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ABSTRACT

Context
Cold exposure mobilizes lipids to feed thermogenic processes in organs, including 
brown adipose tissue (BAT). In rodents, BAT metabolic activity exhibits a diurnal rhythm, 
which is highest at the start of the wakeful period.

Objective 
To investigate whether cold-induced thermogenesis displays diurnal variation in 
humans, and differs between males and females.

Design 
Randomized crossover study.

Participants 
Twenty-four young and lean males (n=12) and females (n=12).

Intervention 
2.5-hour personalized cooling using water-perfused mattresses in the morning (7:45 
AM) and evening (7:45 PM), with one day in between.

Main outcome measures 
Energy expenditure (EE) and supraclavicular skin temperature in response to cold 
exposure.

Results 
In males, cold-induced EE was higher in the morning than in the evening (+54±10% 
vs. +30±7%, P=0.05). By contrast, cold-induced EE did not differ between the morning 
and the evening in females (+37±9% vs. +30±10%, P=0.42). Additionally, only in males, 
supraclavicular skin temperature upon cold increased more in the morning than in the 
evening (+0.2±0.1°C vs. -0.2±0.2°C, P=0.05). In males, circulating free fatty acid (FFA) 
levels were increased after cold in the morning, but not in the evening (+90±18% vs. 
+9±8%, P<0.001). In females, circulating FFA (+94±21% vs. +20±5%, P=0.006), but also 
triglycerides (+42±5% vs. +29±4%, P=0.01) and cholesterol levels (+17±2% vs. 11±2%, 
P=0.05) were more increased after cold exposure in the morning, than in the evening.
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Conclusions 
Cold-induced thermogenesis is higher in the morning than in the evening in males, 
however, lipid metabolism is more modulated in the morning than in the evening in 
females.

INTRODUCTION

The Earth rotates around its own axis in approximately 24 hours, resulting in daily 
changes in an organism’s environment. In order to adapt to these environmental 
changes, organisms have acquired an internal time-keeping system that regulates an 
approximate 24 hour rhythm in cellular and behavioral processes, referred to as the 
circadian rhythm. Circadian rhythms are endogenous and self-sustained, however, they 
are entrained by external cues. The most important cue is light input on the retina, 
which is received by the master clock in the suprachiasmatic nucleus (SCN) of the 
hypothalamus. These circadian rhythms are finetuned via other external cues, such 
as food intake and temperature changes (1, 2). Disruption of the circadian rhythm, via 
night-shift work or artificial light exposure at night, increases cardiometabolic disease 
risk factors in humans (3, 4). This is illustrated by associations between shift work and 
incidence of metabolic syndrome, type 2 diabetes mellitus and cardiovascular diseases 
(5-8). To prevent cardiometabolic diseases and develop optimal treatment regimes, 
knowledge on how circadian rhythms are regulated in metabolic processes is of high 
importance.

The application of cold exposure to improve metabolic health has gained interest 
over the last decade, as it increases the metabolic rate via sympathetic activation 
of thermogenesis in skeletal muscle and brown adipose tissue (BAT) (9). Acute cold 
exposure increases the uptake and oxidation of fatty acids (FA) and glucose by BAT, 
associated with an increase in energy expenditure in humans (EE) (10, 11). In addition, 
cold acclimation improves peripheral insulin sensitivity in humans (12, 13), likely 
explained by a combination of increased thermogenesis in skeletal muscle (12) and 
BAT (13, 14). Compared to rodents, humans possess limited amounts of BAT (approx. 
1.5 % of total body mass), which is mainly located in the supraclavicular area (15), and 
shows higher presence in females than in males under non-cold-challenged conditions 
(16). Nonetheless, the presence of metabolically active BAT on 18F-fluorodeoxyglucose 
(18F-FDG) positron emission tomography (PET)/computed tomography (CT) is associated 
with less visceral and liver fat (17), and a lower prevalence of T2DM, dyslipidaemia and 
cardiovascular diseases (16), underlining the potential of BAT activation to improve 
cardiometabolic disease.
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Interestingly, metabolic activity of murine BAT displays a pronounced circadian 
rhythmicity, with the highest activity at the onset of the dark phase (i.e., start of the 
active period for mice), determining the rate at which postprandial lipids can be cleared 
from the circulation (18). In humans, the postprandial lipid response is also the lowest at 
the start of their active period (18, 19), suggestive of higher BAT activity in the morning. 
Taken together, we hypothesize that a circadian rhythm in BAT activity coincides with 
its responsiveness to therapeutic approaches (e.g., cold exposure), and that timed-
therapy may thus be beneficial for activation strategies. Therefore, the aim of this study 
was to assess whether cold-induced thermogenesis, as determined by the increase in 
energy expenditure and supraclavicular skin temperature, and cold-induced changes 
in markers of lipid metabolism differ between the morning and evening in healthy lean 
males and females.

METHODS

Study design
This study was a randomized, crossover study, using personalized cooling as an 
intervention, conducted at the Leiden University Medical Center (LUMC) between 
December 2019 and December 2020. The study was approved by the Medical Ethical 
Committee of the LUMC and undertaken in accordance with the principles of the revised 
Declaration of Helsinki. Written informed consent was obtained from all participants 
prior to participation. The clinical trial is registered at ClinicalTrials.gov NCT04406922.

Participants
Twenty-four participants, namely twelve lean men (BMI: 18-26 kg/m2, age: 18-31 years 
old) and twelve lean women (BMI: 18-26 kg/m2, aged 18-29 years old), were included 
in this study. Eligibility to participate in the study was tested during a screening that 
consisted of anthropometry, a questionnaire on medical history, and an overnight 
fasted blood sample. Exclusion criteria were the presence of any active endocrine, 
renal or hepatic disease, the use of medication known to influence glucose and/or lipid 
metabolism or BAT activity, smoking, abuse of alcohol or other substances, pregnancy, 
recent weight change or a disturbed day-night-rhythm in the last two weeks (e.g., 
working in night shifts or having a jetlag). Participants were asked to withhold from 
vigorous exercise 48 hours preceding the study days and to not drink alcohol or drinks 
with caffeine 24 hours preceding the study days. In addition, they were instructed to eat 
a standardized meal (prepared supermarket meal including pasta or noodles, ranging 
from 450-600 kcal) in the evening (between 09:00-10:00 PM hours) and in the morning 
(between 09:00-10:00 AM hours) before the morning and the evening experiment, 

Maaike_Binnenwerk_V5.indd   212Maaike_Binnenwerk_V5.indd   212 24-01-2023   19:0224-01-2023   19:02



213

8

Diurnal variation in cold-induced thermogenesis

respectively, and not to eat or drink (with an exception for water) anything afterwards 
until completion of the study day.

Randomization
Participants were exposed to a personalized cooling procedure twice: once in the 
morning (starting at 07:45 AM) and once in the evening (starting at 07:45 PM), with a 
single day between these two study days (Figure 1). Participants were randomized 
to determine which experimental study day they would have first: the morning or 
the evening. Due to COVID-19-related restrictions many participants that were initially 
included and randomized for the study did eventually not participate. Newly included 
participants were randomized again, which led to unequal distribution over the two 
arms (both males and females: 5 in the morning-evening group and 7 in the evening-
morning group).

Anthropometric measurements
At the start of the study visit, body weight (measured with a digital balance; E1200, August 
Sauter GmBH, Albstadt, Germany), height, waist circumference and hip circumference 
were obtained. Waist-hip-ratio (WHR) was calculated as: ‘waist circumference’/’hip 
circumference’. Body mass index (BMI) was calculated as weight in kilograms divided 
by height in meters squared (kg/m2). Body surface area (BSA) was calculated according 
to the Bois formula (0.007184 * height (cm)0.725 * weight (kg)0.452) (20). In addition, body 
composition (fat mass and fat percentage) was estimated using bioelectrical impedance 
analysis (InBody720, InBody CO., Ltd., CA, USA).

Cooling procedure
After anthropometric measurements were performed, wireless iButton temperature 
loggers (iButton®, Maxim Integrated Products, Inc, San Jose, CA, USA) were attached 
to 17 positions to measure skin temperature (21), and an infrared thermographic 
image (IRT) of the upper thorax/neck region was made (see below for further details). 
Next, an intravenous cannula was placed in the antecubital vein to sample blood at 
six time points during the study procedure (Figure 1). Then, participants laid down 
in bed, between two mattresses filled with water (Blanketrol® III, Cincinnati Sub-Zero 
Products, Inc, Cincinnati, Ohio, USA) with an initial temperature of 32°C (considered 
thermoneutrality). After 15 minutes of thermoneutrality, energy expenditure (EE) 
assessment by indirect calorimetry was started as described below. After 45 minutes of 
thermoneutrality a personalized cooling protocol was applied (22). Water temperature 
was lowered with 5°C every 10 minutes until shivering occurred, or until the minimum 
temperature of 9°C was reached. At this moment, the first EE assessment was stopped 
and the water temperature was increased with 2-3°C. In case of shivering, the water 
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temperature was further increased with steps of 1-2°C until shivering just stopped. 
Shivering was defined as an involuntary contraction of the muscles as reported by the 
participant and visually checked by the researcher. The following ‘stable cold’-phase 
lasted for another 90 minutes, the last 30 minutes of which EE was assessed again. 
Finally, a second IRT image of the upper thorax/neck region was made.

Figure 1. Time line of the study procedures performed both days.
Participants laid in bed between two water perfused mattresses with an initial temperature of 32°C 
(considered thermoneutrality; mattresses temperature is indicated with the purple solid line). After 45 
minutes temperature was gradually decreased with 5°C until shivering occurred or until the minimum 
temperature of 9°C was reached. Then, the stable cold phase started. Before and after cold, an 
infrared thermographic picture was made. Blood was drawn at the end of thermoneutrality (indicated 
with the drop icon), after 15 minutes of cooling down, at the onset of shivering and at 3 time points 
during the stable cold phase. Energy expenditure (indicated with the yellow rectangle) was assessed 
during the thermoneutral phase, during cooling down and during the last 30 minutes of the stable 
cold phase (from +60 min until the end of cooling) using indirect calorimetry. Skin temperatures were 
measured every minute using iButtons. For analyses concerning skin temperature, the last 5 minutes 
of the thermoneutral phase, the 5 minutes after the first 10 minutes of cooling down, the 5 minutes 
before shivering, and the last 5 minutes of the stable cold phase were averaged (indicated with the 
thermometer icon).

Energy expenditure
EE was assessed by indirect calorimetry using a metabolic cart (Vyntus™ CPX, 
Carefusion, Hochberg, Germany) equipped with a ventilated hood system to collect total 
carbon dioxide production (VCO2) and oxygen consumption (VO2) every 10 seconds. 
EE was estimated with the Weir formula (ignoring urinary nitrogen excretion): EE (kcal/
day) = (3.941*VO2 (L/min)) + (1.106*VCO2 (L/min))*1440. The respiratory exchange ratio 
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(RER) was determined by: RER = VCO2 / VO2. EE and RER were calculated for four phases 
throughout the experiment: the thermoneutral phase, the cooling down phase, the 
stable cold phase (60-77.5 min after shivering started; i.e., +60 min) and at the end 
of cooling (77.5-90 min after shivering started; i.e., end cooling; Figure 1). The first 5 
minutes gas exchange data of every new recording was discarded (i.e., the first 5 min of 
the thermoneutral measurement and the first 5 min of the stable cold measurement). 
Thereafter, for the thermoneutral and the two stable cold phases, the most stable 
5 minutes were selected for further analyses, as previously described (23). For the 
cooling down phase, from the measured gas exchange, the first 5 minutes and the last 
5 minutes data were excluded to avoid possible artefacts produced by the cooling down 
protocol (e.g., VO2 and/or VCO2 peaks). Then, from the remaining gas exchange data, 
the first 15 minutes period and the last 15 minutes period were averaged to estimate 
the midpoint during the cooling down phase.

Skin temperature
Skin temperature of 17 positions of the body was measued using 1 minute intervals with 
wireless iButton temperature loggers (21). We assessed supraclavicular skin temperature 
and used previously described equations to estimate the mean (21, 24), proximal 
(21) and distal (21, 25) skin temperatures and to calculate a peripheral temperature 
gradient (left forearm-left fingertip) as a proxy of peripheral vasoconstriction (26). All 
data were analyzed using Temperatus® software (http://profith.ugr.es/temperatus) 
(21). The averages of the last 5 minutes of thermoneutrality, the 5 minutes after the 
first 10 minutes of cooling down, 5 minutes before shivering, and the last 5 minutes of 
the stable cold phase (i.e., ‘end cooling’) were taken for analyses. Additionaly, once at 
the start of the study visit and once after cold exposure, IRT images were made (FLIR 
T450sc, FLIR systems inc., Wilsonville, Oregon, USA) from the upper-thorax/neck region. 
We used an open-source IRT toolbox software for image alignment, non-rigid image 
registration and region of interest (ROI) segmentation using the image before cold in the 
morning as reference to obtain mean skin temperatures of the supraclavicular region.

Blood samples
Blood was collected after a fasting period of 10 h prior to the start of the study protocol. 
Blood was drawn from the antecubital vein and obtained with Vacutainer® SST™ II 
Advance tubes. After a clotting time of at least 30 min, samples were centrifuged to 
obtain serum. Samples were aliquoted and stored at -80°C until batch-wise analyses. 
Commercially available enzymatic kits were used to measure serum concentrations of 
triglycerides (TGs), total cholesterol, high-density lipoprotein cholesterol (HDL-C) (all 
Roche Diagnostics, Woerden, the Netherlands), free fatty acids (FFA) (Wako chemicals, 
Nuess, Germany) and glucose (Instruchemie, Delfzijl, the Netherlands).
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Questionnaires
In the week prior to the first study day, participants filled in two questionnaires, the 
Munich Chronotype questionnaire (MCTQ) (27) and the Pittsburgh Sleep Quality 
Index (PSQI) (28), to determine their chronotype and their sleep quality, respectively. 
Chronotype was defined as the midpoint between sleep onset and wake up on work-
free days, corrected by sleep deprivation on workways (MSFsc). Correction for sleep 
deprivation was only performed for participants who slept longer on work-free days 
than on workdays. The correction was calculated by subtracting half of the oversleep 
on work-free days from the average sleep duration across the entire week. This method 
is described in detail elsewhere (29).

Statistical analysis
Statistical analyses were performed with SPSS® Statistics (version 25, IBM® 
Corporation, Armonk, NY, USA). Normal distribution of the data was tested using the 
Shapiro-Wilk test, visual histograms, and Q-Q plots. Non-normally distributed variables 
(serum TG) were log10-transformed before further analysis. Baseline characteristics 
were compared between sexes using two-tailed unpaired Student’s t-test. For 
the comparison in the morning vs. in the evening of the effect of cold on EE, skin 
temperatures and serum markers, a general linear model with repeated measures 
was used with two within-subject factors: moment of the day (morning vs. evening) 
and the cooling phase (i.e., thermoneutral, cooling down, stable cold +60 min and end 
of cooling). For the comparison of skin temperatures we added ‘shivering’ instead of 
‘stable cold +60 min’. For the serum markers we added ‘shivering’ and ‘stable cold +30 
min’. P-values are shown for main effects and interactions. Percentual changes in EE 
(hereafter cold-induced EE) and serum markers after cold exposure were calculated 
using the following formula: (‘end cooling’-‘thermoneutral’)/’thermoneutral’*100%. 
Absolute changes in skin temperature after cold exposure (deltas; Δ) were calculated as: 
‘end cooling’-‘thermoneutral’. To compare the changes after cold exposure between the 
morning and the evening two-tailed paired Student’s t-tests were used. A P-value of P ≤ 
0.05 was considered statistically significant. All data are presented as mean ± standard 
error of the mean. All figures were prepared with Prism 9 for Windows (version 9.0.1, 
2021, GraphPad Software, LLC, San Diego, California, USA). All supplemental figures are 
located in a digital research materials repository (30).

RESULTS

Participant characteristics
One female participant withdrew from the trial after the first study day because of back 
pain during the cooling experiment and was replaced by another female participant. In 
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total, we enrolled 24 young lean white Caucasians (Table 1), namely 12 males (age: 22.8 
± 1.0 years; BMI: 22.0 ± 0.6 kg/m2) and 12 females (age: 21.4 ± 0.9 years; BMI: 22.5 ± 0.6 
kg/m2). For one male, values of waist and hip circumference were missing, leaving n=11 
for those two outcomes. Males were taller (1.84±0.02 m vs. 1.74±0.01 m, P<0.001), had 
a larger BSA (2.0±0.0 m2 vs. 1.8±0.0 m2, P=0.009), a lower waist-to-hip ratio (0.76±0.01 
vs. 0.78±0.01, P<0.001) and a lower fat percentage (13.7±1.0 % vs. 26.7±1.2 %, P<0.001) 
compared to females. There were no differences in self-reported wake time in the 
week prior to the study days between males and females (7:58 ± 00:30 hours vs. 8:08 
± 00:13 hours, P=0.76), nor in chronotype as estimated using the corrected midpoint of 
sleep on work-free days (04:58 ± 00:17 hours vs. 05:02 ± 00:13 hours, P=0.85) (31), nor 
in sleep quality as assessed with the PSQI (6.9 ± 1.2 points vs. 8.9 ± 1.0 points, P=0.21).

Table 1. Participant characteristics

Male (n=12) Female (n=12)

Age, years 22.8 ± 1.0 21.4 ± 0.9

Height, m 1.84 ± 0.02 1.74 ± 0.01 ***

Weight, kg 74.1 ± 2.9 68.2 ± 1.2

BMI, kg/m2 22.0 ± 0.6 22.5 ± 0.6

BSA, m2 2.0 ± 0.0 1.8 ± 0.0 **

Waist circumference, cm 79.3 ± 1.8 74.1 ± 0.7 *

Hip circumference, cm 98.4 ± 1.7 100.0 ± 1.1

Waist-to-hip ratio 0.76 ± 0.01 0.78 ± 0.01 ***

Fat mass, kg 10.3 ± 1.0 18.0 ± 0.9 ***

Fat percentage, % 13.7 ± 1.0 26.7 ± 1.2 ***

Self-reported wake time, hh:mm 7:58 ± 0:30 8:08 ± 0:13

MSFsc, hh:mm 04:58 ± 00:17 05:02 ± 00:13

PSQI, total score 6.9 ± 1.2 8.9 ± 1.0

Values are presented as mean ± standard error of the mean; the self-reported wake time indicates the 
average of the 7 days prior to the first study day; P-values are obtained from unpaired Student’s t-test 
male vs. female. * P-value <0.05; ** P-value <0.01 *** P -value <0.001. BMI: Body mass index, BSA: Body 
surface area, MSFsc: Midpoint of sleep on work-free days, corrected for sleep deprivation (correction 
for sleep deprivation was only performed for participants who slept longer on work-free days than on 
workdays. The correction was calculated by subtracting half of the oversleep on work-free days from 
the average sleep duration across the entire week), PSQI: Pittsburgh Sleep Quality Index.

Females have a longer time to shivering and lower shivering temperature in 
the morning than in the evening
In males, the time from the start of cooling down until shivering tended to be longer in 
the morning than in the evening (52±3 min vs. 46±4 min, P=0.07, Figure 2A). Yet, their 
shivering temperature did not differ between the morning and the evening (11±1°C vs. 
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13±1°C, P=0.17), and neither did the water temperature at the end of the stable cold 
period between morning and evening (17±1°C vs. 18±1°C, P=0.38). In females, the time 
from the start of cooling down until shivering was significantly longer in the morning 
than in the evening (46±4 min vs. 35±4 min, P=0.04), accompanied by a lower shivering 
temperature in the morning than in the evening (13±1°C vs. 16±1°C, P=0.03) and a lower 
water temperature at the end of the stable cold period (morning: 13±1°C vs. evening: 
19±1°C, P=0.001) in the morning compared to the evening (Figure 2B).

Figure 2. The time until shivering and the shiver- and stable cold temperatures during cold exposure 
in the morning vs. the evening in males and females.
From left to right: the time from the start of the personalised cooling until shivering occurred, the water 
temperature at the moment of shivering, and the water temperature at the end of cooling, in males 
(A) and in females (B). A paired Student’s t-test was used to compare the morning and the evening. 
*P<0.05, **P<0.01.

Cold-induced energy expenditure is higher in the morning than in the 
evening in males only
To investigate whether diurnal variation is present in cold-induced EE, we compared the 
course of the change in EE during cold exposure between the morning and the evening. 
The gas exchange measurement failed for one male and one female due to technical 
issues, leaving a total of 11 males and 11 females for these analyses. In males, the increase 
in EE during cold exposure differed between morning and evening (P interaction=0.04). 
More specifically, cold-induced EE was higher in the morning than in the evening (+54±10 
% vs. +30±7 %, P=0.05, Figure 3A). In females, the increase in EE during cold exposure 
was similar between morning and evening (P interaction=0.21, +37±9% vs. +30±10%, 

Maaike_Binnenwerk_V5.indd   218Maaike_Binnenwerk_V5.indd   218 24-01-2023   19:0224-01-2023   19:02



219

8

Diurnal variation in cold-induced thermogenesis

P=0.42, Figure 3B). In males, RER did not change after cold exposure in the morning 
(thermoneutral [TN]: 0.81±0.10 vs. stable cold: 0.79±0.09, P=1.00) nor in the evening (TN: 
0.77±0.10 vs. stable cold: 0.79±0.07, P=1.00). Also in females, RER did not change after 
cold exposure in the morning (TN: 0.79±0.09 vs. stable cold: 0.79±0.05, P=1.00) nor in the 
evening (TN: 0.75±0.08 vs. stable cold: 0.76±0.04, P=1.00).

Figure 3. Increase in energy expenditure during cold exposure in the morning vs. the evening in males 
and females.
Energy expenditure (EE) was assessed during the thermoneutral phase, the cooling down phase and 
the stable cold phase (the latter was divided into two parts: the first part starting at +60 min and the 
second part until the end of cooling). The cold-induced change in EE was calculated as the percentual 
change in EE from thermoneutrality to the end of cooling. Top panel shows results in males (A), bottom 
panel shows results in females (B). General linear model with repeated measures was used to test for 
an interaction between the effect of cold over time and the moment of the day (i.e., ‘M vs. E’: morning 
vs. evening), a paired Student’s t-test was used to compare the cold induced change in EE between the 
morning and the evening. TN=thermoneutral.

Supraclavicular skin temperature increases following cold exposure in the 
morning and decreases in the evening in males only
As an indirect proxy of thermogenesis by BAT we determined the change in temperature 
of the supraclavicular skin area. One male and one female participant were excluded 
from all iButton analyses, due to a problem with the data acquisition. In males, we 
observed a different change in supraclavicular skin temperature during cold exposure in 
the morning compared to the evening (P interaction=0.04, Figure 4A). More specifically, 
supraclavicular skin temperature was more likely to increase in the morning, but to 
decrease in the evening (+0.2±0.1 °C vs. -0.2±0.2 °C, P=0.05, Figure 4A). In females, the 
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change in supraclavicular skin temperature during cold exposure was similar between 
the morning and the evening (P=0.07, Figure 4B). More specifically, supraclavicular 
skin temperature increased equally in the morning and in the evening (+0.3±0.2 °C vs. 
+0.2±0.1 °C, P=0.51, Figure 4B). The direction of the changes in supraclavicular skin 
temperatures as measured with iButtons were confirmed using IRT (Supplementary 
figure S1A and S1B (30)). Furthermore, in males, proximal, distal and mean skin 
temperatures decreased and the peripheral vasoconstriction gradient increased 
similarly in the morning and the evening (P interaction=0.78, 0.15, 0.38, 0.35, respectively; 
Supplementary figure S2A-D (30)). In females however, mean skin temperature 
(morning: -6.3±0.4°C vs. evening: -4.9±0.5°C, P=0.02) and distal skin temperature 
decreased more in the morning than in the evening (-8.5±0.7°C vs. -5.6±0.7°C, P<0.001), 
and peripheral vasoconstriction gradient (i.e., forearm-fingertip) increased more in the 
morning than in the evening (+6.7±1.2 vs. +1.4±1.4, P<0.001, Supplementary figure 
S2F-H (30)). Curiously, this was not observed for the proximal skin temperature (P 
interaction=0.45, Supplementary figure S2E (30)).

Circulating FFAs continuously increase during cold in the morning, but reach 
a top in the evening in both sexes
Since cold exposure modulates lipoprotein metabolism (32), we aimed to assess 
whether cold-induced effects on plasma lipids were different in the morning compared 
to the evening. For two females the blood sample of one timepoint was missing due 
to constricted veins during cold exposure, leaving n=10 for the analyses in females. In 
males, cold exposure increased circulating FFA levels only in the morning, but not in the 
evening (+90±18% vs. +9±8 %, P<0.001; Table 2), while cold-induced effects on TG, total 
cholesterol and HDL-C did not differ. Circulating FFA levels did initially increase during 
cold exposure in the evening, but decreased after shivering had occurred, while levels 
continued to increase in the morning (P interaction<0.001, Supplementary figure 
S3A (30)). In females, cold exposure increased circulating FFA (+94±21 % vs. +20±5 
%, P=0.006), TG (+42±5 % vs. +29±4 %, P=0.01), total cholesterol (+17±2 % vs. 11±2 %, 
P=0.05) and HDL-C (+14±2 % vs. +9±1 %, P=0.03) more in the morning compared to the 
evening (Table 2, Supplementary figure S3E-H (30)). For both males and females, the 
relative and absolute changes in lipids did not correlate with the relative and absolute 
changes in cold-induced energy expenditure, respectively (data not shown).
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Figure 4. Changes in supraclavicular skin temperature during cold exposure in the morning vs. the 
evening in males and females.
Supraclavicular skin temperature was measured using wireless iButtons during the last 5 minutes of the 
thermoneutral phase, during the cooling down phase, right before shivering occurred and during the 
last 5 minutes of the stable cold phase (‘end cooling’). The Δ temperature was calculated as the change 
in supraclavicular temperature from thermoneutrality to the end of cooling. Top panel shows results 
in males (A), bottom panel shows results in females (B). General linear model with repeated measures 
was used to test for an interaction between the effect of cold over time and the moment of the day 
(i.e., ‘M vs. E’: morning vs. evening), a paired Student’s t-test was used to compare the cold-induced EE 
in the morning vs. in the evening. TN=thermoneutral.

Maaike_Binnenwerk_V5.indd   221Maaike_Binnenwerk_V5.indd   221 24-01-2023   19:0224-01-2023   19:02



222

Chapter 8

Ta
bl

e 
2.

 T
he

 e
ffe

ct
 o

f c
ol

d 
ex

po
su

re
 o

n 
m

ea
su

re
s 

of
 li

po
pr

ot
ei

n 
m

et
ab

ol
is

m
 a

nd
 g

lu
co

se
 in

 th
e 

m
or

ni
ng

 a
nd

 th
e 

ev
en

in
g 

in
 m

al
es

 a
nd

 fe
m

al
es

.

Th
er

m
on

eu
tr

al
M

or
ni

ng
Ev

en
in

g

En
d 

of
 c

oo
lin

g
Pe

rc
en

tu
al

 
ch

an
ge

 (%
)

Th
er

m
on

eu
tr

al
En

d 
of

 c
oo

lin
g

Pe
rc

en
tu

al
 

ch
an

ge
 (%

)
P-

va
lu

e

M
al

es
(n

=1
2)

Tr
ig

ly
ce

ri
de

s,
m

m
ol

/L
0.

54
±0

.0
9

0.
68

±0
.1

0
 +

41
±1

4*
*

0.
44

±0
.0

6
0.

61
±0

.0
8

+4
0±

7*
**

P=
0.

95

Fr
ee

 fa
tt

y 
ac

id
s,

m
m

ol
/L

0.
33

±0
.0

3
0.

59
±0

.0
4

+9
0±

18
**

*
0.

67
±0

.0
4*

**
0.

72
±0

.0
5

+9
±8

P<
0.

00
1

To
ta

l c
ho

le
st

er
ol

,
m

m
ol

/L
3.

41
±0

.1
9

3.
93

±0
.2

2
+1

6±
2*

**
3.

48
±0

.2
0

3.
95

±0
.2

2
+1

4±
1*

**
P=

0.
49

H
D

L-
C,

m
m

ol
/L

1.
05

±0
.0

7
1.

19
±0

.0
7

+1
4±

2*
**

1.
07

±0
.0

6
1.

20
±0

.0
6

+1
2±

1*
**

P=
0.

50

G
lu

co
se

,
m

m
ol

/L
5.

62
±0

.0
8

5.
61

±0
.1

5
-0

.2
±1

.9
5.

08
±0

.0
8*

**
5.

26
±0

.0
9

+3
.7

±1
.3

*
P=

0.
09

Fe
m

al
es

(n
=1

2)
Tr

ig
ly

ce
ri

de
s,

m
m

ol
/L

0.
52

±0
.0

8
0.

74
±0

.1
1

+4
2±

5*
**

0.
43

±0
.0

4
0.

56
±0

.0
7

+2
9±

4*
**

P=
0.

01

Fr
ee

 fa
tt

y 
ac

id
s,

m
m

ol
/L

0.
40

±0
.0

4
0.

74
±0

.0
9

+9
4±

21
**

*
0.

85
±0

.0
5*

**
1.

00
±0

.0
4

+2
0±

5*
*

P=
0.

00
6

To
ta

l c
ho

le
st

er
ol

,
m

m
ol

/L
4.

10
±0

.1
6

4.
71

±0
.1

6
+1

7±
2*

**
4.

35
±0

.1
9*

*
4.

83
±0

.2
1

+1
1±

2*
**

P=
0.

05

H
D

L-
C,

m
m

ol
/L

1.
46

±0
.0

9
1.

67
±0

.1
0

+1
4±

2*
**

1.
55

±0
.1

0*
1.

68
±0

.1
0

+9
±1

**
*

P=
0.

03

G
lu

co
se

,
m

m
ol

/L
5.

29
±0

.0
6

5.
30

±0
.0

8
+0

.3
±1

.1
4.

82
±0

.1
0*

*
4.

84
±0

.1
3

+0
.5

±1
.8

P=
0.

92

Va
lu

es
 a

re
 p

re
se

nt
ed

 a
s 

m
ea

n 
± 

st
an

da
rd

 e
rr

or
 o

f t
he

 m
ea

n;
 S

ig
ni

fic
an

ce
 le

ve
ls

 in
di

ca
te

d 
w

ith
 a

st
er

is
ks

 a
re

 o
bt

ai
ne

d 
fr

om
 p

ai
re

d 
St

ud
en

t’s
 t

-t
es

t 
co

m
pa

rin
g 

th
er

m
on

eu
tr

al
 in

 th
e 

m
or

ni
ng

 v
s.

 e
ve

ni
ng

, a
nd

 c
om

pa
rin

g 
th

er
m

on
eu

tr
al

 v
s.

 e
nd

 o
f c

oo
lin

g 
in

 th
e 

m
or

ni
ng

 a
nd

 th
e 

ev
en

in
g.

 P
-v

al
ue

s 
in

 th
e 

la
st

 c
ol

um
n 

ar
e 

ob
ta

in
ed

 
fr

om
 p

ai
re

d 
St

ud
en

t’s
 t-

te
st

 o
f t

he
 re

la
tiv

e 
ch

an
ge

 fr
om

 th
er

m
on

eu
tr

al
 to

 th
e 

en
d 

of
 c

oo
lin

g 
in

 th
e 

m
or

ni
ng

 v
s.

 th
e 

ev
en

in
g.

 *
* 

P-
va

lu
e 

<0
.0

1 
**

* 
P 

-v
al

ue
 <

0.
00

1.
 

H
D

L-
C:

 H
ig

h-
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l.

Maaike_Binnenwerk_V5.indd   222Maaike_Binnenwerk_V5.indd   222 24-01-2023   19:0224-01-2023   19:02



223

8

Diurnal variation in cold-induced thermogenesis

DISCUSSION

In this study we showed that cold-induced thermogenesis, as assessed with cold-
induced EE and supraclavicular skin temperature, follows a diurnal variation in males, 
with a higher activity in the morning than in the evening. In females we did not observe 
diurnal variation in cold-induced thermogenesis, although females reached a colder 
shivering temperature in the morning than in the evening, suggestive of a better cold 
tolerance in the morning. In both sexes, serum FFA levels increased more upon cold 
in the morning than in the evening, but TGs, cholesterol and HDL-C also increased 
more in the morning than in the evening in females only. Collectively, this may support 
that thermogenic tissues, such as BAT, are subjected to a diurnal rhythm and that this 
unfolds differently in males and females. The diurnal variation should be considered 
when targeting thermogenic tissues to improve cardiometabolic health.

The finding that cold-induced thermogenesis is higher in the morning than in the 
evening, at least in males, coincides with earlier pre-clinical and clinical studies. In 
mice, BAT is the main contributor to cold-induced thermogenesis. Previously, we have 
shown that the uptake of TG-derived fatty acids by BAT in wild-type male mice follows 
a diurnal rhythm, with the highest uptake at the onset of the dark phase (i.e., the active 
period of mice) (18). Similarly, glucose uptake by murine BAT was shown to peak at the 
end of the light phase, approx. 3 h before the start of the active period in both male 
and female mice (33). A very recent paper suggests that cold-induced thermogenesis in 
humans is higher in males with high BAT activity compared to males with low BAT activity 
as assessed by 18F-FDG-PET/CT scans, but only in the morning (34). To the contrary, 
another recent study did not find a diurnal variation in cold-induced thermogenesis 
(35). This seeming discrepancy is possibly explained by the fact that cold exposure in 
that study only lasted for 65 minutes and data from males and females were pooled, 
whereas we observe the diurnal variation after more than 60 minutes with differences 
between the two sexes. The lower shivering temperature in females together with a 
stronger peripheral vasoconstriction (as estimated using the peripheral temperature 
gradient, i.e. temperature forearm - fingertip) upon cold in the morning compared 
to the evening, suggests that women could tolerate cold temperatures better in the 
morning. Interestingly, increased peripheral vasoconstriction is associated with higher 
BAT activity in humans (36). Nevertheless, we did not observe differences in cold-
induced EE between the morning and the evening in females.

In this study we could not directly assess BAT activity using 18F-FDG PET/CT scans, as 
this widely accepted method is accompanied with radiation burden that restricts its use 
for repeated measures. Therefore, we used cold-induced EE and supraclavicular skin 
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temperature as proxies. We acknowledge that skeletal muscles are additional important 
contributors to cold-induced EE in humans (37, 38), and that – for example – thickness 
of the skin may cause bias to IRT (39). Nevertheless, rather strong correlations between 
18F-FDG uptake by BAT on PET/CT scans and the increase in EE (40, 41) and the change 
in supraclavicular skin temperature after cold exposure (42-44) have been reported. 
Irrespective of the magnitude of the contribution of BAT to cold-induced thermogenesis, 
our data suggest that its metabolic activity exhibits diurnal variation.

We found that the increase in circulating FFA concentration from baseline to the end 
of cooling was higher in the morning compared to the evening in both males and 
females. Notably, this difference was caused by a drop in circulating FFAs during the 
last part of cold exposure in the evening, rather than by a steeper increase during cold 
exposure in the morning (Supplementary figure S3A and S3E (30)). An increase in 
FFAs after cold exposure has been observed in other human studies (32, 45-48) and 
is caused by activation of the sympathetic nervous system that stimulates lipolysis in 
WAT (49, 50), likely to mobilize FFAs for oxidation in thermogenic tissues. Circulating 
FFA concentration is therefore a reflection of both FFA release and FFA uptake by 
thermogenic tissues. Importantly, inherent to the research design, participants arrived 
at the research center at 6:30 AM for the morning session, which is notably earlier 
than the regular self-reported wake time. Sleep deprivation can result in an increase 
in early-morning circulating FFA and noradrenaline levels (51), which may partly explain 
the higher increase in circulating FFA concentration in the morning than in the evening. 
Moreover, the oxidative capacity of skeletal muscle is shown to be higher the evening 
than in the morning (52). Hypothetically, activation of thermogenic processes in skeletal 
muscles lead to a higher consumption of FFAs in the evening than in the morning, which 
might explain the drop in FFAs at the end of cold exposure in the evening, but not in 
the morning. In addition to FFAs, albeit only in females, TG, cholesterol and HDL-C 
concentrations increased more in the morning compared to the evening after cold 
exposure. We (22, 32) and others (53) have previously demonstrated that cold exposure 
increases circulating TG levels. This is probably related to the fact that cold exposure 
increases FFA supply (54, 55) as well as sympathetic outflow (56) towards to the liver to 
enhance the synthesis and release of TG-rich very-low-density lipoproteins (VLDL) from 
the liver into the circulation (32, 54-56). Moreover, cold exposure increases cholesterol 
levels, which we previously attributed to increased production of large VLDLs and 
increased small low-density lipoproteins (LDLs) due to enhanced lipolysis (32). Besides, 
cold exposure increases the enrichment of cholesterol in small HDL particles, likely 
resulting from increased production of HDL precursors during lipolysis of VLDL, which 
induce release of cholesterol from tissues into the circulation (32). How the diurnal 
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variation in the effect of cold exposure on lipid metabolism as specifically observed in 
females relates to the various metabolic tissues warrants further investigation.

The diurnal variation in the thermogenic response likely associates to variation in core 
body temperature, that reaches its lowest point in the middle of the night (57, 58). The 
activation of thermogenesis might be important to increase body temperature at the 
start of the day, causing BAT to be in a more active state in the morning. Hypothetically, 
when BAT is in its active state it is better able to increase thermogenesis further in 
response to cold. The results of the present study indicate that the diurnal variation in 
cold-induced thermogenesis is of importance when applying cold exposure to improve 
whole-body metabolism, although this needs to be confirmed using longer studies 
with repeated cold and a larger study population. For instance, chronotherapy (i.e., 
the administration of medication or interventions at specific times of the circadian 
cycle) might be useful when targeting thermogenic organs, such as BAT, to improve 
cardiometabolic health. Yet, similar to our results with cold-induced thermogenesis, 
diet-induced thermogenesis (i.e., the increase in metabolic rate after food intake, also 
associated to BAT activity (59)) has been shown to be higher in the morning than in the 
evening (60-62). Moreover, in mice as well as humans, postprandial lipid excursions are 
lower and postprandial fatty acid oxidation is higher in the morning than in the evening 
(18, 19, 34). These studies show the potential of time-restricted feeding specifically 
with an early time-frame that is aligned with the circadian clock (63, 64), suggesting 
that the same could be true when applying cold exposure to improve whole-body lipid 
metabolism.

One of the main strengths of our study is that we used a randomized crossover 
design, in which participants were randomly assigned to have the morning or the 
evening measurement first. Therewith, the influence of acclimation to cold exposure 
was prevented and participants served as their own control, minimizing the effect 
of confounding covariates. Moreover, for all participants there was only a single day 
between the morning and evening experiment, minimizing an effect of seasonal changes 
or outdoor temperatures on cold-induced thermogenesis. Another strength of this 
study is the use of the personalized cooling protocol, that allows us to determine diurnal 
variations in cold tolerance. However, the longer duration until shivering occurred in 
the morning in females inherently caused exposure to a lower temperature in the 
morning compared to the evening in females, thus possibly stronger stimulating the 
thermogenic response. Nonetheless, cold-induced thermogenesis was not higher in 
the morning than in the evening in females. Other limitations of our study are that the 
study was not powered to compare males vs. females or to compare participants with 
an early chronotype vs. those with a late chronotype, as it was powered for within-
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subject comparisons. In addition, only young, healthy white Caucasians were included, 
inquiring further research to test applicability on a broader population (e.g., older or 
overweight individuals, patients with cardiometabolic diseases, or other ethnic groups).

In conclusion, we show a diurnal variation in cold-induced thermogenesis, as assessed 
by cold-induced EE and supraclavicular skin temperature, with a higher activity in 
the morning than in the evening in males, but not in females. On the other hand, 
females reached a lower shivering temperature in the morning than in the evening, 
indicating a higher cold tolerance, together with a stronger modulation whole-body lipid 
metabolism. Together, this suggests that the application of cold exposure to improve 
cardiometabolic health has more potential in the morning than in the evening.

ACKNOWLEDGEMENT

We thank Krista Glas, Marita Glasbergen-Ravensbergen, Jenny Siera and Bep Ladan-
Eygenraam (Dept. of Clinical Research Internal Medicine, LUMC) for their extensive 
practical assistance during the study days, and Trea Streefland (Dept. of Medicine, Div. 
of Endocrinology, LUMC) for her excellent technical assistance.

FUNDING

This work was supported by the Fundación Alfonso Martin Escudero (to B.M.T), by 
the Dutch Heart Foundation (2017T016 to S.K.), by the Dutch Society for Diabetes 
Research (NVDO; Prof. dr. J. Terpstra Award to S.K.), the Dutch Diabetes Foundation 
(2015.81.1808 to M.R.B.) and the Netherlands Cardiovascular Research Initiative: an 
initiative with support of the Dutch Heart Foundation (CVON2014-02 ENERGISE and 
CVON2017 GENIUS-2 to P.C.N.R.)

Maaike_Binnenwerk_V5.indd   226Maaike_Binnenwerk_V5.indd   226 24-01-2023   19:0224-01-2023   19:02



227

8

Diurnal variation in cold-induced thermogenesis

REFERENCES

1.	 Albrecht U. Timing to perfection: the biology of central and peripheral circadian clocks. 
Neuron. 2012;74 (2):246-60.

2.	 Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system: organization and 
coordination of central and peripheral clocks. Annu Rev Physiol. 2010;72:517-49.

3.	 Morris CJ, Purvis TE, Hu K, Scheer FAJL. Circadian misalignment increases cardiovascular 
disease risk factors in humans. Proceedings of the National Academy of Sciences. 2016;113 
(10):E1402-E11.

4.	 Scheer FAJL, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and cardiovascular 
consequences of circadian misalignment. Proceedings of the National Academy of Sciences. 
2009;106 (11):4453-8.

5.	 Pietroiusti A, Neri A, Somma G, Coppeta L, Iavicoli I, Bergamaschi A, et al. Incidence of 
metabolic syndrome among night-shift healthcare workers. Occup Environ Med. 2010;67 
(1):54-7.

6.	 Schiavo-Cardozo D, Lima MM, Pareja JC, Geloneze B. Appetite-regulating hormones from 
the upper gut: disrupted control of xenin and ghrelin in night workers. Clin Endocrinol (Oxf). 
2013;79 (6):807-11.

7.	 Knutsson A, Akerstedt T, Jonsson BG, Orth-Gomer K. Increased risk of ischaemic heart 
disease in shift workers. Lancet. 1986;2 (8498):89-92.

8.	 Kroenke CH, Spiegelman D, Manson J, Schernhammer ES, Colditz GA, Kawachi I. Work char-
acteristics and incidence of type 2 diabetes in women. Am J Epidemiol. 2007;165 (2):175-83.

9.	 Castellani JW, Young AJ. Human physiological responses to cold exposure: Acute responses 
and acclimatization to prolonged exposure. Autonomic Neuroscience. 2016;196:63-74.

10.	 Ouellet V, Labbé SM, Blondin DP, Phoenix S, Guérin B, Haman F, et al. Brown adipose tissue 
oxidative metabolism contributes to energy expenditure during acute cold exposure in 
humans. The Journal of Clinical Investigation. 2012;122 (2):545-52.

11.	 Chondronikola M, Volpi E, Borsheim E, Porter C, Annamalai P, Enerback S, et al. Brown ad-
ipose tissue improves whole-body glucose homeostasis and insulin sensitivity in humans. 
Diabetes. 2014;63 (12):4089-99.

12.	 Hanssen MJ, Hoeks J, Brans B, van der Lans AA, Schaart G, van den Driessche JJ, et al. Short-
term cold acclimation improves insulin sensitivity in patients with type 2 diabetes mellitus. 
Nat Med. 2015;21 (8):863-5.

13.	 Lee P, Smith S, Linderman J, Courville AB, Brychta RJ, Dieckmann W, et al. Temperature-ac-
climated brown adipose tissue modulates insulin sensitivity in humans. Diabetes. 2014;63 
(11):3686-98.

14.	 van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vosselman MJ, et al. Cold accli-
mation recruits human brown fat and increases nonshivering thermogenesis. J Clin Invest. 
2013;123 (8):3395-403.

15.	 Leitner BP, Huang S, Brychta RJ, Duckworth CJ, Baskin AS, McGehee S, et al. Mapping of 
human brown adipose tissue in lean and obese young men. Proceedings of the National 
Academy of Sciences. 2017;114 (32):8649-54.

Maaike_Binnenwerk_V5.indd   227Maaike_Binnenwerk_V5.indd   227 24-01-2023   19:0224-01-2023   19:02



228

Chapter 8

16.	 Becher T, Palanisamy S, Kramer DJ, Eljalby M, Marx SJ, Wibmer AG, et al. Brown adipose 
tissue is associated with cardiometabolic health. Nat Med. 2021;27 (1):58-65.

17.	 Wibmer AG, Becher T, Eljalby M, Crane A, Andrieu PC, Jiang CS, et al. Brown adipose tissue 
is associated with healthier body fat distribution and metabolic benefits independent of 
regional adiposity. Cell Reports Medicine. 2021;2 (7):100332.

18.	 van den Berg R, Kooijman S, Noordam R, Ramkisoensing A, Abreu-Vieira G, Tambyrajah LL, 
et al. A Diurnal Rhythm in Brown Adipose Tissue Causes Rapid Clearance and Combustion 
of Plasma Lipids at Wakening. Cell Rep. 2018;22 (13):3521-33.

19.	 van den Berg R, Noordam R, Kooijman S, Jansen SWM, Akintola AA, Slagboom PE, et al. 
Familial longevity is characterized by high circadian rhythmicity of serum cholesterol in 
healthy elderly individuals. Aging Cell. 2017;16 (2):237-43.

20.	 Du Bois D, Du Bois EF. A formula to estimate the approximate surface area if height and 
weight be known. 1916. Nutrition. 1989;5 (5):303-11; discussion 12-3.

21.	 Martinez-Tellez B, Sanchez-Delgado G, Acosta FM, Alcantara JMA, Boon MR, Rensen PCN, 
et al. Differences between the most used equations in BAT-human studies to estimate 
parameters of skin temperature in young lean men. Scientific Reports. 2017;7 (1):10530.

22.	 Bakker LE, Boon MR, van der Linden RA, Arias-Bouda LP, van Klinken JB, Smit F, et al. Brown 
adipose tissue volume in healthy lean south Asian adults compared with white Caucasians: 
a prospective, case-controlled observational study. Lancet Diabetes Endocrinol. 2014;2 
(3):210-7.

23.	 Alcantara JMA, Sanchez-Delgado G, Amaro-Gahete FJ, Galgani JE, Ruiz JR. Impact of the 
Method Used to Select Gas Exchange Data for Estimating the Resting Metabolic Rate, as 
Supplied by Breath-by-Breath Metabolic Carts. Nutrients. 2020;12 (2):487.

24.	 Standardization IOf. Ergonomics-Evaluation of Thermal Strain by Physiological Measure-
ments: International Organization for Standardization; 2004.

25.	 Krauchi K, Cajochen C, Mori D, Graw P, Wirz-Justice A. Early evening melatonin and S-20098 
advance circadian phase and nocturnal regulation of core body temperature. American 
Journal of Physiology-Regulatory, Integrative and Comparative Physiology. 1997;272 
(4):R1178-R88.

26.	 Sessler DI, Olofsson CI, Rubinstein EH, Beebe JJ. The thermoregulatory threshold in humans 
during halothane anesthesia. The Journal of the American Society of Anesthesiologists. 
1988;68 (6):836-42.

27.	 Roenneberg T, Wirz-Justice A, Merrow M. Life between clocks: daily temporal patterns of 
human chronotypes. J Biol Rhythms. 2003;18 (1):80-90.

28.	 Buysse DJ, Reynolds CF, 3rd, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality 
Index: a new instrument for psychiatric practice and research. Psychiatry Res. 1989;28 
(2):193-213.

29.	 Roenneberg T, Pilz LK, Zerbini G, Winnebeck EC. Chronotype and Social Jetlag: A (Self-) 
Critical Review. Biology (Basel). 2019;8 (3).

Maaike_Binnenwerk_V5.indd   228Maaike_Binnenwerk_V5.indd   228 24-01-2023   19:0224-01-2023   19:02



229

8

Diurnal variation in cold-induced thermogenesis

30.	 Straat ME, Martinez-Tellez B, Mishre ASDS, Verkleij MMA, Kemmeren M, Pelsma IC, et al. 
Supplemental material: Cold-induced thermogenesis shows a diurnal variation, that un-
folds differently in males and females: https://doi.org/10.6084/m9.figshare.16860163.v3; 
Deposited: 19-01-2022 [Available from: https://figshare.com/articles/figure/Supplemen-
tal_material_Cold-induced_thermogenesis_shows_a_diurnal_variation_that_unfolds_differ-
ently_in_males_and_females/16860163.

31.	 Roenneberg T, Pilz LK, Zerbini G, Winnebeck EC. Chronotype and Social Jetlag: A (Self-) 
Critical Review. Biology. 2019;8 (3):54.

32.	 Hoeke G, Nahon KJ, Bakker LEH, Norkauer SSC, Dinnes DLM, Kockx M, et al. Short-term 
cooling increases serum triglycerides and small high-density lipoprotein levels in humans. 
J Clin Lipidol. 2017;11 (4):920-8.e2.

33.	 van der Veen DR, Shao J, Chapman S, Leevy WM, Duffield GE. A Diurnal Rhythm in Glucose 
Uptake in Brown Adipose Tissue Revealed by In Vivo PET-FDG Imaging. Obesity. 2012;20 
(7):1527-9.

34.	 Matsushita M, Nirengi S, Hibi M, Wakabayashi H, Lee S-i, Domichi M, et al. Diurnal variations 
of brown fat thermogenesis and fat oxidation in humans. International Journal of Obesity. 
2021.

35.	 Acosta FM, Sanchez-Delgado G, Martinez-Tellez B, Alcantara JMA, Llamas-Elvira JM, Ruiz JR. 
Diurnal variations of cold-induced thermogenesis in young, healthy adults: A randomized 
crossover trial. Clinical Nutrition. 2021.

36.	 Martinez-Tellez B, Adelantado-Renau M, Acosta FM, Sanchez-Delgado G, Martinez-Nicolas 
A, Boon MR, et al. The Mediating Role of Brown Fat and Skeletal Muscle Measured by (18) 
F-Fluorodeoxyglucose in the Thermoregulatory System in Young Adults. Obesity (Silver 
Spring). 2019;27 (6):963-70.

37.	 M UD, Raiko J, Saari T, Kudomi N, Tolvanen T, Oikonen V, et al. Human brown adipose tissue 
[ (15)O]O2 PET imaging in the presence and absence of cold stimulus. Eur J Nucl Med Mol 
Imaging. 2016;43 (10):1878-86.

38.	 Blondin DP, Labbé SM, Phoenix S, Guérin B, Turcotte É E, Richard D, et al. Contributions of 
white and brown adipose tissues and skeletal muscles to acute cold-induced metabolic 
responses in healthy men. J Physiol. 2015;593 (3):701-14.

39.	 Gatidis S, Schmidt H, Pfannenberg CA, Nikolaou K, Schick F, Schwenzer NF. Is It Possible to 
Detect Activated Brown Adipose Tissue in Humans Using Single-Time-Point Infrared Ther-
mography under Thermoneutral Conditions? Impact of BMI and Subcutaneous Adipose 
Tissue Thickness. PLoS One. 2016;11 (3):e0151152.

40.	 Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, et al. Recruited brown 
adipose tissue as an antiobesity agent in humans. J Clin Invest. 2013;123 (8):3404-8.

41.	 Kulterer OC, Niederstaetter L, Herz CT, Haug AR, Bileck A, Pils D, et al. The Presence of Active 
Brown Adipose Tissue Determines Cold-Induced Energy Expenditure and Oxylipin Profiles 
in Humans. The Journal of Clinical Endocrinology & Metabolism. 2020;105 (7):2203-16.

42.	 Law J, Morris DE, Izzi-Engbeaya C, Salem V, Coello C, Robinson L, et al. Thermal Imaging Is 
a Noninvasive Alternative to PET/CT for Measurement of Brown Adipose Tissue Activity in 
Humans. J Nucl Med. 2018;59 (3):516-22.

Maaike_Binnenwerk_V5.indd   229Maaike_Binnenwerk_V5.indd   229 24-01-2023   19:0224-01-2023   19:02



230

Chapter 8

43.	 van der Lans AA, Vosselman MJ, Hanssen MJ, Brans B, van Marken Lichtenbelt WD. Supra-
clavicular skin temperature and BAT activity in lean healthy adults. J Physiol Sci. 2016;66 
(1):77-83.

44.	 Boon MR, Bakker LE, van der Linden RA, Pereira Arias-Bouda L, Smit F, Verberne HJ, et al. 
Supraclavicular skin temperature as a measure of 18F-FDG uptake by BAT in human sub-
jects. PLoS One. 2014;9 (6):e98822.

45.	 Nahon KJ, Hoeke G, Bakker LEH, Jazet IM, Berbée JFP, Kersten S, et al. Short-term cooling 
increases serum angiopoietin-like 4 levels in healthy lean men. Journal of Clinical Lipidology. 
2018;12 (1):56-61.

46.	 Weir G, Ramage LE, Akyol M, Rhodes JK, Kyle CJ, Fletcher AM, et al. Substantial Metabolic 
Activity of Human Brown Adipose Tissue during Warm Conditions and Cold-Induced Lip-
olysis of Local Triglycerides. Cell Metab. 2018;27 (6):1348-55.e4.

47.	 Blondin DP, Labbé SM, Tingelstad HC, Noll C, Kunach M, Phoenix S, et al. Increased Brown 
Adipose Tissue Oxidative Capacity in Cold-Acclimated Humans. The Journal of Clinical En-
docrinology & Metabolism. 2014;99 (3):E438-E46.

48.	 Lee P, Brychta RJ, Linderman J, Smith S, Chen KY, Celi FS. Mild Cold Exposure Modulates 
Fibroblast Growth Factor 21 (FGF21) Diurnal Rhythm in Humans: Relationship between 
FGF21 Levels, Lipolysis, and Cold-Induced Thermogenesis. The Journal of Clinical Endocri-
nology & Metabolism. 2013;98 (1):E98-E102.

49.	 Geerling JJ, Boon MR, Kooijman S, Parlevliet ET, Havekes LM, Romijn JA, et al. Sympathetic 
nervous system control of triglyceride metabolism: novel concepts derived from recent 
studies. Journal of lipid research. 2014;55 (2):180-9.

50.	 Bartness TJ, Song CK. Thematic review series: adipocyte biology. Sympathetic and sensory 
innervation of white adipose tissue. J Lipid Res. 2007;48 (8):1655-72.

51.	 Broussard JL, Chapotot F, Abraham V, Day A, Delebecque F, Whitmore HR, et al. Sleep re-
striction increases free fatty acids in healthy men. Diabetologia. 2015;58 (4):791-8.

52.	 van Moorsel D, Hansen J, Havekes B, Scheer F, Jörgensen JA, Hoeks J, et al. Demonstration 
of a day-night rhythm in human skeletal muscle oxidative capacity. Mol Metab. 2016;5 
(8):635-45.

53.	 Mengel LA, Seidl H, Brandl B, Skurk T, Holzapfel C, Stecher L, et al. Gender Differences in the 
Response to Short-term Cold Exposure in Young Adults. J Clin Endocrinol Metab. 2020;105 
(5).

54.	 Nielsen S, Karpe F. Determinants of VLDL-triglycerides production. Current Opinion in 
Lipidology. 2012;23 (4).

55.	 Lewis GF. Fatty acid regulation of very-low-density lipoprotein production. Curr Opin Lipidol. 
1997;8 (3):146-53.

56.	 La Fountaine MF, Cirnigliaro CM, Kirshblum SC, McKenna C, Bauman WA. Effect of functional 
sympathetic nervous system impairment of the liver and abdominal visceral adipose tissue 
on circulating triglyceride-rich lipoproteins. PLOS ONE. 2017;12 (3):e0173934.

57.	 Kräuchi K, Wirz-Justice A. Circadian rhythm of heat production, heart rate, and skin and core 
temperature under unmasking conditions in men. Am J Physiol. 1994;267 (3 Pt 2):R819-29.

58.	 Kräuchi K. How is the circadian rhythm of core body temperature regulated? Clinical Auto-
nomic Research. 2002;12 (3):147-9.

Maaike_Binnenwerk_V5.indd   230Maaike_Binnenwerk_V5.indd   230 24-01-2023   19:0224-01-2023   19:02



231

8

Diurnal variation in cold-induced thermogenesis

59.	 U Din M, Saari T, Raiko J, Kudomi N, Maurer SF, Lahesmaa M, et al. Postprandial Oxida-
tive Metabolism of Human Brown Fat Indicates Thermogenesis. Cell Metabolism. 2018;28 
(2):207-16.e3.

60.	 Romon M, Edme JL, Boulenguez C, Lescroart JL, Frimat P. Circadian variation of diet-induced 
thermogenesis. Am J Clin Nutr. 1993;57 (4):476-80.

61.	 Bo S, Fadda M, Castiglione A, Ciccone G, De Francesco A, Fedele D, et al. Is the timing of 
caloric intake associated with variation in diet-induced thermogenesis and in the metabolic 
pattern? A randomized cross-over study. International Journal of Obesity. 2015;39 (12):1689-
95.

62.	 Morris CJ, Garcia JI, Myers S, Yang JN, Trienekens N, Scheer FA. The Human Circadian System 
Has a Dominating Role in Causing the Morning/Evening Difference in Diet-Induced Ther-
mogenesis. Obesity (Silver Spring). 2015;23 (10):2053-8.

63.	 Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early Time-Restricted 
Feeding Improves Insulin Sensitivity, Blood Pressure, and Oxidative Stress Even without 
Weight Loss in Men with Prediabetes. Cell Metabolism. 2018;27 (6):1212-21.e3.

64.	 Charlot A, Hutt F, Sabatier E, Zoll J. Beneficial Effects of Early Time-Restricted Feeding on 
Metabolic Diseases: Importance of Aligning Food Habits with the Circadian Clock. Nutrients. 
2021;13 (5):1405.

Maaike_Binnenwerk_V5.indd   231Maaike_Binnenwerk_V5.indd   231 24-01-2023   19:0224-01-2023   19:02



232

Chapter 8

SUPPLEMENTAL DATA

Figure S1. Changes in supraclavicular skin temperature after cold exposure as measured with infrared 
thermography in the morning vs. the evening in males and females.
Supraclavicular skin temperature was measured using infrared thermography before cold exposure 
and after cold exposure in the morning and the evening. Top panel shows results in males (A), bottom 
panel shows results in females (B). General linear model with repeated measures was used to test for 
an interaction between the effect of cold over time and the moment of the day (i.e., ‘M vs. E’: morning 
vs. evening), a paired Student’s t-test was used to compare the morning and the evening.
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Figure S2. Changes in skin temperatures during cold exposure in the morning vs. the evening in males 
and females.
Proximal (A+E), distal (B+F), mean (C+G) skin temperatures and vasoconstriction gradient (D+H) were 
determined using wireless iButtons during the last 5 minutes of the thermoneutral phase, during the 
cooling down phase, right before shivering occurred and during the last 5 minutes of the stable cold 
phase (‘end cooling’). The left panel (A-D) shows the results in males, the right panel (E-H) shows the 
results in females. General linear model with repeated measures was used to test for an interaction 
between the effect of cold over time and the moment of the day (i.e., ‘M vs. E’: morning vs. evening). 
TN=thermoneutral.
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Figure S3. The effect of cold exposure on measures of lipid metabolism in the morning vs. the evening 
in males and females.
Serum free fatty acids (A+E), triglycerides (B+F), cholesterol (C+G) and HDL-cholesterol (D+H) were 
measured during the thermoneutral phase, the cooling down phase, when shivering started and 30, 
60 and 90 minutes later (‘end cooling). The left panel (A-D) shows the results in males and the right 
panel (E-H) shows the results in females. Data are mean ± standard error of the mean. General linear 
model with repeated measures was used to test for an interaction between the effect of cold over time 
and the moment of the day (i.e., ‘M vs. E’: morning vs. evening). FFA: free fatty acid, HDL-C: high-density 
lipoprotein cholesterol, TG: triglycerides.
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