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Abstract
Effects of acute thermal exposures on appetite appear hypothetical in reason of very heterogeneous methodologies. The aim of this study was
therefore to clearly define the effects of passive 24-h cold (16°C) and heat (32°C) exposures on appetitive responses compared with a
thermoneutral condition (24°C). Twenty-three healthy, young and active male participants realised three sessions (from 13.00) in a laboratory
conceived like an apartment dressed with the same outfit (Clo= 1). Three meals composed of three or four cold or warm dishes were served ad
libitum to assess energy intake (EI). Leeds Food Preference Questionnaires were used before each meal to assess food reward. Subjective
appetite was regularly assessed, and levels of appetitive hormones (acylated ghrelin, glucagon-like peptite-1, leptin and peptide YY) were
assessed before and after the last meal (lunch). Contrary to the literature, total EI was not modified by cold or heat exposure (P= 0·120).
Accordingly, hunger scores (P= 0·554) were not altered. Levels of acylated ghrelin and leptin were marginally higher during the 16 (P= 0·032)
and 32°C (P< 0·023) sessions, respectively. Interestingly, implicit wanting for cold and low-fat foods at 32°C and for warm and high-fat foods at
16°C were increased during the whole exposure (P< 0·024). Moreover, cold entrées were more consumed at 32°C (P< 0·062) and warm main
dishes more consumed at 16°C (P< 0·025). Thus, passive cold and hot exposures had limited effects on appetite, and it seems that offering some
choice based on food temperature may help individuals to express their specific food preferences and maintain EI.
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Athletes are required to live, train and compete under various
climates, the two sides of the spectrum (cold and heat)
presenting different challenges for event’s organisers, coaches

and athletes(1–5) in order to mitigate the detrimental impact on
health and performances. With climate change(6), athletes are at
risk to more and more frequently face these adverse
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conditions(7). Warfighters struggle with the same problems as
athletes: numerous military operations in climatically severe
regions were conducted over the last two decades(8,9) raising
concerns on their possibility to protect them from extreme
thermal exposures(10,11) potentially jeopardising operational
success.

Reaching adequate nutrition represents a major challenge
for these populations frequently placed in cold and hot
conditions. First, both athletes and warfighters frequently
struggle to maintain their body mass independently from the
climate(12–15). In view of their high levels of energy expenditure
(EE), increasing energy intake (EI) to avoid negative energy
balance or energy deficiency may understandably be hard to
reach and seems to be only feasible by increasing the frequency
of eating occasions(16). Second, heat and cold exposures increase
EE at rest and during exercise(17,18) and worsen energy demands.
Third, a recent meta-analysis(19) revealed a modest orexigenic
effect (750 kJ increase in EI; Z= 2·35, P= 0·019, g= 0·44) of cold
and a small anorexigenic effect of heat (635 kJ decrease in EI;
Z= –2·29: P= 0·022, g= –0·39). Thus, if we consider all these
aspects, we may expect that cold but more likely heat exposure
will aggravate already frequent and severe energy-deficient
states that can lead to deleterious consequences on health,
physiological functions(20), and cognitive(21) and physical
performance(20,22).

However, the impact of heat and cold exposures on appetite
and EI urgently requires scientific support. Indeed, a recent
meta-analysis identified limited number of available evidences/
studies, as well as a large methodological disparity between
studies (participants’ characteristics, duration of exposure,
choice of temperature, presence of physical exercise sessions,
nature of the test meals, clothing, etc.)(19) that could blur the
interpretation of the results. To date, it seems impossible to
obtain a consensus to confirm the hypothetical and opposite
effects of heat and cold exposures on EI. Moreover, the
mechanisms implicated in these temperature-induced modifi-
cations in EI are poorly understood. There is therefore a need to
assess the isolated effects of thermal exposures on the different
determinants implicated in food intake (subjective appetite,
hormonal modifications, food reward, etc.).

Thus, the present study aimed to determine the effect of a 24-
h exposure to cold (16°C) and hot (32°C) on EI compared with a
thermoneutral (24°C) control exposure. We expected that 24-h
EI will reduce and increase EI during the heat and cold exposure,
respectively. A secondary objective was to link these modifica-
tions with modulations of appetite, plasma levels of hormones
implicated in eating behaviour (ghrelin, leptin, glucagon-like
peptide-1 (GLP-1) and peptide YY (PYY)), food reward, and
olfactory and gustatory capacities.

Materials and methods

Design

The protocol is presented in Fig. 1. Participants took part in three
24-h sessions separated by at least 2 weeks in a laboratory
organised as an apartment (four bedrooms, a living room with a
kitchen and a bathroom with a shower and a toilet) in which

ambient temperatures were fixed either at 16°C, 24°C and 32°C
(one session for each temperature). Participants were split into
six groups of four, and this composition remained similar during
the study to avoid biases related to social relationships. The
session order was randomly allocated and counterbalanced for
the six groups. Each six session orders had therefore been
attributed once.

To date, the effects of thermal passive exposures have been
mainly assessed during short durations (< 16 h) with one or two
test meals(23–27). The observation of these effects during a longer
exposure (24 h) with three consecutive test meals would help
identifying whether cold and/or heat exert an effect on appetite
during more than one meal. The choice of 16 and 32°C were
based on previous studies in which 30°C and 32°C was sufficient
to modify EI(23)and food reward(27) compared with 20 and 22°C,
respectively, and in which 16°C(28) compared with 18°C(25) was
found more efficient to modify ad libitum EI. Moreover, 16°C
seems to be the lowest acceptable (without shivering) temper-
ature in light clothing(18). Thus, these two extreme thermal
exposures were judged sufficient to elicit modifications in
appetite while being acceptable during 24 h in the same outfit.
The control session was fixed at equal distance from 16 and 32°C
(24°C), a condition that was perfectly comfortable in passive/
slightly active conditions.

They arrived at 12.00 to be equipped with devices used for
continuous measurements (heart rate (HR), core and skin
temperatures, and duration of spontaneous light physical
activities (PA)). Participants then dressed in standardised clothes
(tee-shirt made of cotton, jogging pants made of 50 % cotton and
50 % polyester, cotton socks, and synthetic sandals, 1 Clo). At
12.30, participants ate a control meal with standardised
quantities in a room at 22°C. At 13.00, participants went inside
the apartment until 13.30 the next day. Three ad libitum meals
were served at 19.00 (dinner), 08.00 (breakfast) and 12.30 the
following day (lunch). Dinner and lunch were composed of a
cold entrée, a hot main dish, bread and a cold dessert. Breakfast
was composed of a sweetened cottage cheese, a chocolate
madeleine and orange juice. Participants slept between 22.30
and 07.00. They slept with the same clothing and were
authorised to sleep with one or two blankets during the 16
and 24°C sessions and with just one light sheet or one blanket
during the 32°C session. This was done based on some pre-tests
that showed that sleepwas strongly impactedwith insufficient or
too much covering during sleep. Food reward using the Leeds
Food Preference Questionnaire (LFPQ) was assessed just before
each meal. Subjective appetite and thermal sensations were
assessed throughout the sessions using visual analogue scale
(VAS). Body mass fluctuations, total entries (water and food
intake) and total loss (urine and sweat loss) were directly
measured or calculated. Blood samples were collected before
(12.15) and after (13.10) the lunch to measure plasma hormones
concentrations (ghrelin, leptin, PYY and GLP-1). To finish,
olfactory and gustatory capacities were tested at 10.00.
Participants were authorised to engage in leisure activities
(darts, table football, video games, board games and reading)
between tests. They were forbidden to bring work and were
limited at 30 min of table football at distance from tests and
measurements (30 min) to avoid too large EE.
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Participants

A priori power analysis for EI based on a recent meta-analysis(19)

(þ750 kJ in the cold (Z= 2·35, P= 0·019, g= 0·44),−635 kJ in the
heat (Z=−2·29: P= 0·022, g=−0·39)) selecting conventional α
(0·05) and 1-β (0·80) levels and with an expected effect size of
0·61 (calculated from the previous results) observed that at least
twenty participants were required (G * Power v3.1.9.4). We
therefore recruited twenty-four healthy, young, lean, male and
active participants. Womenwere supposed to be included in this
study, but logistical and temporal constraints have impeded us to
include them (difficulty to control menstrual cycle while
maintaining the composition of the groups and limited

availability of the laboratory (4 months)). One participant
dropped for a medical reason independent of the study. Twenty-
threewere therefore conserved for analysis (age: 30·0 ± 7·4 years
old, 75·8 ± 8·9 kg, 178 ± 6 cm and 13·2 ± 5·8 % of body fat mass).
Inclusion criteria were restraint score< 50 based on the Three-
Factor Eating Questionaire-R18(29) without dietary allergies and
intolerances, regularly consuming at least three meals per day
including breakfast, not following a specific diet, not on
medication and having a sleep score< 8 based on the
Pittsburgh Sleep Quality Index(30). They were also not eligible
if they had been exposed to a hot or a cold climate (> 3
consecutive days, mean temperature> 30°C or< 0°C,
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Fig. 1. Study protocol.
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respectively) in the last 3 months before the study to ensure that
participants were not considered heat/cold acclimatised. Given
that this study was realised in winter/spring 2022–2023, they
were theoretically exposed to temperature between 5 and 20°C
during this period. This study was conducted according to the
guidelines laid down in the Declaration of Helsinki, and all
procedures were approved by the French National Ethics
Committee Sud Méditerranée n°IV (2022-A01862-41). It was
also registered in Clinical Trials (MCT05584527). Written
informed consent was obtained from all participants who
received financial remuneration for study completion.

Period of normalisation

Participants were asked to eat the same supplied foods (same
foods (cold entrée, hot main dish and dessert) quantities and
timing) for the dinner the day before and breakfast and lunch the
day of session. The composition of thesemeals was similar to the
ad libitum meals to accustom them to these kinds of foods but
with different recipes to avoid monotony. Mean EI was
9·27 ± 1·36 MJ (45 ± 3, 34 ± 2, and 21 ± 2 % from carbohydrate,
fat and protein, respectively) during this period. They were also
instructed to drink at least 1·5 litres of water from the previous
evening to avoid disparities in the hydration level and to not
perform PA on the day before the study (level of activity
controlled by an accelerometer). Finally, they were instructed to
respect their sleeping habits during the two previous nights. The
objective of this period of normalisation was to obtain a similar
physiological basal state before each session

Control measurements

Room temperature and hygrometry. The experimental
sessions took place in the Institut de Recherche Biomédicale
des Armées (IRBA)’s climatic apartment in which the temper-
ature but not hygrometry can be regulated. Twelve thermal
sensors (ibuttons, Maxim Integrated) were placed in several
locations in the apartment (four in the living room and two in
each room) to measure temperature and hygrometry continu-
ously to ensure that theywere in linewith the desired conditions.
The mean temperature and hygrometry for the three sessions
were 17·3 ± 0·4°C, 46·9 ± 9·7 %; 24·3 ± 0·2°C, 29·5 ± 8·4 %;
32·1 ± 0·6°C, 22·2 ± 3·5 %, respectively. Thus, at the exception
of 16°C for which temperaturewas slightly higher than expected,
we managed to perfectly reach the target values.

Core and skin temperature. Upon their arrival in the climatic
apartment, participants ingested a thermometric pill (Body Cap,
e-Celsius) that was equipped with a memory chip allowing
storage of data in case of loss of connection and communicated
with a monitor that remains with the participants during the
whole session. Participants were also equipped with two
cutaneous sensors (ibutton, Maxim Integrated), one on the left
superior part of the chest, the other on the 1/3 superior front of
the right thigh) to measure skin temperature (mean of the two
measurements). Skin temperature measured on the chest and
thigh showed acceptable agreement with mean skin temper-
ature measured on eight sites(31).

Body mass modifications. Body mass was regularly assessed
(13.00, 16.00, 19.00, 19.30, 22.00, 07.30, 08.00, 10.00, 00.00 and
00.30) with a balance (Mettler Toledo ICS 425d, accurate to 20 g)
to follow fluctuations. Food and fluid intake were measured
using weighings (electronic kitchen scale, Lacor, accurate to 5 g)
after each meal and weighings of water bottles realised at the
same time as body mass, respectively. Large water bottles (1·5
litres) were left at their disposal either outside (at room
temperature) or kept in the fridge (at 4°C) at their convenience.
They were instructed to consume as muchwater as they desired.
Urinary and faecal discharges were auto-assessed using a scale
placed very close to toilets. Participants had to weigh themselves
before and after urination/defecation. The correct filling of the
records was frequently checked to ensure that no weighing was
forgotten. Sweat loss was calculated using all the preceding
measurements, considering that water loss though respiration
was negligible.

Hydration level. Urinewas collected (12.00, 21.40 and 11.15) to
assess hydration level, using an automated dipstick analyser
(Clinitek Statusþ Analyser, Siemens) and Multistix10SG
(Siemens Munich). The urine specific gravity (USG) values<
1·013 indicate hyperhydration(32), whereas USG values> 1·020
reflect hypohydration(33). Subjective colour analysis using the
Armstrong scale(34) was also used to monitor the hydration status
of subjects.

Subjective thermal ratings. Thermal sensation and thermal
comfort (« How do you perceive your thermal environment? »)
were regularly determined with the ASHRAE 7-pt scale (from −3
cold to 3 heat) and with VAS with very uncomfortable and very
comfortable at the left and right ends(35).

Sleep duration and quality. The sleep characteristics and
duration were recorded by a measurement of cerebral activity
and sleep phase analysis. Participants wore a wireless DREEM2
headband (SAS) that automatically recorded physiological sleep
data in real time (Electroencephalography, accelerometer and
pulse oximeter). This alternative to polysomnography has been
validated(36). Fatigue using a 100-mm VAS ‘Are you tired?’ was
assessed at 21.45, 07.45, and 11.45 with ‘not at all’ and
‘extremely’ at the left and right ends.

Energy expenditure. Resting metabolism was assessed at 13.00
to ensure that they were in similar metabolic state then three
times in the preprandial period at distance from the previous
meal to limit the effect of the thermal effect of foods (17.30, 07.00
and 11.30) by indirect calorimeter using a metabolic monitor
(Q-NRG, Cosmed). The participants were placed in a comfort-
able lying position during the 15-min measurement. Mean
oxygen uptake and carbon dioxide production were then
determined from the more stable sample lasting at least 6 min.
Respiratory quotient was also collected from the same sample.
The investigators performed a visual check to ensure that the
participants were awake during measurements.

An accelerometer (MotionWatch 8, CamNTech) was fitted at
the left wrist during the whole session. Durations (in min) of
sedentary activities (< 1·5 MET), light activities (between 1·5 and
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3·0 METs), moderate activities (between 3·0 and 4·5 METs) and
vigorous activities (> 4·5 MET) during the 24 h were determined
using the device software (MotionWare 1·0·27, CamNTech). The
duration of spontaneous light PA (> 1·5 MET) was then
determined.

Heart rate. HR was continuously measured using a heart chest
belt (Polar H10, Polar) communicating with a watch (Polar RC3).

Main measurements

Energy intake quantity. Each test meal was served ad libitum
and was composed of three items (plus bread for dinner and
lunch) served in a large bowl, plate or jug (list and composition
of served food in online Supplementary File 1). In case of special
diets (pesco-vegetarian), a choice was offered for some items to
replace meat by fish or vegetarian options (n = 2). Lunch and
dinner foods came from usual French military rations. EI
between consumption of field rations and home diets were
found similar(37) even during 3 weeks(38) confirming that these
foods could be served without expecting low consumption.
Participants ate alone with no distraction (not allowed to use
their phone or read a book) in their room to avoid eating while
being influenced by social facilitation(39) and occupation(40) and
served themselves in their plate or bowl using specific cutlery.
Participants were instructed to signal the end of their meal by
knocking at their door allowing us to calculate themeal duration.
They were also instructed to taste each item even if they did not
want it to be able to assess food palatability. Thirty minutes after
the beginning of the meal, plates were cleared and were
weighed. The differences between before and after the meal
corresponded to the consumed quantities. Consumed quantities
were then used to calculate EI and macronutrients intake.

Subjective ratings. Appetite and thirst were assessed 10 times
per session including just before and after themeals (30min after
the start of the meals). Appetite was separated into four different
perceptions: hunger, desire to eat, fullness and prospective
consumption. Appetite was measured using 100-mm VAS
presented on paper preceded by the following questions:
« Are you hungry? », « How strong is your desire to eat? », « How full
do you feel? » and «What quantity of foodwould you able to eat? ».
These scales were anchored with « not at all » and « extremely » at
the left and right ends, respectively. The distance from the
extreme left to the participant’s vertical dash represented the
rating score expressed in mm (0–100). The composite appetite
score (CAS)(41), reflecting the responses to the four VAS
questions, was included in the study as a summary measure
of appetite. CAS was calculated using the following formula:
CAS= (hungerþ desire to eatþ (100-fullness)þ prospective
consumption)/4. Thirst was also assessed at the same time
points as appetite sensations. We also considered food
palatability that was assessed using VAS: « Did you like this
food? ».

Food reward. Food reward was assessed using the LFPQ(42–44).
Two versions were used: the original one comparing appeal for
high-fat and low-fat foods (fat appeal) and sweet and savoury

food (taste appeal) using foods usually consumed in France(45)

and a new one created for this study comparing appeal for cold
and hot foods/drinks (temperature appeal) and fluid and solid
items (texture appeal). The latter was created following the
recommendations listed proposed by Oustric et al.(44).
Temperature of the served foods appears to be differentially
appreciated according to the thermal environment. Indeed, it is
well demonstrated that oral temperature sensing in the mouth
may influence ingestive acceptance(46) and that cold drinks/
foods may be perceived as more pleasant in the heat(47) through
higher ability to satiate thirst(48). Other dimensions such as the
texture, the colour and/or the taste are interconnected with
food/drink temperature, since these dimensions may be
influenced by the coldness/warmth of ingested items or
influence the perception of the served temperature(49–52). The
methodology of food selection is described in the online
Supplemental File 2. This questionnaire was not planned before
breakfast to not overburden participants.

LFPQ is a two-phase computerised task. One task consists in
answering the question « How pleasant would it be to taste this
food now? » using 100-pt VAS. Food images (n 16) appeared
individually on the screen in a randomised order. Each food
image was shown to the participants beforehand to ensure the
adequacy between the image and its interpretation. The mean
score for each group of foods (low fat, high fat, savoury, and
sweet for the first questionnaire and hot, cold, fluid, and solid for
the second one) corresponded to explicit liking (EL). The other
score reflecting the implicit wanting (IW) was assessed using a
covertly timed forced choice procedure. Every image of each of
the four food categories was compared with every other image
of the three other categories (ninety-six pairs in total).
Participants were instructed to respond as quickly as they could
to indicate which food they most wanted to eat at that moment.
The IW score is therefore a combination of reaction time and
frequency of selection(44). Each questionnaire required 5–10 min
to be achieved. EL and IW scores are presented as appeal bias in
order to show the relative preference for one dimension (e.g.
low fat) in comparison with the opposite one (e.g. high fat). A
positive score in this example would indicate a relative
preference for high fat and a negative one a preference for
low fat, the higher or lower the value, the higher the preference
for the respective dimension.

Olfactory and gustatory capacities. Two series of tests were
carried out to analyse the olfactory and gustatory capacities using
the ODOFIN taste strip and ODOFIN sniffing sticks (Burghart
Messtechnik GmbH). While the impact of thermal temperature
on these capacities was never assessed, it is strongly suggested
that smell and taste functions modify feeding behaviour(53) and
that the hunger state may affect these functions(54). It was
interesting to know in this context whether heat and cold
exposures that are expected to modify hunger and food intake
may also affect olfactory and gustatory capacities. These tests
proposed a semi-objective evaluation of the olfactory and
gustatory capacities of the subjects using four tests. The olfactory
threshold test attempts to define the subject’s limit olfactory
capacity using a gradient of odorant power (strength: 16= low to
1= high). For the olfactory discrimination test, the subject has to
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recognise one different odour from two other proposals. The
olfactory identification test consists of recognising the proposed
odour among four possibilities. Finally, the taste discrimination
test aims to evaluate the participant’s ability to detect the four
tastes (sweet, salty, bitter and acid). The first series of tests
(olfactory discrimination and gustatory discrimination at 17.00)
allowed the subjects to become accustomed to the complexity of
the tests. The second series of tests (all test at 10.00) was
preferentially chosen to study the impact of the temperature on
the subjects’ olfactory and gustatory abilities. Each test (thresh-
old, olfactory discrimination and identification, and taste
discrimination) was performed according to the manufacturer’s
instructions. The same investigator was previously assigned to
each test in order to limit operator-dependent bias.

Hormones. A plasma assay of hormones known to modulate
appetite (active ghrelin (acylated), leptin, active GLP-1 and total
PYY) was performed using the Luminex™ Technology tech-
nique using customised panels (Milliplex Human Metabolic
HormoneMagnetic Bead Panel, MerckMillipore). The LUMINEX
technique combines the principle of Elisa assay and flow
cytometry. These hormones were judged the most relevant to
explain the modulation of EI in response to thermal environ-
ments. Two samples were taken, respectively, at 12.15 (15 min
before lunch) and at 13.10 (10 min after lunch) in order to
analyse the prandial effect. The samples were taken on a 4-ml
EDTA tube. Immediately after collection, a mixture of Pefabloc
SC (Merck Millipore) and inhibitors of dipeptidyl peptidase 4
(Merck Millipore), both enzyme blockers, was added in whole
blood, to inhibit the deleterious effects of proteases. Within 30
min of collection, they were centrifuged (10 min at 2000 G in a
refrigerated centrifuge) to isolate plasma that was then deposited
in five aliquots (one for each hormone and one as a backup) and
frozen at −80°C. This allows a multiplex analysis of several
protein targets with high precision. All the assays were
performed by the same investigators. Given that total PYY
results contained too many outliers (> 35 %), Elisa tests (Human
total PYY ELISA, MerckMillipore)were done again to correct this
problem. All assays were run in duplicate. When intra-assay CV
exceeded 25 %, measurements were rerun. Mean intra-assay
coefficients of variation were 10·0, 7·9, 6·3 and 4·9 for acylated
ghrelin, active GLP-1, leptin and total PYY, respectively.

Statistical analyses

All variables were checked for normal distribution using a
Shapiro–Wilk test. If Gaussian distribution was not respected,
non-parametric tests (Friedman’s test) were used. In the case of
repeated measurements, mixed-model repeated-measures
ANOVA were used. Thus, VAS scores (appetite, thirst and
thermal scales) were compared using a 3 × 10 ANOVA (temper-
ature effect: 16°C v. 24°C v. 32°C and time effect). A 3 × 3 ANOVA
was used to compare EL and IW taste and fat appeal bias scores
(temperature effect: 16°C v. 24°C v. 32°C and meal effect: dinner
v. breakfast v. lunch). A 3 × 2 ANOVA was used to compare EL
and IW texture and temperature appeal bias scores (temperature
effect: 16°C v. 24°C v. 32°C and meal effect: dinner v. lunch). All
these variables were normally distributed. For the remaining

variables, 3 × 1 repeated-measures ANOVA (or Friedman’s test)
were used (temperature effect: 16°C v. 24°C v. 32°C). When the
sphericity assumption was violated (Mauchly’s test), a
Greenhouse–Geisser correction was used. Post hoc analyses
were performed using Bonferroni’s tests (Conover’s test in case
of use of Friedman’s test). The differences were also examined
using Cohen’s effect size (ES):> 0·2 (small),> 0·5 (moderate)
and> 0·8 (large)(55). Data are presented as the means and
standard deviations. Significance was determined as P< 0·050.
However, since it is frequently recommended to eradicate the
categorisation based on this threshold(56), we mentioned all
results with P< 0·100 and post hoc tests were conducted with a
former P value lower than 0·100. Analyses were performed using
JASP software (0.16.4.0 version).

Results

All detailed results are available in the online Supplementary
File 3.

Control measurements

Core and skin temperature and heart rate. Statistical analyses
revealed temperature effects for diurnal HR, core and skin
temperature, and for spontaneous PA. Results of post hoc tests
are presented in the Fig. 2. Core temperature (Fig. 2(a)), skin
temperature (Fig. 2(b)) and HR (Fig. 2(c)) were largely higher
during the 32°C compared with the 16°C session and slightly-to-
largely lower during the 16°C compared with the 24°C session.
Core and skin temperatures were moderately-to-largely higher
during the 32°C compared with the 24°C session. Results from
the nocturnal period are available in the online Supplementary
File 2. Spontaneous PA was slightly-to-moderately higher during
the 16°C than the 24°C and the 32°C sessions (Fig. 2(e)).

Energy expenditure. A temperature effect was found for EE
(Fig. 2(d)). It was slightly higher during the 16 and 32°C sessions
comparedwith 24°C session (þ5·42 ± 6·57 % andþ5·07 ± 9·55 %
during the 16 and 32°C sessions, respectively). Respiratory
quotient was not modified by temperature exposures (online
Supplemental File 3).

Body mass modifications and hydration level. Temperature
effects were found for body mass modification, water intake,
food intake, total intake, urine loss, sweat loss, total loss (Fig. 3(a)
for details) and USG (P= 0·028). Water, food and total intakes
were slightly-to-largely higher during the 32 than the 24°C
session. Body mass modifications were moderately-to-largely
higher during the 32 and the 24°C sessions compared with the
16°C session. Water and total intakes were largely higher during
the 32 than the 16°C session. Water intake was moderately lower
during the 16 than the 24°C session. Sweat and total losses were
largely higher during the 32 than the 24 and 16°C sessions. Sweat
loss was moderately lower during the 16 and the 24°C session.
Urine and faeces losses were moderately lower during the 32
than the 16°C session.

Finally, post hoc test revealed that USG was slightly higher
during the 16 compared with the 24 and 32°C sessions
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(P= 0·055, d= 0·475 for both). USG and urine colour results are
presented in the online Supplementary File 3.

Subjective thermal ratings. Temperature and time effects were
found for thermal sensation (Fig. 3(b)) and discomfort (Fig. 3(c)).
Moreover, a time x temperature interaction was found for
thermal discomfort. Post hoc tests results are presented in Fig.
3(b) and (c). Thermal sensation was largely higher in the 32 than
the 24°C and the 16°C sessions and largely lower in the 16 than
the 24°C session. Thermal discomfort was largely higher in the 16
and the 32°C than the 24°C sessions. Thermal sensation was
slightly lower at 20.00 compared with the basal value in all
sessions. Thermal discomfort slightly increased after the sleep
period in the 16 and 32°C sessions.

Sleep and fatigue. Thermal environment had no impact on
sleep quality and duration and on subjective feelings of fatigue
before and after the night (online Supplementary File 3).

Main measurements

Food intake, meal duration and palatability. Thermal
environment did not modify 24-h EI (P= 0·120; 14·49 ± 2·64,
14·06 ± 2·85, and 14·96 ± 2·99 MJ, for 16, 24 and 32°C sessions,
respectively). However, a temperature effect was found for EI at
the dinner and breakfast, EI being slightly higher during the 32
than the 24°C sessions (Fig. 4(a) and (b)). Meal durations
(Fig. 4(d) and (f)) and macronutrients intake (online
Supplementary File 3) were not impacted by thermal exposures.

A temperature effect was found for the entrées, main dishes
and orange juice intake (Table 1). Entrée at dinner was slightly
more consumed during 32 than during 16°C session and entrée
at lunch was slightly less consumed during 16 than during 24°C
session. Main dish was slightly more consumed during the 16
than the 24°C session. Orange juice was slightly more consumed
during the 32 than the 24°C session.

During dinner, the hotmain dishwas fully consumed 3, 1, and
2 times and the bread 5, 3, and 3 times during the 16, 24, and 32°C
sessions, respectively. During breakfast, sweet cottage cheese
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was fully consumed 0, 2, and 5 times,madeleines 0, 0, and 1 time,
and orange juice 2, 1, and 5 times during the 16, 24, and 32°C
sessions, respectively. During lunch, the dessert was fully
consumed 1, 1, and 2 times and the bread 4, 3, and 4 times during
the 16, 24, and 32°C sessions, respectively.

Palatability was found to be impacted by temperature only for
cottage cheese andmadeleine at the breakfast (Table 1). Cottage
cheese was moderately more appreciated during the 32 than the
16°C session. Madeleine was slightly less appreciated during the
32 than the 16°C session.

Subjective ratings for the level of hunger and thirst. ANOVA
revealed no temperature effect for CAS (Fig. 5). Thirst was
however impacted by temperature. Post hoc tests indicated that
thirst levels were slightly higher during the 32 than the 16 and
24°C sessions.

Olfactory and gustatory capacities. Temperature had no effect
on the different scores assessing olfactory and gustatory
capacities (online Supplementary File 3).

Leeds Food Preference Questionnaire. A temperature effect
was found for EL and IW fat appeal biases, EL taste appeal bias,
and EL and IW temperature appeal biases but not for texture
appeal bias. Post hoc tests are summed up in Figs. 6 and 7.
Briefly, EL and IW for high-fat foods were slightly-to-moderately
reduced during the 32 compared than the 16 and 24°C sessions.
IW for high fat-fat foodswas slightly increased during the 16 than
the 24°C session. EL for sweet foods was slightly increased
during the 32 compared with the 16°C session. EL and IW for
cold foods were largely higher during the 32 than the 16 and the
24°C sessions and EL and IW for hot foods were largely higher
during the 16 than the 24°C session.

Water intake (kg)
16 v 24: < 0∙008 (0∙60) / 24 v 32: < 0∙001 (1∙17)

16 v 32: < 0∙001 (1∙77)

Urine and feces loss (kg)
16 v 24: 1∙000 (0∙11) / 24 v 32: 0∙096 (0∙39)

16 v 32: 0∙020 (0∙50)

16 v 24 < 0∙001 (2∙18)
24 v 32 < 0∙001 (2∙05)
16 v 32 < 0∙001 (4∙23)

16 v 24 < 0∙001 (1∙52)
24 v 32 < 0∙001 (1∙34)
16 v 32    1∙000 (0∙18)
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16 v 24: 0∙046 (0∙60) / 24 v 32: < 0∙001 (3∙44)

16 v 32: < 0∙001 (4∙04)
16 v 24: 1∙000 (0∙15) / 24 v 32: < 0∙001 (1∙08)

16 v 32: < 0∙001 (1∙23)

Food intake (kg)
16 v 24: < 0∙391 (0∙25) / 24 v 32: 0∙030 (0∙43)

16 v 32: 0∙769 (0∙19)
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Body mass
modifications (kg)
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Meal effects were found for EL and IW fat appeal biases, EL
and IW taste appeal biases, IW texture appeal bias, and IW
temperature appeal bias. Fat appeal biases were moderately
higher during breakfast than during lunch indicating a larger
preference towards the high-fat foods during breakfast. Taste
appeal biases were largely higher during breakfast than dinner
and lunch indicating a larger preference towards sweet foods.
IW taste appeal was slightly lower during dinner than lunch
indicating a larger preference towards solid foods. Finally, IW
temperature appeal bias was slightly lower during dinner than
lunch indicating a larger preference towards cold foods.

A meal effect was found for EL-FAT bias, IW-FAT bias, EL-
Taste bias, IW-Taste bias and IW-Texture bias. EL and IW for
high-fat foods was moderately lower at lunch compared with
breakfast. EL and IW for sweet foods was largely higher at
breakfast compared with dinner and lunch. IW for solid foods
slightly decreased at lunch compared with dinner.

Plasma levels of hormones. A temperature effect was found for
acylated ghrelin, activeGLP-1 before lunch and leptin after lunch
(Fig. 8). Post hoc revealed that acylated ghrelin was slightly
higher during the 16°C session compared with the two other
ones. GLP-1 was slightly higher during the 16°C compared with
the 32°C session. Leptin was slightly higher in the 32°C session
compared with two other ones. A meal effect was found for
acylated ghrelin, active GLP-1, and total PYY with levels being
lower for ghrelin and higher for active GLP-1 and total PYY after
compared to before.

Discussion

Contrary to our hypothesis, neither a 24-h cold nor heat
exposures modified total EI in young, active and healthy men. In

accordance, feelings of hunger and plasma levels of hormones
involved in appetite modulation were also not altered. EI was
even slightly increased during the first two test meals in the hot
session (32°C) compared with the thermoneutral one (24°C), an
observation that is in opposition to previous ones. However,
food reward was strongly impacted by both thermal environ-
ments: towards low fat, sweet and cold foods in hot conditions
and high fat, savoury, and hot foods in cold conditions. Since test
meals allowed choices between cold and warm foods,
participants were able to eat more of the foods they preferred
in the specific thermal environment, maintaining therefore EI.

Physiological and subjective impact of thermal exposures

To control the subjective and objective impact of thermal
exposures on participants is important for two reasons: (1) to
check that the selection of temperature/hygrometry was
successful and (2) to ensure that the eventual modifications in
food intake-related variables could be serenely linked to the
thermal impact. As previously pointed by a recent meta-
analysis(19), this monitoring is rather weak in most studies and
overall very inconsistent. Given the wide range of temperatures
(from –140°C to 18°C and from 30 to 36°C in cold and hot
conditions, respectively) and durations of exposure (3 min to
24 h) and the realisation or not of physical exercises that were
sometimes done in immersion, this control appeared essential.
Moreover, the lack of standardised clothing across conditions in
half of the studies and the absence of details about the ability to
maintain the experimental environment, at the exception of
some studies(23,57,58), reinforce this need.

In the present study, we tried our best to control these thermal
aspects and to limit the differences between sessions. In these
conditions, we confirmed that 16 and 32°C conditions had a large
impact on physiological variables (core and skin temperature,
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HR, resting EE, urine and sweat loss for the 32°C session only),
and some behavioural ones (spontaneous PA in the 16°C session
and water intake in the 32°C session). Moreover, participants felt
the environment as slightly cool/cool and slightly warm/warm in
cold and hot sessions, respectively, and similarly uncomfortable
in both sessions compared with the control 24°C session. One
interesting result was the similarity of temperatures and HR
during sleep between sessions. This was due to our will not to
impose the number of blankets. This choice, however, allowed
the participants to sleep well. Thus, the possible effects of sleep
deprivation on appetite(59,60) in the morningmeasurements were
at best marginal. Comparisons with similar studies with passive
thermal exposures at similar temperatures(23,25,28) showed that
the impact of cold (10–18°C v. 20–24°C in the cold v. control
sessions, respectively) on resting EE (þ6·8 %), HR (–2·4 %), and
core (–1·2 to−1·1 %) and skin temperature (–13·2 to−6·5 %)was
concordant in the present paper (þ5·4 %, −4·8 %, −0·4, and
−7·3 %, respectively). The smaller decrease in core temperature
was very likely due to the increase in spontaneous PA in the 16°C
session (Fig. 2(e)), a compensatory behaviour, objectified in
mice(61) but not in humans(62), that may have slightly increased
internal heat production. In the heat, core and skin temperature
increases were lower in the present work (þ0·25 and þ4·5 %,
respectively) than in the study of Zakrzewski-Fruer et al(23) (þ1·1
and þ10·3 %, respectively). The difference between the hot and
the neutral conditions was larger in the latter study than in the
present one (þ10 v. þ8°C), but it remains insufficient to explain

the lesser impact of heat exposure in ours. The possibility to
engage in some light activities alone or in group may be a potent
hypothesis.

Thus, 16°C and 32°C temperatures were sufficient to elicit
moderate to large physiological, behavioural and subjective
modifications compared with the 24°C control session.
Participants started therefore their three test meals in very
different conditions.

Energy intake, hunger and hormones

Literature indicates a possible orexigenic effect of cold exposure
(increases in hunger, EI and ghrelin levels)(24,58,63–66) and an
anorexigenic effect of heat exposure (decreases in hunger, EI,
and increases in leptin and PYY levels)(23,24,67–69). It was
therefore logically expected to confirm these opposite and
suggested effects during a 24-h period with three meals in which
participants were not exercising and other biases were annulled
or limited. Surprisingly, 24-h EI was not different between
sessions. More surprisingly, EI was slightly higher during the first
two meals (dinner and breakfast) in the hot condition compared
with the neutral one, this result being in total opposition with
previous ones. Accordingly, participants did not initiate their
meals with different levels of subjective hunger and similar
gustatory and olfactory capacities. The latter assessments were
considered exploratory since only indirect evidence(53,54)

supported a hypothetical effect of thermal exposures. Even if

Table 1. Food intake and palatability

16°C 24°C 32°C 16 v. 24 24 v. 32 16 v. 32

Mean SD Mean SD Mean SD ANOVA P P d P d P d

Food intake at dinner (g)
Entrée (cold) 150 144 173 109 210 146 0·078 0·913 0·17 0·622 0·27 0·011 0·44
Main dish (warm) 533 188 453 161 485 197 0·023 0·023 0·44 0·929 0·18 0·228 0·26
Dessert (cold) 115 81 137 88 143 82 0·107
Bread (temperate) 64 38 66 38 65 43 0·918
Food intake at breakfast (g)
Cottage cheese (cold) 261 114 269 120 298 122 0·155
Madeleine (temperate) 124 46 119 49 132 60 0·326
Juice (cold) 299 162 298 137 358 184 0·059 1·000 0·01 0·062 0·37 0·256 0·37
Food intake at lunch (g)
Entrée (cold) 110 137 139 130 159 153 0·074 0·084 0·21 0·660 0·14 0·191 0·35
Main dish (warm) 404 165 339 152 333 148 0·011 0·025 0·42 1·000 0·03 0·103 0·45
Dessert (cold) 132 89 146 86 139 101 0·589
Bread (temperate) 59 41 58 36 46 44 0·206
Palatability at dinner (/100)
Entrée (cold) 39 31 47 31 46 30 0·161
Main dish (warm) 70 16 67 16 67 17 0·575
Dessert (cold) 44 33 43 32 47 34 0·423
Bread (temperate) 58 26 56 29 62 27 0·457
Palatability at breakfast (/100)
Cottage cheese (cold) 62 21 71 17 73 19 0·058 0·160 0·47 1·000 0·10 0·065 0·57
Madeleine (temperate) 78 21 76 22 72 21 0·066 0·498 0·10 0·118 0·22 0·028 0·32
Juice (cold) 68 23 67 23 71 24 0·580
Palatability at lunch (/100)
Entrée (cold) 35 31 36 30 37 32 0·260
Main dish (warm) 60 27 56 31 60 22 0·989
Dessert (cold) 55 31 50 30 52 31 0·525
Bread (temperate) 51 35 55 32 54 30 0·570

Values are represented as mean ± SD. P values< 0·05 are highlighted in bold.
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these results contradict most of the existing literature, they
remain in total accordance with those of our previous study(27) in
which nomodification of hunger score and EI was found after 16
h in the heat (32°C) compared with a neutral condition (22°C).
Our main hypothesis at this time was the tendency to not modify
habits during breakfast(70) used as a test meal reducing,
therefore, the possibility to modify selection of foods and
consumed amounts. The fact that subjective hunger and EI were
not modified (and even slightly increased in the 32°C session for
the latter) during three consecutive meals weaken this
proposition but demonstrates instead the robustness of the
absence of anorexigenic effect of heat. Surprisingly, some
hormonal modifications (at the lunch initiated 23 h 30 after the
beginning of exposure) in favour with an anorexigenic effect of
heat (increase in post-lunch leptin at 32°C) and orexigenic effect
of cold (increase in pre-lunch acylated ghrelin at 16°C) were
observed. However, the physiological impact of these mod-
ificationswas judged small and partially in disagreementwith the
literature(63,71). One might argue that these modifications were
not attributed to the thermal environment but rather caused by
the higher food intake during dinner and particularly during

breakfast at 32°C. The absence of previous blood samplings (e.g.
in a fasted state before breakfast) precluded reliable
interpretations.

Given the myriad of protocols used in this specific field(19), to
identify the hypothesis explaining the discrepancy of results
seems a hard and risky task. The impact of the realisation of PA
during thermal exposures is very likely major but make all
comparisons with passive exposures hazardous, since the
production of internal heat during exercise counteracts
the effects of ambient temperature to an extent. Moreover, at
the exception of some studies(24,26), participants were placed in a
temperate environment after exercise until the test meals. Thus,
the decay of thermal impact during exercise between exercise
and assessment of EI is another bias to consider.

Direct comparisons with studies using passive exposure are
therefore more reasonable. Cold exposures (10–18°C v. 20–24°C)
induced marginal effects on EI and appetite(23,25,28). The results of
the present study are totally in agreement with these previous
studies despite large cold-induced perceptive and physiological
alterations. An increased EI during cold exposure (10 v. 20°C) was
found only in the study of Wasse et al.(24). However, this 6-h
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exposure startedwith a 1-h exercise session. In these conditions, it
is difficult to knowhow this activitymay have altered the effects of
cold exposure on appetite. For example, contrary to passive
studies(23,28), core temperaturewas similar in both exposures. This
lack of effect may be logically explained by the exercise-induced
heat production thatmay persist several hours.On the other hand,
the fact that participantswere ‘able towearwhatever clothing they
wished’(24) may also have mitigated cold-induced physiological
effects. Another explanation could be this excess may have
generated higher heat production related to the thermal effect of
food. Indeed, Westerterp-Plantenga et al.(28) reported a correla-
tion between overeating at 16°C (compared with 22°C) and the
attenuation of rectal core body temperature. These results suggest
that humansmay unconsciously modulate food intake to increase
heat production and therefore limit cold-induced heat dissipation.
This adaptive behaviour well-documented in mammals(72) and
also observed in warmer conditions (reduction of food intake to
avoid increase in core temperature)(73) required further inves-
tigation in humans if we considered the scarcity of publications.
These examples perfectly illustrate how even small discrepancies
between protocols (presence of PA and the choice of clothing)
complicate interpretations and comparisons between studies.

Passive heat exposure was found to significantly reduce
hunger score and EI by 1189 ± 1219 kJ(23). Hypotheses may be
proposed based on the differences in protocols. A recent
study(74) demonstrated that the shorter the holding times in a
laboratory following a test meal, the lower the EI. We can
suppose that this effect is more important in individuals placed in
uncomfortable conditions and that they rushed their meal to

leave the experimentation the soonest. While participants stayed
several hours in the laboratory after the two first meals in the
present study, those in the Zakrzewski-Fruer et al.(23) study
remained only 1 h. It is however impossible to know whether
this effect operated here. Results from the study of Wasse
et al.(24), in which EI was found slightly lower during two
successive test buffet meals at 30°C compared with the 20°C
control session, suggest that this effect is rather unlikely to
operate. Another difference was the activities that were
authorised during the study. Socialisation was authorised and
encouraged through the supply of several leisure activities in the
present study, while no socialisation (one participant per
session) and one sedentary task (‘work on a laptop’) was
authorised in the previous study(23). In addition to probably
amplify physiological impact of ambient temperature, remaining
completely sedentary in a laboratory setting without many
stimulating activities may also improve self-awareness and
therefore the quality of VAS fillings but also reduce the number
of psychological cues compared with a context closer to daily
life(75). Nevertheless, the impact on the hunger scales filling
remained to be demonstrated, especially since no difference in
perceived appetite was observed between free-living and
laboratory-controlled conditions(76).

Food reward and food choices

The impact of thermal exposures on food reward and preference
is scarcely studied.We performed a pilot study on the impact of a
16-h passive exposure to heat(27) and field studies during a 15-d

Pre-lunch

600

(a)

400

Ac
yl

at
ed

 g
hr

el
in

 (p
g.

m
L–

1 )
Ac

tiv
e 

G
LP

–1
 (p

g.
m

L–
1 )

To
ta

l p
ep

tid
e 

YY
 (p

g.
m

L–
1 )

Le
pt

in
 (p

g.
m

L–
1 )

200

0

6000

4000

2000

0

120

80

40

0
16 24 32 16 24 32 16

0

100

200

300

400

500

Temperature effect: p = 0∙196, Time effect: p < 0∙001 (0∙844)
Temperature x Meal: p = 0∙478

Temperature effect: p = 0∙200Temperature effect: p = 0∙878

Temperature effect: p = 0∙019

Time effect: p = 0∙123 (0∙214)Time effect: p < 0∙001 (0∙929)

Temperature effect: p = 0∙119

Temperature effect: p = 0∙054

Temperature effect: p = 0∙038

Time effect: p < 0∙001 (0∙898)

24 32 16 24 32

Post-lunch Pre-lunch(c)

(b) (d)

Post-lunch

16 v 32
24 v 32
16 v 24

16 v 32
24 v 32
16 v 24 0∙883 (0∙11)

(0∙17)
(0∙06)

0∙016
0∙023

0∙032 (0∙23)
(0∙11)
(0∙34)

1∙000
0∙032

16 v 32
24 v 32
16 v 24 0∙112 (0∙18)

(0∙25)
(0∙43)

0∙465
0∙023

Fig. 8. Plasma levels of acylated ghrelin (a), glucagon-like peptide-1 (GLP-1; B), leptin (c) and peptide YY (PYY; (d)). Dotted lines represent individual values and
rectangles the mean values for each session. P values lower than 0·05 are highlighted in bold and effect sizes are indicated into brackets.

14 M. Coca et al.

https://doi.org/10.1017/S0007114524000825  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114524000825


expedition in the cold(77,78) using an adapted paper version of the
LFPQ(79). While no meaningful modifications of food prefer-
ences were observed during the latters, robust decreases in IW
and EL for high-fat foods were observed during heat passive
exposures(27). Moreover, Motoki et al.(50) identified a negative
relationship between food preference for savoury foods and
their perceived warmth in warm conditions (27–30°C), whereas
this relationship was positive in cooler ones (20–23°C). We
globally confirmed in the present study these results (large
increase in food reward for low fat and cold foods/drinks and a
slight increase in EL for sweet foods). Cold exposure induced
opposite modifications in food reward (increase in IW for high-
fat foods, increases in EL and IW for warm foods/drinks, and a
slight increase in EL for savoury foods). Correlations between
LFPQ scores and both intake and food choice are regularly
evidenced(80,81). However, these associations may sometimes be
hard to highlight(27,82) in adverse situations (altitude and heat
exposure, respectively) when it was not possible to propose a
buffet composed of the same foods used in the LFPQ. Since the
aim of this study was to mimic real-life conditions using meals
composed of traditional French dishes, we did not gather the
optimal conditions to observe these associations. However, the
analysis of food intake (Table 1) revealed interesting tendencies.
Indeed, cold entrée intake was slightly higher at 32°C than 16°C
at dinner and slightly lower at 16°C than 24°C at lunch.Moreover,
hot main dish intake was higher at 16 than 24°C at both meals.
Finally, orange juice, which was served cold, was more
consumed at 32 than 24°C. These observations were in line
with the modifications of food reward for warm/cold foods.
Concerning the latter, we might argue that the slightly higher
levels of thirst at 32°C compared with 24°C just before breakfast
(P= 0·023, d= 0·429) partially explained this result and the
higher EI observed during the 32°C session. If participants’
intake was driven by thirst and if we consider the low satiating
effect of fluids, it is possible that the greater EI during breakfast
was not only due to an effect of heat on appetite. If orange juice
was removed from the EI calculation, the effect of heat exposure
compared with control session was reduced but not totally
removed (4078 ± 1170 v. 4573 ± 1310 kJ (P= 0·062; d= 0·37)
with orange juice and 3340 ± 1118 v. 3698 ± 1209 kJ (P= 0·143;
d= 0·32) without orange juice in the 24 and 32°C sessions,
respectively). In these conditions, it is therefore possible that
heat-induced higher levels of thirst may have enhanced EI
during breakfast, but it remains to be demonstrated.

It is therefore possible that this small but ecological choice
may have allowed participants to adjust their intake according to
the modifications in food reward maintaining EI. Some
comparisons with similar studies support this idea. In the study
of Zakrzewski-Fruer et al.(23), a hot pasta dishwas served in large
quantities after an exposure to 20 or 30°C. EI was significantly
lower in the 30°C condition. Based on the present results, it is
very likely that participants were less interested in this only dish
and ate less of it. In our previous study(27), a breakfast buffet
composed of cold, temperate and hot foods/drinks was served
after 16 h at 22 or 32°C. With this test meal, EI was not different
between the conditions. Finally, cold sandwiches were served
after a 75-min exposure at 31 or 22°C(26). No modification was

observed apparently contradicting this hypothesis. Nevertheless
participants were French West Indies natives, and subjective
thermal scales revealed that the 32°C session was considered as
comfortable/temperate and the 21°C session as slightly uncom-
fortable/cool. Thus, the effect of passive heat exposure was very
likely not addressed in this study. Further studies are required to
confirm the possibility that EI and appetite are barely impacted
by heat exposure as long as choices are possible (using foods
with different temperature). Indeed, EI were slightly decreased
after an exercise session realised at 30/36°C compared with 20/
25°C(24,67), while buffet composed of foods served at different
temperatures were used as test meals. The isolated impact of
physical exercise in combination with exposure to extreme
temperature remained to be elucidated.

Limitations

Numerous efforts were done to limit and avoid bias that often
interferes with the interpretation of the results. This is why
temperatures were selected based on literature and previous
studies fromour laboratory to potentially inducemodifications in
appetite during a passive exposure. Moreover, this thermal
impact was controlled using devices that were almost imper-
ceptible for participants and the same outfit adapted to 24°C was
imposed to avoid thermal compensation by adding layers that
often occur during cold exposures(23,24,83).

Management of water intake was subjected to several
possibilities, and ad libitum intake was privileged since it was
shown that participants were able to replace the higher sweat
loss during heat exposures almost perfectly maintaining levels of
hydration similar between sessions(23,27). The present results
confirmed the efficiency of this choice. One might argue that
drinking high volumes of water, as it was the case in the 32°C
session, may reduce subsequent food intake(84), but since EI was
slightly higher in this hot condition, this effect was very unlikely.

The study occurred between January and April in a period
with cold to temperate temperatures (5–20°C). The aim was to
avoid participants to be heat acclimatised and less sensitive to
the heat exposure. However, it is possible that participants were
partly acclimatised to the mild cold climate reducing, therefore,
the impact of cold exposure and potentially explaining the
absence of modifications of EI in the cold condition.

Food intake may be assessed through a myriad of
protocols(85–87), each choice being accompanied by strengths
and weaknesses. We chose to privilege an ecological solution
using a three-coursemeals (plus bread for dinner and lunch) that
corresponded to the French standards and that was already used
in different contexts(88,89). It was moreover concordant with the
fact that participants were left free to live in this ‘apartment’. The
choice to use military ration may be criticised given that military
foods are preconceived to be inferior to commercial foods(90),
especially when eaten in comfortable conditions. However,
military rations consumed ad libitum during several weeks
induced similar EI than fresh foods or usual diets(37,38,91), strongly
suggesting that these foods may be found appropriate to daily
life. However, it is possible that despite the consumption of
similar foods during the normalisation period in order to improve
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familiarisation, some items (entrées mostly) were rated less than
moderately good. It is difficult to known what would have been
the results if all foods were rated above average.

Finally, the interpretation of the results is limited to this
specific population (young, active and healthy young men). The
effects onwomen, older individuals, overweight/obese andwith
a metabolic or psychological pathology remain to be assessed.

Conclusions

Passive exposures to heat (32°C) and cold (16°C) did not alter EI
assessed at three successive meals during a 24-h period
compared with a neutral control condition (24°C) contrary to
our hypothesis. Hunger scores, plasma hormonal levels, and
gustatory and olfactory capacities were accordingly not
modified. However, food reward for fatness, taste and temper-
ature of foods were deeply altered with heat and cold exposure.
These modifications were likely to be involved in the higher
consumption of cold foods during heat exposure and warm
foods during cold exposure. It was therefore hypothesised that
offering some choice based on food temperature may help
individuals to express their specific food preferences and
maintain EI.

Thus, these results suggested that offering cold orwarm foods
in hot or cold conditions may enhance food intake. This may
appear challenging for athletes and military personnel that may
eat in unusual and/or uncomfortable conditions. However, these
logistical constraints may be interesting to solve if it may limit loss
of body mass on a longer basis.

This protocol was designed to confirm tendencies surfacing
from a restricted amount of publications, the obtained results
finally raisedmore interrogations. Indeed, it remains to challenge
the proposed hypothesis in comparing EI during hot/cold
exposures and neutral ones using different menus adapted or
not to the expected food reward modifications observed in the
heat. Moreover, including physical exercises during these
exposures appeared essential, since the most concerned
populations (athletes and soldiers) are not supposed to remain
sedentary.
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