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Background: Harnessing cold-induced thermogenesis (CIT) and brown adipose tissue (BAT) activity has
been proposed as a means of counteracting a positive energy balance, and thus of combating obesity and
its related comorbidities. However, it has remained unclear whether CIT and BAT activity show diurnal
variation in humans - knowledge that might allow treatments based on these factors to be time-
optimized.
Methods: A randomized crossover experiment was designed to examine whether CIT shows morning/
evening variation in young, healthy adults (n ¼ 14, 5 women). On the first experimental day, subjects'
shivering thresholds were determined following a cooling protocol. After z96 h had elapsed, the sub-
jects then returned on two further days (approx. 48 h apart) at 08:00 h or 18:00 in random order. On
both the latter days, the resting energy expenditure (REE) was measured before the subjects underwent
personalized cold exposure (i.e., according to their shivering threshold). CIT was then assessed for 60 min
by indirect calorimetry. In an independent cross-sectional study (n ¼ 133, 88 women), subjects came to
the laboratory between 8:00 and 18:00 h and their BAT 18F-fluordeoxyglucose (18F-FDG) uptake was
assessed after personalized cold stimulation.
Results: Both the REE and CIT were similar in the morning and evening (all P > 0.05). Indeed, 60 min of
personalized-mild cold exposure in the morning or evening elicited a similar change in energy expen-
diture (16.8 ± 12.8 vs. 15.7 ± 15.1% increase above REE, P ¼ 0.72). BAT 18F-FDG uptake was also similar in
the morning, evening and afternoon (all P > 0.05).
Conclusion: CIT does not appear to show morning/evening variation in young healthy adults, with the
current study design and methodology. BAT 18F-FDG uptake appears not to change across the day either,
although experiments with a within-subject study design are needed to confirm these findings.
Registered under ClinicalTrials.gov Identifier no. NCT02365129.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In simple terms, body weight is determined by the balance
between total energy expenditure (TEE) - a multicomponent
construct - and energy intake. The REE accounts for some 60e70%
of the TEE; the remainder is accounted for by other components
such as activity thermogenesis and adaptive thermogenesis (diet
and cold-induced thermogenesis) [1]. Theoretically, if not
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Characteristics of the study participants.

CIT study BAT18F-FDG study

(n ¼ 14) (n ¼ 133)

Women (%) 5 (36) 88 (66)
Age (years) 26 (3) 22 (2)
BMI (kg/m2) 23.6 (2.8) 24.9 (4.8)
Lean mass (kg) 45.5 (11.8) 42.2 (10)
Fat mass (kg) 18.3 (4.1) 25.1 (9.2)
Fat mass (%) 28.2 (6.1) 35.9 (7.4)
REE (Kcal/day) 1469 (237)

Data are presented as mean (standard deviation) and number (percentage) for
continuous and categorical variables respectively. For the CIT study, the REE value
shown here was calculated as the mean of the REE in the morning and the evening.
BAT: brown adipose tissue, BMI: Bodymass index, CIT: cold-induced thermogenesis,
18F-FDG: 18F-fluordeoxyglucose, REE: resting energy expenditure.
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compensated for by an adaptive mechanism (e.g., an increase in
energy intake), changes in any of the previous components could
lead to changes in body weight. Inducing such changes might help
prevent or treat obesity and its related comorbidities.

Humans are endothermic, i.e., they modulate their heat pro-
duction to compensate for heat dissipation and vice versa. In this
way, tight control is maintained over the core temperature during
environmental challenges. In cold temperatures, andwhen changes
in the behaviour and skin blood flow are unable to compensate for
heat loss, energy expenditure increases - a physiological response
known as cold-induced thermogenesis (CIT) [2]. In mice, the REE
can be increased by up to 60% under normal animal house tem-
peratures (~22-23 �C) compared to thermoneutral conditions, and
may increase 4e5 fold [3,4] when these animals are exposed to an
ambient temperature of 4 �C. This reveals the substantial energetic
demands of thermoregulatory effectors, and suggests that CIT may
be used as a means of inducing a negative energy balance
(assuming there are no changes in energy intake), and subse-
quently, weight loss. In humans, non-shivering CIT is normally
related with energy expenditure values of some 15e30% above the
REE [5,6]. When shivering reaches its maximum, however, energy
expenditure may be five times the REE [7]. Nevertheless, humans
have a much lower surface area to volume ratio than small mam-
mals, and have more possibilities of altering their environment to
suit their needs; consequently they rely less on CIT to keep their
core temperature stable [2]. In addition, human CIT shows high
inter-individual variability [6,8]. Hence, it remains unknown
whether CIT can be effectively and safely harnessed in humans to
help fight against obesity [6,9].

Many mammalian physiological responses are under the control
of the circadian system, a network of hierarchically organized
structures that regulate the body's temporal relationship with the
environment [10e13]. Certainly, heat production - specifically via the
REE - in humans fluctuates in a circadian fashion under constant
routine and forced desynchrony protocols [14,15]; together with
changes in heat loss the core temperature is thus regulated. The
circadian system also plays a dominant role in the morning/evening
difference in diet induced thermogenesis [16e18] (higher in the
morning), which seems to be independent of the influence of the
behavioural cycle. However, to our knowledge, there are no studies
onwhether CIT - or heat loss during cold exposure - obeys a diurnal/
circadian rhythm in humans. Interestingly, studies in rodent models
seem to indicate an interaction to exist between the biological clock
and the thermoregulatory system during cold exposure [19e21]. If
the CIT varies at differentmoments of the day in humans, treatments
that harness CIT might be optimized by administering them at
specific times, maximizing the effect on the daily TEE.

If CIT were shown to undergo diurnal variation, the compo-
nent(s) contributing to this would be need to be identified. Brown
adipose tissue (BAT), a thermogenic tissue with a unique ability to
uncouple mitochondrial respiration through the UCP1 protein, is
the major contributor to CIT during mild cold exposure in rodents
[22]. Interestingly, both metabolic activity and the formation of BAT
have been shown to be under the tight regulation of the biological
clock in mice [23e28]. Whether this applies to humans e in which
BAT appears to scarcely contribute to CIT [29,30] - needs to be
determined.

Therefore, an exploratory controlled crossover experiment was
carried out to determine whether CIT shows morning/evening
differences in young, healthy adults. To better understand the CIT
response, investigations were also made into whether heat loss
during cold exposure shows morning/evening variation. In an in-
dependent cross-sectional study, the possible variation in BAT 18F-
flourdeoxyglucose (18F-FDG) uptake at different times of day was
also examined.
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2. Materials and methods

2.1. Study subjects and experimental design

The study subjects who took part in the randomized crossover
experiment to determine whether CIT shows morning/evening
variation were 14 adults (5 women, 26 ± 3 years old; Table 1).
Another 133 subjects (88 women, 22 ± 2 years old), all of whom
were enrolled in the ACTIBATE study [ClinicalTrials.gov, ID:
NCT02365129 [31]], took part in the cross-sectional (between-
subjects) study to determine whether BAT 18F-FDG uptake may
change at different times of day. Given the novelty/exploratory
nature of these experiments, and the lack of previous studies on
this topic, no formal calculations of statistical power could be
performed. Subjects were mostly recruited via advertisements in
electronic media and leaflets. The inclusion criteria were: to be
sedentary (self-reported <20 min moderate-vigorous physical ac-
tivity on <3 days/week), to be a non-smoker, to take no medication
that might affect the results obtained, to have had a steady body
weight over the last 3 months (change <3 kg), to have no car-
diometabolic disease (hypertension, diabetes, etc.), not to be
pregnant, and to have no first-degree relative with a history of
cancer. All assessments in the CIT study were performed between
December 2017 and February 2018; the BAT 18F-FDG study was
conducted in OctobereDecember of 2015 and 2016 (in 8 waves - 4
per year). All testing was performed in Granada (southern Spain).
Written and signed informed consent was obtained from all sub-
jects. All study protocols adhered to the 2013 Declaration of Hel-
sinki, andwere approved by the Human Research Ethics Committee
of the University of Granada (nº 924), and by the Human Research
Ethics Committee of the Junta de Andalucía (nº 0838-N-2017).

2.2. Procedures

2.2.1. CIT study
Figure 1 shows the design of this part of the investigation.

Testing was performed on three experimental days. On the first, the
subjects came to our facilities and were asked to confirm that they
had met the pre-study conditions, i.e., i) to arrive having fasted for
6 h, ii) having drunk only water (at least 1 L) in the last 6 h, and iii)
to have refrained from moderate-vigorous physical activity in the
last 24 h. Female subjects were also asked to report in which phase
of the menstrual cycle they were. Subjects were then asked to void
their bladder and to dress in standardized clothes (sandals, shorts,
and T-shirt, clo: 0.20), and were directed to a quiet, warm (22-
23 �C) room where they remained seated for 30 min in order to
acclimatise. After this period, they were moved into an air-
conditioned cold room (19.5e20 �C) and lay on a bed in the
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supine position. Fifteen minutes after entering the cold room, the
subjects put on a temperature-controlled water-perfused cooling
vest (Polar Products Inc., Stow, OH, USA), which covered the
clavicular region, the chest, the abdomen and back. The starting
water temperaturewas 16.6 �C, which was reduced by ~1.4 �C every
10 min until shivering began (self-reported and/or visually detec-
ted by the evaluators). This temperaturewas taken as the individual
“shivering threshold”, and was used to determine - for each subject
- the target temperature of the cooling vest for the following
experimental days. The cooling protocol followed has been exten-
sively described elsewhere [5,32].

On the second experimental day (z96 h after the first day;
Fig. 1), and again on the third (z48 h later), subjects came to the
laboratory either at 8:00 or at 18:00 h in a randomized order e this
randomization was performed with Excel's Data Randomizer
Function (without blocking for any variable or imposing re-
strictions) by an independent research (i.e., he was not partici-
pating in the assessments). Subjects were asked to confirm having
strictly met the following required conditions: i) to have fasted for
the last 10 h, ii) to have slept as usual (same sleep duration and time
frame), iii) to have refrained from any moderate or vigorous
physical activity within the last 24 h and 48 h respectively), iv) to
have arrived at the research centre by means of motorized trans-
port; and v) to have not consumed any alcoholic or stimulant
beverage in the prior 6 h, or drugs that might have affected the
peripheral circulation within the last 24 h; as well as to report in
which phase of the menstrual cycle they were. They also confirmed
having eaten, as instructed, a standardized meal 10 h before each
CIT test, consisting of boiled rice, an egg omelette and tomato pur�e
(using olive oil in the preparation of the meal). This meal was
individually sized to provide an equivalent 35% of the estimated
TEE, which was determined as the product of the estimated REE
(with the Harris Benedict equation) by an activity factor (based on
the subject's reported weekly activity) [33]. Then, they voided their
bladders, dressed as above, and entered the quiet, warm (22-23 �C)
room. Twenty DS-1922 L iButton wireless thermometers (Ther-
mochron, Dallas, TX, USA (resolution 0.0625 �C) were attached to
the subject's skin in different places (see below), to monitor skin
Fig. 1. CIT study design. The man-on-a-bed symbol represents the times during which restin
the object with a button shape), represents the time periods during which skin temperature
DXA: dual-energy X-ray absorptiometry, EE: energy expenditure, NUTox: nutrient oxidation
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temperature changes during the experiment. The subjects then lay
on a bed in the supine position, and were covered by a sheet for
20 min to acclimatise.

The REE was then assessed (approximately 1 h h after the sub-
jects arrived, i.e., at 9:00 or 19:00 h) using a metabolic cart over a
30 min period as recommended [34]. Subjects were instructed to
breathe normally and not to talk, fidget, or sleep (keeping their eyes
always open). Once data collectionwas complete, the subjects were
moved to a cold room (19.5e20 �C) where they put on the same
cooling vest as before, with the temperature set 4 �C above each
test subject's previously calculated shivering threshold. All subjects
lay on a bed, and CIT measurements were taken over two consec-
utive 30 min periods, separated by a 5 min pause to recalibrate the
metabolic cart gases analysers (see below); during this time the
subjects remained cold-exposed. When required, the temperature
of the cooling vest water was increased 1 �C to avoid shivering (it
was self-reported and/or visually detected by the evaluators) dur-
ing the CIT experiments. Subjects were continually reminded to
breathe normally, and not to talk, fidget, or sleep, which was
controlled by the evaluator present in the room.

2.2.1.1. Estimation of gases exchange parameters. For logistic rea-
sons, the indirect calorimetry measurements for energy expendi-
ture, respiratory exchange ratio (RER), and nutrient oxidation rates
(NUTox) were recorded using two breath-by-breath metabolic
carts: a CCM Express (CCM) or an Ultima CPX CardiO2 (MGU)
metabolic cart (both from the same brand: MGC Diagnostics Corp.,
St. Paul, MN, USA) [35,36]. Both were equipped with a similar
Directconnect™ flow sensor (MGC Diagnostics Corp.). However,
each subject's REE and CIT recordings were taken using the same
metabolic cart (eight subjects were assessed with the CCM meta-
bolic cart, and the other six with the MGU metabolic cart). A
neoprene facemask was used for gas collection. The flow was
calibrated using a 3 L calibration syringe at the beginning of every
test day. The gas analysers were calibrated using standard gas
concentrations before each 30 min bout of gas exchange mea-
surements. All calibrations were performed following the corre-
sponding manufacturer's instructions.
g and cold-induced energy expenditure and NUTox were assessed. The iButton icon (i.e.,
was monitored during the warm and cold conditions. CIT: cold-induced thermogenesis,
rates.
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Gas exchange data were averaged every minute and exported
from the metabolic carts' Breeze Suite (8.1.0.54 SP7) software (MGC
Diagnostics Corp.) to Excel for Windows. The volume of oxygen
consumption and carbon dioxide production (VO2 and VCO2,
respectively) for each selected data point were used to estimate
energy expenditure, RER, and NUTox e comprised of carbohydrate,
fat and protein oxidation rates (CHOox, FATox and PROox, respec-
tively). Energy expenditure was estimated usingWeir's abbreviated
equation [37]. Frayn's and Westerterp stoichiometric equations
[38,39] were used for estimating the CHOox and FATox, and the
PROox.

Energy expenditure (Kcal/min)¼ 1.106 * VCO2þ 3.941 * VO2 - 2.17 *N

RER ¼ VCO2 / VO2

CHOox (g/min) ¼ 4.55 * VCO2 e 3.21 * VO2 e 2.87 * N

FATox (g/min) ¼ 1.67 * VO2 e 1.67 * VCO2 e 1.92 * N

PROox (g/min) ¼ 6.25 * N

Urinary nitrogen (N) excretion was included in all energy
expenditure and nutrient oxidation determinations. For this, urine
samples were collected before and after the CIT experiments in two
sterilized containers: one was filled with urine produced after the
last meal before the experiment (i.e., during the 10 h before the CIT
assessment), and the other with urine produced immediately after
CIT assessment. Urine volume was recorded and the total urea
concentration determined using the Spinreact UREA-37_R1 Kit
(Reactivos Spinreact, Girona, Spain). A previously obtained equa-
tion was then applied to estimate the N content of the present CIT
subjects based on their total urea concentrations. This equationwas
obtained in an independent cohort of 19 young adult subjects
(unpublished), for whom we plotted their determined urea con-
centrations against urine nitrogen - estimated using the Kjeldahl
method e in a linear regression (non-standardized b ¼ 0.007,
adjusted R2 0.842, P < 0.001). The equation obtained from the
regression was:

N ðg=lÞ¼0:0065� urea ðmg=dlÞ þ 1:2598

To calculate the REE, the most sable 5 min period (i.e., the one
with the lowest mean CV for VO2, VCO2, VE, and RER) was selected
(excluding the first 5 min of recording) [35,40]. To be considered a
stable period, the CV of the above variables had to be <10%, except
for the RER (CV<5%). To obtain a mean CIT value, the first 5 min of
each 30 min bout of CIT measurement were discarded [34],
obtaining two periods of 25 min. Each of these periods was divided
into two parts (i.e., 12.5 min each one) [8], and the most sable 5min
period within each of these 12.5 min periods selected. Finally, these
four selected 5 min periods, together with the REE, were used to
calculate the area under the curve (AUC) (trapezoidal rule),
expressing it as a percentage of the REE [8] (i.e., AUC [%REE]). The
same procedure was followed to calculate the RER and NUTox
during cold exposure.
2.2.1.2. Changes in skin temperature. Skin temperature during
warm and cold conditions were recorded at 1 min intervals, using
the above-mentioned 20 iButtons attached to the subject's skin (see
the different positions in Supplementary Material). A mean skin
temperature for each iButton was first determined for the warm
period (i.e., the baseline). For this, the first 20 min of skin tem-
perature readings were discarded, and the mean value for the last
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10 min calculated for each iButton (when the subject was accli-
matised to the warm room temperature as confirmed from a
plateau in skin temperature, data not shown). A mean value for
each iButton was then obtained for the skin temperature changes
during cold exposure. For this, the first 5 min of skin temperature
readings from each period of 30 min during cold exposure (i.e.,
fromminute 0 to 5, and 35 to 40) were discarded, as were those for
the time period comprised between minutes 30 and 35 min (i.e.,
the 5 min pause used to recalibrate the gas analysers). The skin
temperature recorded by each button during the cold exposurewas
then divided into 5 min periods (from minute 5 to 30, and from 40
to 65), to obtain a mean temperature for each button and period
(with a total of 10 periods). The mean skin temperature for each
button-period was then used, along with the baseline mean skin
temperature for each button, to calculate the AUC (trapezoidal
rule), expressing each mean for each button as a percentage of the
corresponding baseline skin temperature (AUC [%baseline]).

For the analyses of this study, we only used the skin temperature
measures recorded by the iButtons of the left hand and right
supraclavicular area, as well as the skin temperature recorded by
other iButtons which were then used to calculate the overall mean
[41] and proximal [42] skin temperatures [see references [5,43] for
further information]. These calculations were done based on the
following equations:

Overall mean skin temperature ¼ (Forehead*0.07) þ (Right
Scapula*0.175) þ (Left Chest*0.175) þ (Right Deltoid*0.07) þ (Left
Elbow*0.07) þ (Left Hand*0.05) þ (Right Thigh*0.19) þ (Right
Gastrocnemius*0.2)

Proximal skin temperature ¼ (Right Thigh*0.383) þ (Right
Clavicular*0.293) þ(Right Abdomen*0.324)

All calculations were performed using Temperatus® software
(http://profith.ugr.es/temperatus) [44].

2.2.2. BAT 18F-FDG uptake study
Subjects came to the test facility between 08:00 h and 18:00 h,

and were asked to confirm that they had met the same pre-study
conditions as above. They then voided their bladders, and dressed
with standardized cloths. They stayed in the quiet, warm (22-23 �C)
room for 30 min before entering the cold room (19.5e20 �C) where
they sat down and wore the same water-perfused cooling vests as
above set 4 �C above their individual shivering threshold (deter-
mined 48e72 h before BAT assessment). Subjects remained under
these conditions for 60 min to induce BAT activation. At the end of
this period they were injected with a bolus of 18F-FDG
(183.52 ± 12.21 MBqz 2.7 MBq/kg) with the water temperature of
the cooling vest raised by ~1 �C for the last 60 min to avoid shiv-
ering. After 2 h, all subjects underwent positron-emission tomog-
raphy/computed tomography (PET/CT) scanning, performed
according to current methodological recommendations [45], to
determine BAT 18F-FDG uptake and the BAT mean radiodensity. A
low dose CT (120 kV) for attenuation correction and anatomic
localization was performed prior to each PET scan. Then, we per-
formed a static PET consisting of 2 BED scans (6 min each),
approximately from the atlas vertebra to mid chest [46].

2.2.2.1. 18F-FDG-PET/CT analysis. PET/CT scans were analysed using
the Beth Israel plug-in for FIJI http://sourceforge.net/projects/
bifijiplugins/. To determine BAT 18F-FDG uptake, six regions of in-
terest (ROIs) were outlined from the atlas vertebra to thoracic
vertebra 4 using a 3D-axial technique [47]. These ROIs comprised
the supraclavicular, laterocervical, paravertebral and mediastinal
regions. To determine BAT mean radiodensity, a whole ROI was

http://profith.ugr.es/temperatus
http://sourceforge.net/projects/bifijiplugins/
http://sourceforge.net/projects/bifijiplugins/
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outlined covering all the body cross-sectional area (excluding the
mouth) in the axial plane, from the atlas vertebra to thoracic
vertebra 4. Within these ROIs, the SUV threshold for a voxel to be
considered BAT was taken as �[1.2/(lean body mass/body mass)];
the radiodensity also had to fall in the range �190 to �10 Houns-
field units (HU) [45]. The mean BAT volume, SUVmean and SUVpeak,
and the BAT mean radiodensity of all the ROIs were recorded
[48,49]. Of note, as a whole (not specific) ROI was drawn to deter-
mine BAT mean radiodensity, some voxels belonging to connective
tissue, internal organs, glands, etc., were erroneously classified as
BAT voxels in some subjects (normally those subjects with a BAT
volume below 8 mL). Since, the inclusion of these subjects were
likely to bias the BATmean radiodensity (because they did not have
actual BAT voxels) theywere not included in this specific analysis. A
single slice-ROI was also outlined to determine the SUVpeak in the
descending aorta (used as the reference tissue). For confirmatory
analyses, BAT SUVmean and SUVpeak was recomputed as a product of
percentage lean body mass (SUVLBM) [47]. The standardized 18F-
FDG uptake value (SUV) was calculated as [18F-FDG uptake (kBq/ml)/
(injected dose [kBq]/patient weight [g])].

2.3. Body composition and HOMA index

Subject body composition was determined by DXA to obtain
absolute values for lean mass, fat mass and percentage body fat.
Weight and height were measured using a model 799 scale and
stadiometer (Seca, Hamburg, Germany). The HOMA (homeostatic
model assessment of insulin resistance) index was determined
following the standardmethod [see information on [50]] extracting
the necessary blood samples on non-test days.

2.4. Statistical analyses

Descriptive statistics of the study subjects are shown as
mean ± standard deviation unless otherwise stated. Energy
expenditure, RER, and NUTox during resting and cold conditions at
different times of day (morning vs. evening) were compared using
one-way repeated-measures analysis of variance (ANOVA). One-
way repeated-measures analysis of covariance (ANCOVA) was
used to compare REE at different times of day, adjusting for lean
mass [51]. Linear mixed model analyses were used to examine the
kinetics of energy expenditure, RER and NUTox during cold expo-
sure in the morning vs. the evening. Sex and order of CIT assess-
ment were initially included in the models to examine their
influence on the study variables of interest, but neither had a sig-
nificant influence and were thus removed from the analyses. These
analyses (i.e., ANOVA and linear mixed models) were replicated to
compare heat loss at different times of day. Differences in BAT 18F-
FDG uptake and BAT mean radiodensity in the morning, afternoon
and evening (i.e., tertiles of the time at which the PET/CT scanning
was performed) were examined by ANOVA. Significance was set at
P < 0.05. All analyses were performed using the Statistical Package
for the Social Sciences v.24.0 (IBM Corporation, Chicago, IL, USA).

3. Results

Table 1 shows the descriptive characteristics of the subjects in the
CIT and BAT 18F-FDG uptake studies. In the former, a total of 14
subjects were included in the study (see Flowchart, Fig. S1). The
results of all 14 subjects were used for the energy expenditure an-
alyses, whereas those of 8 subjects were used in the RER and NUTox
analyses. The other six subjects returned RER and NUTox outlying
values through the cold exposure, being most of them related to
artefacts in VCO2, but not in the VO2e this means that they exerted a
minimal (or did not) influence in energy expenditure measures.
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3.1. CIT study

3.1.1. Morning/evening differences in CIT
Figure 2 shows the REE and CIT, plus the resting and cold-

induced RER and NUTox assessed in the morning (09:00 h) and
evening (19:00 h). Both the REE (also when adjusted for lean mass)
and the resting CHOox were similar at both times of day (all
P� 0.18; Fig. 2, Panels A and C). However, the RER was higher in the
morning than in the evening (mean ± standard deviation:
0.856 ± 0.032 vs. 0.812 ± 0.027, P ¼ 0.01; Fig. 2, Panel B), whereas
the opposite was observed for fat oxidation (FATox: 0.027 ± 0.017 vs.
0.053 ± 0.013 g/min, P ¼ 0.003; Fig. 2, Panel D), during resting
conditions. CIT was similar in the morning and evening (16.8 ± 12.8
vs. 15.7 ± 15.1% above REE, P ¼ 0.72, Fig. 2, Panel E). No significant
differences (all P� 0.57) were seen in cold-induced RER, CHOox and
FATox, in the morning compared to the evening (Fig. 2, Panels FeH).

Energy expenditure increased during cold exposure (effect of
cold exposure; P < 0.001; Fig. 2, Panel I) - in the morning from the
baseline (i.e., REE) 1 ± 0.19 to 1.24 ± 0.3 Kcal/min at the end of cold
exposure (P ¼ 0.001), and in the evening from 1.03 ± 0.16 to
1.23 ± 0.3 Kcal/min (P¼ 0.005, data not shown). Neither the time of
day nor the interaction time of the day x cold exposure had a sig-
nificant effect on CIT (all P � 0.38, Fig. 2, Panel I). These results
replicated when we only considered the 8 subjects used in the RER
and NUTox analyses (data not shown). During cold exposure, RER
and CHOox were reduced and FATox increased (all P � 0.006) until
approximately halfway through the exposure time (minute 30). A
reversal then occurred (Fig. 2, Panels JeL). The interaction time of
day x cold exposure had no influence on RER, CHOox or FATox (all
P � 0.26), although the time of day did have a significant influence
on RER and FATox (all P � 0.008), and a trend towards one was seen
with respect to CHOox (P ¼ 0.09).

It is noteworthy that the REE and CIT in the morning correlated
with their respective measures in the evening (REE: r ¼ 0.81,
P < 0.001; CIT: r ¼ 0.66, P ¼ 0.009), which supports the accuracy
and reliability of these measures (see Fig. S2). All analyses were
performed including N excretion in the energy expenditure and
nutrient oxidation determinations. However, when N was not
included in the determinations, all results replicated (data not
shown). Similarly, the findings persisted when the CIT analyses
were performed splitting them by sex (see Fig. S3) and the morn-
ing/evening order of CIT assessment (data not shown). Of note, 1 of
the 5 female subjects reported to be in the luteal phase of her
menstrual cycle during the CIT assessment days - and it has been
reported that a slight increase of core temperature may happen in
this phase [52]. When CIT analyses were replicated excluding this
woman, the results did not change (data not shown). Some subjects
(n ¼ 7) shivered on either both test days or on one test day (despite
the cold stress to which they were submitted being similar on both
days). Sensitivity analyses excluding these subjects also showed
that neither the time of day nor the interaction time of the day x cold
exposure had a significant effect on CIT (data not shown).

As there is no consensus yet on how to analyse the CIT response
[6,8], and given that the high variability of CIT measurements may
not allow subjects to achieve a steady-state metabolism, CIT ana-
lyses were replicated estimating it as: i) the difference between the
mean energy expenditure during the last 5 min of the cold expo-
sure and REE; ii) as the AUC (trapezoidal rule) calculated using the
REE, and the mean energy expenditure of the 5-min intervals
comprised between the minutes 5e30 and 40e65 of the cold
exposure, expressing it as a percentage of the REE [8]; iii) as the
whole average of the energy expenditure through the cold expo-
sure (discarding the first 5 min of each 30 min record of indirect
calorimetry); and iv) as the mean of the 5 consecutive most stable
minutes within the time when energy expenditure appeared to



Fig. 2. Morning/evening variation (or lack thereof) in CIT in young, healthy adults. Panels A, B, C and D show the REE, RER, CHOox and FATox values at 09:00 and 19:00 h. Panels E, F,
G and H show the overall changes in CIT and cold-induced RER, CHOox and FATox at these times. Panels I, J, K and L show the kinetics of energy expenditure, RER, CHOox and FATox
over cold exposure in the morning and evening. Values corresponding to minute 0 represent the REE and resting RER, CHOox and FATox. The black bar in panels AeH shows the mean
change in the corresponding variable when comparing morning vs. evening. The sample size for the REE and CIT tests was n ¼ 14, while for RER and nutrient oxidation-related
variables it was n ¼ 8. Paired t tests were used to compare all morning vs. evening values. Linear mixed model analysis was employed to compare the morning and evening kinetics
of energy expenditure, RER, CHOox and FATox over the cold exposure. AUC: area under the curve, CHOox: carbohydrate oxidation, CI: cold-induced, CIT: cold-induced thermogenesis
FATox: fat oxidation, REE: resting energy expenditure, RER: respiratory exchange ratio.
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plateau - this was in the minutes 18e30 and 53e65 of cold expo-
sure (see Fig. 2, Panel I). Of note, all results remained similar (data
not shown). In order to ease the interpretation of data, Fig. S4
shows the PROox before and during the cold exposure, and
Figs. S5 and S6 the minute ventilation (VE) and the coefficients of
variance (CV) of VO2, VCO2, RER and VE through the cold exposure
(respectively), at both times of day.

3.1.2. Morning/evening differences in skin temperature
To better understand the CIT response, investigations were also

made intowhether heat loss during cold exposure showsmorning/
evening variation. The skin temperature of the hand during warm
conditions (i.e., the baseline) was similar in the morning and
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evening (P ¼ 0.69, Fig. 3, Panel A), whereas the supraclavicular
area, mean, and proximal skin temperatures during warm condi-
tions were higher in the evening than in the morning (all
P � 0.009, Fig. 3, Panels B, C and D). However, no significant dif-
ferences were observed between the morning and evening in
terms of cold-induced changes in skin temperature (all P � 0.11,
Fig. 3, Panels E-H).

The values for all skin temperatures were reduced by cold
exposure (effect of cold exposure: all P � 0.009) (Fig. 3, Panels IeL),
although the supraclavicular skin temperature reached a plateau
quickly after the initial decrease. The time of day had a significant
effect on the mean and proximal skin temperatures (all P � 0.002,
Fig. 3, Panels K and L), which were higher in the evening. However,
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the interaction time of day x cold exposure had no influence on skin
temperature measures (all P � 0.17). Overall, these results repli-
cated when the analyses were performed splitting them by sex (see
Fig. S7).

Fig. S8 shows the water temperature of the cooling vest worn by
the subjects during the personalized cold exposure (Panels A, C and
E), as well as the room temperature to which they were exposed
during the warm and cold conditions (Panels B, D and F) in the
Fig. 3. Morning/evening variation in skin temperature during cold exposure (CIT study). Pan
proximal skin temperatures under warm conditions, at 09:00 and 19:00 h. Panels E, F, G an
and proximal skin temperatures at these same times. Panels I, J, K and L show the kinetics
cold exposure in the morning and evening. Values corresponding to minute 0 of cold exposur
period. The black bar in the above panels AeH shows the mean change in the correspon
temperature measures were: left hand (n ¼ 12), right supraclavicular area (n ¼ 14), mean (
morning and evening values. Linear mixed model analysis was used to compare the mornin
curve, CI: cold-induced, CIT: cold-induced thermogenesis, WP: warm period.
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morning and evening when CIT was assessed. For some subjects
there were small differences in the water temperature of the
cooling vest during themorning and evening tests. It is unlikely, but
it was thought perhaps not impossible, that this could have influ-
enced the skin temperature assessments, especially since some
iButtons were in direct contact with the cooling vest. When the
analyses were repeated adjusting for these minor differences, the
findings persisted (data not shown). Fig. S9 shows the outdoors
els A, B, C and D respectively show the left hand, right supraclavicular area, mean, and
d H show the cold-induced reduction in the left hand, right supraclavicular area, mean
of the left hand, right supraclavicular area, mean and proximal skin temperatures over
e represent the baseline (warm period) skin temperatures. CI: cold-induced, WP: warm
ding variable when comparing morning and evening. The sample sizes for the skin
n ¼ 14), and proximal skin temperature (n ¼ 14). Paired t tests were used to compare
g and evening skin temperature kinetics over the cold exposure. AUC: area under the



Fig. 4. Brown adipose tissue (BAT) 18F-fluordeoxyglucose uptake (n ¼ 133) and mean
radiodensity (n ¼ 101) at different times of day. Analyses of variance (ANOVA) were
performed to compare morning, afternoon and evening (tertiles of the time when the
PET/CT scan was performed). BAT volume (Panel A), mean standardized uptake value
(SUVmean, Panel B), peak standardized uptake value (SUVpeak, Panel C), and BAT
mean radiodensity (Panel D). Of note, the number of subjects and therefore the ter-
tiles, were different for the BAT mean radiodensity (Morning: n ¼ 33, 10:23e13:04;
Afternoon: n ¼ 32, 13:05e16:32; Evening: n ¼ 32, 16:33e20:33). The P-value for the
between-subject effect is provided.
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temperature in the 2 days during which CIT was assessed for each
subject.

3.2. BAT 18F-FDG uptake study

3.2.1. BAT 18F-FDG uptake at different times of day
Table S1 shows the descriptive characteristics of the subjects

included in the BAT 18F-FDG uptake study, separately for the
morning, afternoon and evening groups. Of note, no significant
differences in BAT volume, SUVmean, SUVpeak or BAT mean radio-
density were seen in themorning, afternoon or evening (all P� 0.3)
(Fig. 4, Panels A-D). Indeed, no differences were observedwhen the
above variables were compared across time five time divisions
instead of three (data not shown).

Linear regressions were performed to examine the relationships
between BAT 18F-FDG uptake-related variables/BAT mean radio-
density and the time of their assessment; no significant associa-
tions were found (all P � 0.33, data not shown). These findings
persisted when i) adjustments were individually made for sex, BMI
or body fat percentage, the HOMA index, or the date when the PET/
CT scan was performed (or when adjusting for all together); ii) the
analyses were conducted excluding those subjects who were PET-
(i.e., those who showed a BAT volume, SUVmean and SUVpeak of zero,
[remaining subjects n ¼ 120]); iii) and when BAT SUVmean and
SUVpeak were calculated as a product of percentage lean body mass
(SUVLBM) (data not shown). Finally, no significant relationship with
the time of assessment was seen for the descending aorta 18F-FDG
uptake (SUVpeak) (P ¼ 0.55, Fig. S10).

4. Discussion

The present results show CIT to exhibit no morning/evening
variation in young, healthy adults. Indeed, 60 min of personalized-
mild cold exposure in the morning or evening elicited a similar
change in energy expenditure, in RER, and in NUTox. The results also
show that BAT 18F-FDG uptake is similar at different times of day,
although within-subject studies are needed to confirm this.

Previous studies in humans have shown that, under thermo-
neutral conditions, the REE and nutrient oxidation rates vary over
the day, with REE and FATox higher during the evening [14]. These
oscillations in heat production occur alongside changes in heat loss
needed to regulate the core temperature [15], independent of
sleeping/awake status and physical activity-related effects [14]. In
addition, the circadian system plays a dominant role in the morn-
ing/evening difference in diet induced thermogenesis [16e18],
which shares common underlying mechanisms with CIT [54,55]
(the sympathetic nervous system being the main effector of both).
Further, some areas/nucleus of the hypothalamus (such as the
dorsomedial nucleus) involved in the integration of afferent signals
and the control of effector responses related to cold, are also
involved in the circadian control of body temperature and energy
expenditure [2,56]. These different pieces of evidence together led
to the hypothesis that the time of the day would have an effect on
energy expenditure during cold exposure - although the opposite
was found to be the case.

To our knowledge, there have been no prior studies examining
whether CIT exhibits diurnal rhythmicity in humans, which pre-
cludes any direct comparison with the present work being con-
ducted. However, it has been shown [57e60] that the systemic
concentrations of some factors potentially regulating CIT, follow
diurnal fluctuations at room temperature [e.g., adiponectin,
proANP, FGF21 [61e63]]. It may be speculated that these fluctua-
tions could persist during cold exposure - i.e., the effect of the time
of day could interact with the homeostatic response to cold - and
help modulate CIT response. Unfortunately, no experiments have
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tested this. One study [64] reported that mild cold exposure
modulated the diurnal rhythm of plasma FGF21 levels in 12 healthy
adults. Nevertheless, the facts that: i) a liquid meal was provided to
subjects (which could have influenced the kinetics of plasma FGF21
levels); and ii) that the interaction effect of the time of day with the
cold exposure was not reported, avoids any comparison with the
current work.

Interestingly, whereas CIT showed no morning/evening varia-
tion, heat loss during cold exposure at specific body sites did. The
fluctuation in heat loss during cold exposure was determined by its
baseline, suggesting that there is no interaction between the
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circadian and homeostatic mechanisms involved in these thermo-
regulatory responses. Thus, the higher the baseline mean and
proximal skin temperatures in the evening, the greater values
measured during cold exposure during the evening e although
their overall reduction was similar at both times of day. The REE
showed no morning/evening variation - as previously reported in
studies with similar characteristics [17,18,66], which may have
conditioned the CIT to show no morning/evening variation either.

Humans are endothermic, and can therefore change the differ-
ence between heat production and heat loss (i.e., heat content) in
order to regulate core temperature [15]. The mild cold exposure to
which subjects were subjected is unlikely to have induced changes
in the core temperature. However, it has been shown that under
controlled but not constant conditions (as in the present study), the
core temperature fluctuates, reaching a maximum value around
20:00 h [67]. Importantly, this diurnal rhythm of body core tem-
perature is determined by the diurnal variation in the difference
between heat production and heat loss [15,68]. Indeed, the rhythms
of heat production and heat loss have nearly identical ranges of
oscillation and seem to be in phase with one another [68,69]. Thus,
if it is assumed that there was no change in core temperature in
response to the cold exposure at any time during the day, and that it
peaked in the evening as normal [67,68], onemight also expect that
an increase in heat loss in the evening would be accompanied by an
increase in heat production (i.e., an increase in CIT). However, this
was not seen in the present work. This might be explained by the
inertia in heat transfer mechanisms and the storage of heat in the
tissues leading to a time lag between heat production and heat loss
[68] through the day. Hence, during the evening, heat production
might be phase-delayed with respect to heat loss, though this was
not reflected in the present work because of the short CIT assess-
ment time. Another possibility is that since the body core tem-
perature will progressively decrease as the night comes closer - the
core body temperature nadir happens at the late night [15,68] -
heat loss (i.e., vasodilation) will increase whereas heat production
remains similar. Interestingly, it has been proposed that diurnal
variations in heat loss are largely responsible for the range of
variation in core body temperature [70], especially during the
evening [15]. This might also help explain why heat loss at specific
body sites during the cold exposurewas greater at this time but was
not seen for CIT. Future studies should try to confirm whether CIT
shows no diurnal variation. It is noteworthy that the distal skin
temperature - one of the sites of major heat exchange - was no
different in the morning or evening, but the temperature does, of
course, fluctuate over the day, and in fact widely during the night
[50].

Neither BAT 18F-FDG uptake not BAT mean radiodensity differed
over the day. This seems to contrast with previous evidence from
rodent models [23e25] showing that: i) the metabolic function of
BAT is under circadian clock regulation; and that ii) BAT receives
input from several nuclei and areas of the hypothalamus, shaping
the rhythms of systemic glucose and lipids, body temperature and
energy expenditure [2,23,71e73]. The evidence suggests that, in
rodents, the circadian rhythms of body temperature and meta-
bolism are tightly bound to proper BAT function [74], but evidence
for this in humans is lacking. Only one study [75] has suggested
glucose utilization by human BAT to be coupled with its heat pro-
duction (indirectly measured using wireless thermometers) in a
circadian manner. Nevertheless, that study has important caveats
that call the previous conclusion into question [50]. Hence, whether
BAT thermogenesis follows a diurnal/circadian rhythmicity remains
a matter of debate, although given its small contribution to daily
energy expenditure under mild cold conditions (10 ± 5 Kcal/day) in
humans [30], harnessing it at specific times might have no clinical/
health benefits.
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Together, the results suggest CIT not to show morning/evening
variation e even though such variation was observed in specific
skin temperatures (indicating heat loss) during cold exposure -, or
at least, that the homeostatic heat production responses to cold
exposure overshadowed the potential diurnal fluctuations of CIT.
That said, the inclusion of more measurements over the day would
have allowed for more informative results. In addition, the CIT was
assessed as a response to a (relatively short) personalized cold
exposure designed to minimize shivering. Whether, CIT may show
diurnal variation when subjects are exposed to increased thermal
stress (e.g., a protocol with a larger duration or intensity - inducing
a CIT increase of 30e500% above REE) is unknown, and should be
tested in the future. In addition, the thermoneutral zone for each
individual was not determined: this implies the possibility that our
subjects were exposed to a light thermal stress during the resting
measures, and therefore our REEmeasures actually represented the
REE þ a small quantity of energy required for other thermal ho-
meostatic mechanisms (e.g., CIT) [76]. Further, the present study
design aimed to examine the fluctuations in heat production under
the influence of possible internal and external masking factors.
Hence, any change in the rhythm of heat production should be the
result of its endogenous rhythmicity, its entrainment to zeitgebers,
and the influence of any masking factors. Future studies should
examine the endogenous rhythm of CIT (independently of behav-
ioural cycles) using constant routine and forced desynchrony pro-
tocols. That said, these protocols cannot reflect the real-world
situation, and the results could not be extrapolated to daily life. If
CIT were seen to show a diurnal/circadian rhythm when following
different protocols, it ought then to be investigated whether har-
nessing CIT at specific times of the day affects daily energy
expenditure and body weight regulation in the long-term.

It should also be noted that, for logistical reasons, two types of
metabolic cart - from the same brand and with the same flow
sensors - were used (the same type was always used for the same
subject). Finally, the possibility exists that REE and CIT do show
variations in the morning and evening, but so slight that only
metabolic carts with better resolution could detect them [36] (and
in which the technical error of the gas analysers is less than the
variation the devices are meant to detect). The use of telemetric
pills to monitor the body core temperature might also be
attempted.

The BAT 18F-FDG uptake study was merely exploratory; there is
a need to perform within-subject studies if we are to draw firm
conclusions regarding whether BAT activity follows a diurnal/
circadian rhythm. These studies should include the simultaneous
measurement of CIT, to ascertain to what extent the diurnal vari-
ation of CIT is dependent on BAT metabolic activity and its fluctu-
ations throughout the day e which could not be tested in the
current study. However, such studies would not be without their
difficulty since the several PET/CT scans required would expose
subjects to high doses of radioactivity. In the present work, BAT 18F-
FDG uptake was quantified using the most extended technique and
following updated recommendations [45]. However, static 18F-FDG
PET-CT scans suffer several limitations that may prevent a fully
accurate estimation of cold-induced BAT metabolic activity [77].

In conclusion, our findings suggest that CIT does not show
morning/evening variation in young healthy adults, with the cur-
rent study design and methodology e or at least, that the effect of
the time of day on CIT is so subtle and variable across subjects, that
it may not be clinically significant. Our findings also suggest an
absence of diurnal variation in BAT 18F-FDG uptake. Altogether,
optimizing the time at which CIT (or BAT activity) is elicited does
not appear to be an efficient strategy to increase energy expendi-
ture, and potentially face obesity. Future studies should examine if
these results replicate under different conditions.
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