completion of exercise, the
participants were promptly removed from the cham-
ber, and the heart rate monitor, skin thermistors and
rectal thermistor were removed. Nude body weight
was measured again following towel drying. The dura-
tion of the procedures from the initial nude body
weight to the final nude body weight was »60
minutes.

Cycling exercise

When participants entered the environmental cham-
ber, 5 minutes was allowed for full instrumentation
and to adjust the cycle ergometer to their preferences.
During the Warming and Cooling trials, the hood and
fan were placed, respectively, but not switched on until
exercise commencement. Upon commencement of the
30 minutes, the cycle ergometer had no resistance on
the flywheel. Participants were instructed to cycle to
attain and maintain thermal comfort by continually
being allowed to adjust their cadence and load of the
cycle ergometer, and once thermal comfort was
achieved participants continued to adjust their power
output so that they could maintain thermal comfort.

Measurements

The subject’s height and weight were measured using
a stadiometer (Seca, Bonn, Germany; accurate to
0.1cm and scale (Jadever, Taiwan; accurate to 0.01kg),
from which BSA was estimated.21 Seven site skinfold
thickness was determined using a Harpenden Skinfold
Caliper (Baty International, West Sussex, UK) at the
chest, axilla, triceps, subscapular, abdomen, supraill-
iac, and thigh, and subsequently, percent body fat22

was estimated from body density.23

Heart rate and work completed were acquired
(Powerlab, ADInstruments, Australia) and recorded

through Chart (Chart5, ADInstruments, Australia) via
modification of the cycle ergometer which had a mag-
net placed on the flywheel of the Monark to measure
revolutions per minute. A channel was then set up to
calculate power using the measured cadence and load
on the flywheel. A channel for work rate was then
developed by incorporating the variables of power and
time. Heart rate was monitored using a Polar heart
rate monitor (Polar Vantage XL, Polar Electro).
Expired gases were collected for 1 minute via standard
Douglas bags every 5 min. The expired gases were
analyzed for CO2 and O2 concentrations (AEI Tech-
nologies, USA) and volume (dry gas meter, Harvard,
UK), and values were converted to STPD. The rate of
O2 uptake (VO2) and respiratory exchange ratio
(RER) were used to calculate the rate of metabolic
heat production (in W/m2) as follows24: M D (352
(0.23 RERC0.77) VO2/BSA)-rate external work.

Six calibrated surface thermistors (Grant Instru-
ments Ltd., Cambridgeshire, UK; accurate to 0.2�C)
were secured in place with Transpore Surgical Tape
(3 M Healthcare, St. Paul, Minnesota, USA) to the
chest, thigh, leg and arm on the right side of the body
for determination of mean weighted skin tempera-
ture.25 The remaining 2 surface thermistors were
placed on the middle of the forehead and on the back
of the neck for determination of head temperature
(THead, mean of head and neck temperature).

Ratings of perceived exertion were measured on the
15-point Borg scale (from 6 to 20; 26). Thermal dis-
comfort and thermal sensation were determined on 4
[from 1 (comfortable) to 4 (very uncomfortable)] and
7 [from 1 (cold) to 7 (hot)] point scales.27

Data and statistical analyses

Data are reported at pre-exercise, every 5 min of exer-
cise, as well as every minute during the first 5 min of
exercise for rectal temperature, mean skin tempera-
ture, mean head temperature, and work completed.
This latter approach allowed for examination of the
effect of acute differences in peripheral temperature
on thermal behavior. Work completed, the rate of
metabolic heat production, and rectal temperature
data were also analyzed as the change (D) from the
preceding time point in order to examine dynamic
changes occurring in these variables during exercise.
One subject was unable to achieve thermal comfort in
any of the trials. This may have been due to this
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subject not understanding the experiment, even
despite thorough familiarization. Nevertheless, this
subject’s data has been not included in the analyses,
resulting in an n D 7.

Total work completed during each trial was ana-
lyzed using a one-way repeated measures analysis of
variance (ANOVA). All other data were analyzed
using 2-way (main effects: trial £ time) repeated
measures ANOVA. In all instances, post hoc Holm-
Sidak adjusted pair-wise comparisons were made
where appropriate. Data were analyzed using Prism
software (Version 6, GraphPad Software Inc., La Jolla,
CA, USA). A priori statistical significance was set at P
� 0.05 and actual p-values are reported where possi-
ble. All data are reported as mean § SD.

Results

Thermal behavior

Total work completed was higher (P � 0.04) in the
Cooling trial (291§ 97 kJ) compared to both the Con-
trol (241 § 77 kJ) and Warming (210 § 49 kJ) trials,
which were not different (P D 0.25). Upon closer
examination, however, work completed over the first
10 min of exercise was different between all trials (P D
0.01, Fig. 1A). These differences were observed as early
as the second minute of exercise (P D 0.04, Fig. 1C).
Importantly, changes in work completed over time
did not differ between trials (P D 0.15, Fig. 1B). The
rate of metabolic heat production mirrored work com-
pleted, with differences observed between all trials
early during the exercise (P D 0.03, Fig. 2A), with no
differences over time between trials (P D 0.99,
Fig. 2B).

Body temperatures

Pre-exercise rectal temperatures were lower (P<0.01)
during the Warming trial (37.0 § 0.3�C) compared to
both the Cooling (37.2 § 0.4�C) and Control (37.2 §
0.3�C) trials, which were not different (P D 0.70).

Figure 1. Work completed during every 5 min interval (A), the
change (D) in work completed from the preceding 5 min interval
(B), and work completed every minute during the first 5 min of
exercise (C) during the Warming, Cooling, and Control trials. � Dif-
ferent from Control trial (P � 0.05), x Different from Warming
trial (P � 0.04), $ Main effect of time (P < 0.01).

Figure 2. The rate of metabolic heat production every 5 min (A)
and the change (D) in the rate of metabolic heat production
from the preceding time point (B) during the Warming, Cooling,
and Control trials. � Different from Control trial (P � 0.04), x Dif-
ferent from Warming trial (P < 0.01), $ Main effect of time
(P < 0.01).
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These differences persisted throughout the 30 min of
exercise (P D 0.02, Fig. 3A), but changes occurring
over time were not different between trials (P D 0.07,
Fig. 3B), which also held true for the first 5 min of
exercise (P � 0.26, Figs. 3E and 3F). Pre-exercise
mean skin temperatures were not different (P � 0.63)
between trials (mean: 26.7 § 0.8�C). However, mean
skin temperatures decreased over time during exercise
(P < 0.01), the magnitude of which differed by trial (P
< 0.01, Fig. 3C), differences that were observed as
early as the first minute of exercise (P � 0.02,

Fig. 3G). Pre-exercise mean head temperatures were
highest (P < 0.01) in the Warming trial (29.6 §
1.2�C) compared to the Cooling (28.1 § 1.6�C) and
Control (27.9 § 1.3�C) trials, which were not different
(P D 0.63), and these differences persisted throughout
the 30 min of exercise (P < 0.01, Figs. 3D and 3H).

Thermal perceptions

Pre- and throughout exercise, whole-body thermal
discomfort was not different between trials (PD0.09,

Figure 3. Rectal temperature (A, E), the change (D) in rectal temperature from the preceding time point (B, F), mean skin temperature
(C, G), and mean head temperature (D, H) every 5 min during exercise (on left) and every minute during the first 5 min of exercise (on
right) during the Warming, Cooling, and Control trials. � Different from Control trial (P�0.04), x Different from Warming trial (P�0.01), $
Main effect of time (P<0.01).
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Fig. 4A). Pre-exercise head thermal discomfort was
greatest in the Cooling trial (P < 0.01), and lowest in
the Warming trial (P < 0.01, Fig. 4C). These differen-
ces persisted through the first 5 min of exercise (P �
0.05), after which head thermal discomfort was not
different between the Control and Warming trials (P
� 0.13), both of which were generally more comfort-
able than that occurring during the Cooling trial
(Fig. 4C). Pre-exercise whole-body thermal sensation
was cooler in the Cooling and Control trials, com-
pared to the Warming trial (P < 0.01, Fig. 4B). How-
ever, during exercise whole-body thermal sensation
was not different between the Warming and Control
trials (P � 0.08), both of which were generally per-
ceived as warmer than during the Cooling trial
(Fig. 4B). Head thermal sensation was different
between trials pre- and throughout exercise (P<0.01,
Fig. 4D).

Discussion

The main findings of the current study are that exer-
cise behavior in the cold: i) is primarily initiated and
maintained by low peripheral (skin) temperatures and
negative thermal perception, while central (core) tem-
perature remains within the normothermic or
even hyperthermic range, ii) can be modulated by

head-warming and -cooling as early as the first and
second minutes, respectively, at a time when central
(core) temperature is not different and unchanged.
This behavior is most likely driven through an effect
on thermal perception.

Can peripheral temperatures modulate behavior?

When placed into a cold (»6�C) environment wearing
only shorts, body heat will be lost to the environment,
autonomic cold-defense responses will be initiated as
hypothermia develops, and thermal discomfort will
increase.28 However, when allowed to behave – in this
study voluntarily producing endogenous heat – it
allows an individual to prevent hypothermia and per-
mits the maintenance of thermal comfort. It has been
demonstrated that exercise can be a thermal behav-
ior7,8 as it establishes a preferred condition for heat
exchange and optimizes thermal comfort.1,5 The initi-
ation of this behavior has been shown to be primarily
driven by changes in skin temperature both at rest29-31

and during exercise,15,16,32 although this notion has
been challenged during exercise in the cold.8

The present results demonstrate that the tempera-
ture of the skin is an important input for the initiation
of thermal behavior during exercise in the cold. At
rest our participants were ‘normothermic’ (� 37.0�C)

Figure 4. Thermal discomfort (A, C), and thermal sensation (B, D) of the whole-body (on left) and head (on right) every 5 min during
exercise during the Warming, Cooling, and Control trials. � Different from Control trial (P�0.05), x Different from Warming trial
(P�0.05), $ Main effect of time (P<0.01).
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yet in response to cool skin temperatures (<27�C)
(Fig. 3C) they began cycling to increase their rate of
metabolic heat production (Fig. 2A), in an attempt at
restoring thermal comfort (Fig. 4A). Moreover, partic-
ipants had achieved thermal comfort by 10 § 7 min
(i.e. <2 D slightly uncomfortable, Fig. 4A) yet they
continued to exercise for the 30 min duration despite
a relative hyperthermia (i.e., TRec approaching 38.0�C
and DTRec of C1.0�C), while skin temperatures
remained below 26�C, a finding that adds further sup-
port to the importance of peripheral temperatures.

Can head temperatures modulate behavior?

When compared with the control condition, partici-
pants decreased (with head-warming) and increased
(with head-cooling) their work rate after only 1 and 2
minutes of exercise, respectively (Fig. 1C), differences
that persisted for the first 10 min (Fig. 1A). However,
it appears that this initial behavior (� 5 min) to aug-
ment or reduce metabolic heat production was impor-
tant as changes over time in work completed (Fig. 1B),
metabolic heat production (Fig. 2B) and core tempera-
ture (Fig. 3B) were not different between trials. This
observation that the thermal status of the body upon
commencement of exercise strongly influences behav-
ior supports our previous work.15,16 This finding also
suggests that the head region is capable of driving
thermal behavior, translating observations made by
Nakamura and colleagues,18,19 which demonstrated
that the head region plays a relatively large role in dic-
tating thermal perceptions. These findings also sup-
port our previous work that head heating and cooling
is capable of modulating thermal behavior during
exercise in the heat.16

Does comfort drive thermal behavior?

Thermal discomfort is often considered to provide the
motivation for thermal behavior.27,33 We have experi-
mentally confirmed this during an exercise in the heat
model of thermal behavior in humans.16 The present
study extends these findings by highlighting the
importance of local thermal discomfort as a modula-
tor of thermal behavior during exercise in the cold.
For instance, whole-body thermal discomfort was not
different between the trials (Fig. 4A), while head ther-
mal discomfort differed during the early stages of
exercise (Fig. 4C). At this time exercise work rate
(Fig. 1C), and thus the rate of metabolic heat

production (Fig. 2A), was elevated in proportion to
the magnitude of head thermal discomfort. The mech-
anism for this remains unclear. However, it is likely
that in the present experimental paradigm TRP chan-
nel-activated cool-specific thermoreceptors projected
the intensity of whole-body cold (Figs. 3C and 4B) to
the posterior insula that was then conveyed as a state
of whole-body thermal discomfort (Fig. 4A). This
likely occurred in parallel with inputs from the head,
as evidenced by the ability to discriminate thermal
sensation of the whole-body versus the head region
(Fig. 4B vs. 4D). Interestingly, the anterior insula,
where emotional whole-body homeostatic behaviors,
including thermal behavior, are controlled34 appears
to have weighted signals from the head region more
strongly when thermal behavior was initiated. As
introduced above, this conclusion is supported by data
indicating the head region is more perceptually sensi-
tive to changes in temperature than other regions.18-20

Considerations

While many of our results are in agreement with those
previously of Caputa and Cabanac,8 our interpretation
remains different as these authors concluded that
“increased motivation for muscular activity in a cold
environment appears to be governed chiefly by brain
temperature.” However, this was based on the premise
that they were comparing whether it was trunk
(esophageal) or brain (tympanic) temperatures being
more strongly related to self-selected work rate
(thereby ignoring peripheral/skin temperatures).
Notably, this proposition arose during their series of
experiments35,36 fundamentally devoted to selective
brain-cooling, a topic that is beyond the current dis-
cussion (see ref. 38), as is whether tympanic tempera-
ture is a valid index of brain temperature (see ref. 39).
While it is acknowledged that our use of rectal tem-
perature to approximate the body’s core temperature
is not without limitation,40 in the absence of a direct
measure of hypothalamic temperature our conclusions
likely hold true no matter which index of core temper-
ature one wishes to choose.

It is noteworthy that contrary to our expectations,
mean skin temperature was altered by our head-cool-
ing (¡0.6§0.5�C) and -warming (C0.3§0.4�C) inter-
ventions when compared to Control. Conceivably
these differences could have contributed to the behav-
iors observed, however the magnitude of change for
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THead (¡1.5§1.3�C and C3.1§1.1�C, respectively)
was considerably greater and is further supported by
local (head) thermal perceptions (Figs. 4C and D).
Nevertheless, both measures can be classed as periph-
eral signals, and therefore the contention remains that
in the present study the peripheral (skin) temperatures
represented both the feedforward and feedback signal
for motivated and regulated behavior.13

Conclusions

The present study has shown that in order to achieve
and maintain thermal comfort in the cold, low periph-
eral (skin) temperatures and associated thermal per-
ceptions are the primary input signal to motivate
behavior (exercise), despite a normothermic central
(core) temperature, and this behavior - to continue
generating metabolic heat - is maintained despite a
relative hyperthermia even once thermal comfort is
attained. Moreover, the rate of metabolic heat produc-
tion can be modulated by manipulating head tempera-
ture and related alliesthesia.

Abbreviations
ANOVA Analysis of variance
BSA Body surface area
M Rate of metabolic heat production
RER Respiratory exchange ratio
SD standard deviation
STPD Standard temperature pressure dry
TRec Rectal temperature
VO2 Oxygen uptake
D Change

Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.

References

[1] Parsons KC. Human Thermal Environments: The Effects of
Hot, Moderate, and Cold Environments on Human Health,
Comfort, and Performance. Boca Raton: CRC Press, 2014

[2] Benzinger TH. Heat regulation: homeostasis of central
temperature in man. Physiol Rev 1969; 49:671-759;
PMID:4898601

[3] Hardy JD. Thermal comfort and health. Ashrae J 1971;
13:43-51

[4] Schlader ZJ. The relative overlooking of human behav-
ioral temperature regulation – A paradox worth resolving
Temperature 2014; 1:20-1; http://dx.doi.org/10.4161/
temp.29235

[5] Anonymous. Glossary of terms for thermal physiology.
Jpn J Physiol 2001; 51:245-80

[6] Cabanac M, Leblanc J. Physiological conflict in humans:
fatigue vs. cold discomfort. Am J Physiol 1983; 244:621-8

[7] Schlader ZJ, Stannard SR, M€undel T. Evidence for ther-
moregulatory behavior during self-paced exercise in the
heat. J Therm Biol 2011; 36:390-6; http://dx.doi.org/
10.1016/j.jtherbio.2011.07.002

[8] Caputa M, Cabanac M. Muscular work as thermal behav-
ior in humans. J Appl Physiol 1980; 48:1020-3;
PMID:7380697

[9] Schlader ZJ, Stannard SR, M€undel T. Human thermoreg-
ulatory behavior during rest and exercise - a prospective
review. Physiol Behav 2010; 99:269-75; PMID:20006632;
http://dx.doi.org/10.1016/j.physbeh.2009.12.003

[10] Wyss CR, Brengelmann GL, Johnson JM, Rowell LB, Nie-
derberger M. Control of skin blood flow, sweating, and
heart rate: role of skin vs. core temperature. J Appl Phys-
iol 1974; 36:726-33; PMID:4829914

[11] Cheng C, Matsukawa T, Sessler DI, Ozaki M, Kurz A,
Merrifield B, Lin H, Olofsson P. Increasing mean skin
temperature linearly reduces the core-temperature
thresholds for vasoconstriction and shivering in humans.
Anesthesiology 1995; 82:1160-8; PMID:7741291; http://
dx.doi.org/10.1097/00000542-199505000-00011

[12] Frank SM, Raja SN, Bulcao CF, Goldstein DS. Relative
contribution of core and cutaneous temperatures to ther-
mal comfort and autonomic responses in humans. J Appl
Physiol 1999: 86:1588-93; PMID:10233122

[13] Romanovsky AA. Skin temperature: its role in thermo-
regulation. Acta Physiol 2014; 210:498-507; http://dx.doi.
org/10.1111/apha.12231

[14] Romanovsky AA. Thermoregulation: some concepts have
changed. Functional architecture of the thermoregulatory
system. Am J Physiol Regul Integr Comp Physiol 2007;
292:R37-46; PMID:17008453; http://dx.doi.org/10.1152/
ajpregu.00668.2006

[15] Schlader ZJ, Simmons SE, Stannard SR, M€undel T. Skin
temperature as a thermal controller of exercise intensity.
Eur J Appl Physiol 2011; 111:1631-9; PMID:21197543;
http://dx.doi.org/10.1007/s00421-010-1791-1

[16] Schlader ZJ, Simmons SE, Stannard SR, M€undel T. The
independent roles of temperature and thermal perception
in the control of human thermoregulatory behavior.
Physiol Behav 2011; 103:217-24; PMID:21315099; http://
dx.doi.org/10.1016/j.physbeh.2011.02.002

[17] Arens E, Zhang H, Huizenga C. Partial-and whole-body
thermal sensation and comfort–Part I: Uniform environ-
mental conditions. J Therm Biol 2006; 31:53-9; http://dx.
doi.org/10.1016/j.jtherbio.2005.11.028

[18] Nakamura M, Yoda T, Crawshaw LI, Yasuhara S, Saito Y,
KasugaM, Nagashima K, Kanosue K. Regional differences
in temperature sensation and thermal comfort in humans.
J Appl Physiol 2008; 105:1897-906; PMID:18845785;
http://dx.doi.org/10.1152/japplphysiol.90466.2008

[19] Nakamura M, Yoda T, Crawshaw LI, Kasuga M, Uchida Y,
Tokizawa K, Nagashima K, Kanosue K. Relative importance

TEMPERATURE 305

http://dx.doi.org/4898601
http://dx.doi.org/10.4161/temp.29235
http://dx.doi.org/10.4161/temp.29235
http://dx.doi.org/10.1016/j.jtherbio.2011.07.002
http://dx.doi.org/7380697
http://dx.doi.org/20006632
http://dx.doi.org/10.1016/j.physbeh.2009.12.003
http://dx.doi.org/4829914
http://dx.doi.org/7741291
http://dx.doi.org/10.1097/00000542-199505000-00011
http://dx.doi.org/10233122
http://dx.doi.org/10.1111/apha.12231
http://dx.doi.org/10.1152/ajpregu.00668.2006
http://dx.doi.org/10.1152/ajpregu.00668.2006
http://dx.doi.org/21197543
http://dx.doi.org/10.1007/s00421-010-1791-1
http://dx.doi.org/21315099
http://dx.doi.org/10.1016/j.physbeh.2011.02.002
http://dx.doi.org/10.1016/j.jtherbio.2005.11.028
http://dx.doi.org/18845785
http://dx.doi.org/10.1152/japplphysiol.90466.2008


of different surface regions for thermal comfort in humans.
Eur J Appl Physiol 2013; 113:63-76; PMID:22569893; http://
dx.doi.org/10.1007/s00421-012-2406-9

[20] Cotter JD, Taylor NAS. The distribution of cutaneous
sudomotor and alliesthesial thermosensitivity in mildly
heat-stressed humans: an open-loop approach. J Physiol
2005; 565:335-45; PMID:15760945; http://dx.doi.org/
10.1113/jphysiol.2004.081562

[21] Dubois D, Dubois EF. A formula to estimate the approxi-
mate surface area if height and weight be known. Archs
Intern Med 1916; 17:863-71; http://dx.doi.org/10.1001/
archinte.1916.00080130010002

[22] Siri WE. Body composition from fluid spaces and density:
analysis of methods. In: Brozeck J, Henschel A, ed. Tech-
niques for measuring body composition. Washington,
DC: National Academy of Sciences, National Research
Council, 1961:223-243

[23] Jackson AS, Pollock ML. Generalized equations for pre-
dicting body density of men. Br J Nutr 1978; 40:497-504;
PMID:718832; http://dx.doi.org/10.1079/BJN19780152

[24] Kenney WL. Heat flux and storage in hot environments.
Int J Sports Med 1998; 19:S92-95; PMID:9694407; http://
dx.doi.org/10.1055/s-2007-971966

[25] Ramanathan NL. A new weighting system for mean sur-
face temperature of the human body. J Appl Physiol
1964; 19:531-3; PMID:14173555

[26] Borg G. Perceived exertion as an indicator of somatic
stress. Scand J Rehabil Med 1970; 2:92-8; PMID:5523831

[27] Gagge AP, Stolwijk JA, Hardy JD. Comfort and thermal
sensations and associated physiological responses at vari-
ous ambient temperatures. Environ Res 1967; 1:1-20;
PMID:5614624; http://dx.doi.org/10.1016/0013-9351(67)
90002-3

[28] Barcroft J, Verzar F. The effect of exposure to cold on the
pulse rate and respiration of man. J Physiol 1931; 71:373-
80; PMID:16994186; http://dx.doi.org/10.1113/
jphysiol.1931.sp002742

[29] Cabanac M, Bleichert R, Massonnet B. Preferred Skin
Temperature as a Function of Internal and Mean Skin
Temperature. J Appl Physiol 1972; 33:699-703;
PMID:4643844

[30] Schlader ZJ, Prange HD, Mickleborough TD, Stager
JM. Characteristics of the control of human thermo-
regulatory behavior. Physiol Behav 2009; 98:557-62;

PMID:19748517; http://dx.doi.org/10.1016/j.physbeh.
2009.09.002

[31] Schlader ZJ, Perry BG, Che Jusoh MR, Hodges LD, Stan-
nard SR, Mundel T. Human temperature regulation
when given the opportunity to behave. Eur J Appl Physiol
2013; 113:1291-301; PMID:23179204; http://dx.doi.org/
10.1007/s00421-012-2544-0

[32] Cabanac M, Cunningham DJ, Stolwijk JA. Thermoregu-
latory Set Point during Exercise - Behavioral Approach. J
Comp Physiol Psychol 1971; 76:94-102; PMID:5571306;
http://dx.doi.org/10.1037/h0031050

[33] Satinoff E. Behavioral thermoregulation in the cold. In:
Fregley MJ, Blatteis CM, ed. Handbook of physiology,
section 4: environmental physiology. New York: Oxford
University Press, 1996:481-505

[34] Craig AD. Significance of the insula for the evolution of
human awareness of feelings from the body. Ann N Y
Acad Sci 2011; 1225:72-82; PMID:21534994; http://dx.
doi.org/10.1111/j.1749-6632.2011.05990.x

[35] Cabanac M. Sensory pleasure. Q Rev Biol 1979; 54:l-29;
http://dx.doi.org/10.1086/410981

[36] Cabanac M, Caputa M. Natural selective cooling of the
human brain: evidence of its occurrence and magnitude.
J Physiol 1979; 286:255-64; PMID:439025; http://dx.doi.
org/10.1113/jphysiol.1979.sp012617

[37] Cabanac M, Caputa M. Open loop increase in trunk tem-
perature produced by face cooling in working humans. J
Physiol 1979; 286:163-74; http://dx.doi.org/10.1113/
jphysiol.1979.sp012730

[38] White MD, Greiner JG, McDonald PLL, Nybo L, Secher
NH. Point:Counterpoint: Humans do/do not demon-
strate selective brain cooling during hyperthermia. J Appl
Physiol 2011; 110:569-74; PMID:20798268; http://dx.doi.
org/10.1152/japplphysiol.00992.2010

[39] Simon E. Tympanic temperature is not suited to indicate
selective brain cooling in humans: a re-evaluation of the
thermophysiological basics. Eur J Appl Physiol 2007;
101:19-30; PMID:17534647; http://dx.doi.org/10.1007/
s00421-007-0449-0

[40] M€undel T, Carter JM, Wilkinson DM, Jones DA. A com-
parison of rectal, oesophageal and gastro�intestinal tract
temperatures during moderate�intensity cycling in tem-
perate and hot conditions. Clin Physiol Funct Imaging
2016; 36:11-16; PMID:25178454

306 T. M€UNDEL ET AL.

http://dx.doi.org/22569893
http://dx.doi.org/10.1007/s00421-012-2406-9
http://dx.doi.org/15760945
http://dx.doi.org/10.1113/jphysiol.2004.081562
http://dx.doi.org/10.1001/archinte.1916.00080130010002
http://dx.doi.org/10.1001/archinte.1916.00080130010002
http://dx.doi.org/10.1079/BJN19780152
http://dx.doi.org/9694407
http://dx.doi.org/10.1055/s-2007-971966
http://dx.doi.org/14173555
http://dx.doi.org/5523831
http://dx.doi.org/10.1016/0013-9351(67)90002-3
http://dx.doi.org/10.1016/0013-9351(67)90002-3
http://dx.doi.org/10.1113/jphysiol.1931.sp002742
http://dx.doi.org/10.1113/jphysiol.1931.sp002742
http://dx.doi.org/4643844
http://dx.doi.org/10.1016/j.physbeh.<?A3B2 re3j?>2009.09.002
http://dx.doi.org/10.1016/j.physbeh.<?A3B2 re3j?>2009.09.002
http://dx.doi.org/23179204
http://dx.doi.org/10.1007/s00421-012-2544-0
http://dx.doi.org/5571306
http://dx.doi.org/10.1037/h0031050
http://dx.doi.org/21534994
http://dx.doi.org/10.1111/j.1749-6632.2011.05990.x
http://dx.doi.org/10.1086/410981
http://dx.doi.org/439025
http://dx.doi.org/10.1113/jphysiol.1979.sp012617
http://dx.doi.org/10.1113/jphysiol.1979.sp012730
http://dx.doi.org/10.1113/jphysiol.1979.sp012730
http://dx.doi.org/20798268
http://dx.doi.org/10.1152/japplphysiol.00992.2010
http://dx.doi.org/10.1007/s00421-007-0449-0
http://dx.doi.org/10.1007/s00421-007-0449-0
http://dx.doi.org/25178454

	Abstract
	Introduction
	Materials and methods
	Experimental overview
	Participants
	Preliminary session
	Experimental procedure
	Cycling exercise
	Measurements
	Data and statistical analyses

	Results
	Thermal behavior
	Body temperatures
	Thermal perceptions

	Discussion
	Can peripheral temperatures modulate behavior?
	Can head temperatures modulate behavior?
	Does comfort drive thermal behavior?
	Considerations

	Conclusions
	Abbreviations
	Disclosure of potential conflicts of interest
	References

