Relationship between the Daily Rhythm of Distal Skin
Temperature and Brown Adipose Tissue *F-FDG
Uptake in Young Sedentary Adults

Francisco M. Acosta,”!""" Borja Martinez-Tellez,”" Denis P. Blondin,* Frangois Haman,$
Patrick C. N. Rensen," Jose M. Llamas-Elvira,!| Antonio Martinez-Nicolas,7**' and Jonatan R. Ruiz"

"PROFITH “PROmoting FITness and Health through physical activity” research group, Department of
Physical and Sports Education, Sport and Health University Research Institute (iMUDS), Faculty of Sports
Science, University of Granada, Granada, Spain, *Department of Medicine, Division of Endocrinology, and
Einthoven Laboratory for Experimental Vascular Medicine, Leiden University Medical Center, Leiden, the
Netherlands, *Faculty of Medicine and Health Sciences, Department of Pharmacology-Physiology, Université
de Sherbrooke and Centre de Recherche du Centre Hospitalier Universitaire de Sherbrooke, Québec, Canada,
SFaculty of Health Sciences, University of Ottawa, Ottawa, Ontario, Canada, ! Servicio de Medicina Nuclear,
Hospital Universitario Virgen de las Nieves, Granada, Spain; Instituto de Investigacion Biosanitaria (ibs.
GRANADA), Servicio de Medicina Nuclear, Granada, Spain, IChronobiology Lab, Department of Physiology,
College of Biology, University of Murcia, Mare Nostrum Campus, IUIE, IMIB-Arrixaca, Murcia, Spain, and
*Ciber Fragilidad y Envejecimiento Saludable (CIBERFES), Madrid, Spain

Abstract  The present study examines whether the daily rhythm of distal skin
temperature (DST) is associated with brown adipose tissue (BAT) metabolism
as determined by ®F-fluorodeoxyglucose (*F-FDG) uptake in young adults.
Using a wireless thermometer (iButton) worn on the nondominant wrist, DST
was measured in 77 subjects (26% male; age 22 *+ 2 years; body mass index 25.2
* 4.8 kg/m?) for 7 consecutive days. The temperatures to which they were
habitually exposed over the day were also recorded. The interday stability of
DST was calculated from the collected data, along with the intraday variability
and relative amplitude; the mean temperature of the 5 and 10 consecutive
hours with the maximum and minimum DST values, respectively; and when
these hours occurred. Following exposure to cold, BAT volume and mean and
peak standardized "*F-FDG uptake (SUV,.,, and SUV ) were determined for
each subject via static ®F-FDG positron emission tomography/computed
tomography scanning. Relative amplitude and the time at which the 10 con-
secutive hours of minimum DST values occurred were positively associated
with BAT volume, SUV,,,, and SUV ., (p = 0.02), whereas the mean DST of
that period was inversely associated with the latter BAT variables (p = 0.01).
The interday stability and intraday variability of the DST were also associated
(directly and inversely, respectively) with BAT SUV,,, (p = 0.02 for both). All
of these associations disappeared, however, when the analyses were adjusted
for the ambient temperature to which the subjects were habitually exposed.
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Thus, the relationship between the daily rhythm of DST and BAT activity esti-
mated by ®F-FDG uptake is masked by environmental and likely behavioral
factors. Of note is that those participants exposed to the lowest ambient tem-
perature showed 3 to 5 times more BAT volume and activity compared with
subjects who were exposed to a warmer ambient temperature.

Keywords brown fat, circadian rhythm, wrist skin temperature, glucose uptake, obesity,
thermoregulation, cardiometabolic risk, cold-induced thermogenesis

Almost all living things have a circadian time-
keeping system (Czeisler et al., 1999). The circadian
system consists of a network of hierarchically orga-
nized structures that regulate the body’s temporal
organization in relation to its environment (Froy,
2010; Garaulet et al., 2010a; Garaulet et al., 2010b;
Hastings et al., 2003). From an evolutionary perspec-
tive, this biological clock has allowed organisms to
adapt their metabolic processes and their behavior to
cyclic environmental change (Garaulet et al., 2010b;
Hansen et al., 2017; Terzibasi-Tozzini et al., 2017). In
humans, current social habits commonly disrupt this
system (chronodisruption), leading to metabolic
problems such as obesity, dyslipidemia, or impaired
glucose tolerance, perhaps even shortening our life
span (Froy, 2010; Garaulet et al., 2010b; Garaulet et al.,
2010a; Hastings et al., 2003). Certainly, the correct
functioning of the circadian system seems necessary
for properly and temporally adjusted behavioral and
physiological functions and vice versa.

Brown adipose tissue (BAT) is a specialized ther-
mogenic organ, mainly activated during exposure to
cold. It produces heat via the action of uncoupling
protein 1 (UCP1; Cannon and Nedergaard, 2004;
Peirce and Vidal-Puig, 2013; Schilperoort et al., 2016).
Given its energy-burning capacity, its endocrine func-
tion (Villarroya et al., 2017), and its contribution to
metabolic homeostasis through the uptake of energy
substrates, BAT is seen as a potential therapeutic tar-
get in the fight against obesity and diabetes (Bartelt
et al, 2011; Blondin et al., 2017; Cannon and
Nedergaard, 2004; Ruiz et al., 2018; Villarroya and
Vidal-Puig, 2013). Consequently, much effort is being
invested in understanding how human BAT function
is physiologically regulated and how to safely exploit
its functions.

Interestingly, in mice it has been shown that the for-
mation and metabolic function of BAT are under cir-
cadian clock regulation (Gerhart-Hines et al., 2013;
Hansen et al., 2017; Nam et al., 2016). The BAT tran-
scriptome is robustly rhythmic (Zhang et al., 2014;
Zvonic et al., 2006), with nearly 8% of the tissue’s
expressed genes showing circadian rhythmicity.
Accordingly, it has been shown that a number of key
nuclear receptors involved in circadian rhythmicity,
such as Rev-erb alpha and PER2, play essential roles

in the modulation of murine UCP1 expression and
BAT thermogenesis (Chappuis et al., 2013; Gerhart-
Hines et al., 2013). In addition, experiments in rodents
have shown that BAT receives inputs from different
hypothalamic nuclei, shaping the rhythms of systemic
glucose and lipids as well as those of body tempera-
ture and energy expenditure (Hansen et al.,, 2017;
Orozco-Solis et al., 2016; Tan and Knight, 2018; van
den Berg et al, 2018; van der Veen et al., 2012).
Although there is growing evidence that the circadian
rhythms of body temperature and metabolism are
intimately related to a proper BAT function in rodents
(Kooijman et al., 2015), evidence in humans is scarce.
Lee et al. (Lee et al., 2016) recently suggested that glu-
cose utilization by human BAT is coupled to heat pro-
duction in a circadian manner. Whether BAT function
is associated with the appropriate functioning of the
circadian system, however, remains to be seen.

Several marker rhythms have been proposed as a
means of assessing circadian system functioning.
These marker rhythms, driven by the suprachias-
matic nucleus (SCN; the major pacemaker), allow the
timing of internal biological processes to be followed.
Marker rhythms need to be easy to measure in a non-
invasive manner, be reliable, have a large amplitude,
and have a specific phase relationship with the SCN
(Terzibasi-Tozzini et al., 2017). Salivary melatonin or
cortisol, the rest-activity pattern, and core tempera-
ture are among the most commonly used (Terzibasi-
Tozzini et al., 2017). Distal skin temperature (DST)
also provides a marker rhythm. This is supported by
the fact (among others) that an increase in DST coin-
cides with the onset of the release of dim-light mela-
tonin (Bonmati-Carrion et al., 2014) and that it may
lead to vasodilation (inducing heat loss) and an even-
tual fall in core body temperature that helps initiate
sleep (Krduchi and Wirz-Justice, 2001). In addition,
the DST can be easily and comfortably recorded for
long periods, is driven by the circadian clock via the
autonomous nervous system, and its rhythm persists
under demasking analytical conditions (Martinez-
Nicolas et al., 2013).

The aim of the present work was to examine
whether the daily rhythm of the DST, used as an indi-
cator of the appropriate functioning of the circadian
system, is associated with BAT volume and activity
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as determined by '®F-fluorodeoxyglucose (**F-FDG)
uptake in young, healthy adults. The relationship
between the DST rhythm and skeletal muscle '8F-
FDG uptake was also examined, as was that between
disruptions of the DST daily rhythm (more flattened,
fragmented, less stable) and obesity and cardiometa-
bolic risk.

MATERIALS AND METHODS

The present cross-sectional study was performed
within the framework of the ACTIBATE study
(Sanchez-Delgado et al., 2015; (in ClinicalTrials.gov,
ID: NCT02365129). The study subjects were 82 young
healthy (27% male) adults (see enrollment flow chart
in Suppl. Fig. S1). All were recruited via advertise-
ments in electronic media and via leaflets. The inclu-
sion criteria required subjects to be 18 to 25 years old,
to be sedentary (self-reported <20 min of moderate-
vigorous physical activity on <3 days/week), not to
smoke or take any medication that might affect their
cardiovascular or thermoregulatory responses to cold
exposure, to have had a stable body weight over the
past 3 months (changes <3 kg), to have no cardio-
metabolic disease (e.g., hypertension, diabetes, etc.),
and to have no history of cancer among first-degree
relatives.

Assessments were performed at our installations
in Granada (southern Spain) between October and
November 2016, in 4 waves involving approximately
20 subjects per wave (Suppl. Table S1). The study was
approved by the Human Research Ethics Committee
of the University of Granada (No. 924) and the
Servicio Andaluz de Salud, and it was performed in
accordance with the Declaration of Helsinki (revision
of 2013). All subjects provided written, informed con-
sent to be included.

Distal Skin Temperature

DST was measured using an iButton DS-1922 L
Thermochron wireless temperature sensor (resolu-
tion 0.0625 °C; Maxim, Dallas, TX); subjects wore the
sensor continuously for 7 consecutive days (Martinez-
Tellez et al., 2019). The sampling frequency was set at
10 min. The sensor was placed on the ventral area of
the nondominant wrist (over the radial artery) and
secured with a wristband. Subjects were instructed to
remove it only when bathing. Nonwear time periods
for each day were recorded in a diary. Recordings
were programmed to begin at 0600 h and to finish 7
days later at 0000 h (the morning when the *F-FDG-
positron emission tomography [PET]/computed
tomography [CT] scan was performed; see below).

DST Processing

All of the nonwear time periods were excluded
from analysis. Atypical data were also eliminated by
suppressing the time points for which the rate of
change with respect to the previous value was higher
than the interquartile distance between quartiles 1
and 3 (percentiles 25 and 75, respectively; van Marken
Lichtenbelt et al., 2006). Those subjects with fewer
than 4 valid days (<75% of the data registered in 24
h) of data were excluded from the analyses. All
sensors were programmed, and their data analyzed,
using Temperatus software (http:/profith.ugr.es/
temperatus?lang=en) (Martinez-Tellez, Quesada-
Aranda et al., 2019).

The interday stability (IS) of the DST readings (i.e.,
the constancy of the 24-h rhythmic pattern over the 7
days of data collection), the intraday variability (IV;
i.e., the fragmentation of the rhythm), and the relative
amplitude (RA) were then determined, as described
elsewhere (Ortiz-Tudela et al., 2010; Witting et al.,
1990). RA was determined as the difference between
the mean DST for the 5 consecutive hours with the
maximum DST values (M5) and the mean DST for the
10 consecutive hours with the minimum values (L10),
divided by their sum (Martinez-Nicolas et al., 2011).
Finally, the times at which L10 and M5 occurred
(TL10 and TMS5, respectively) were calculated as pre-
viously described (Martinez-Nicolas et al., 2011; Fig.
1A). The mean daily pattern for DST was calculated
per individual, and then the mean for each group was
calculated. Figure 1A shows an illustrative example
of the daily pattern of the DST. The midsleep time
point, chronotype, and social jet lag of the partici-
pants were also determined (see the supplementary
material for more information).

Personal Environmental Temperature

Relationships have been reported to exist between
the environmental temperature to which people are
exposed and the presence, volume, and activity of
BAT as estimated by '"®F-FDG-PET/CT (Cypess et al.,
2009; Ouellet et al., 2011). Since the study period was
October to November 2016, the possible confounding
effect of environmental temperature on the associa-
tion between the DST and BAT ¥F-FDG uptake was
examined (Martinez-Tellez et al., 2018). People nor-
mally spend about 90% of their time indoors, espe-
cially in colder regions/seasons (Klepeis et al., 2001),
rendering outdoor ambient temperature an inaccu-
rate measure of true exposure. Thus, at the same time
the DST assessments were made, the personal envi-
ronmental temperature (personal-ET) to which par-
ticipants were exposed was objectively measured
using a hip-worn iButton (not covered by clothing).
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Figure 1.

Illustrative example of the daily pattern of distal skin temperature (A) and personal environmental temperature (B). The dark-

est filled area represents the sleep time table, and the clearest filled areas represent the times of breakfast, lunch, a snack, and dinner.
Panel A summarizes the analysis of the distal skin temperature, showing the M5 (average for the 5 consecutive hours with the maximum
values), L10 (average for the 10 consecutive hours with the minimum values), and the times at which these occurred (TM5 and TL10,

respectively).

This sensor was never in direct contact with the body
(Martinez-Nicolas et al., 2015). During periods of
sleep, the sensor was placed on the bedside table. For
a more extended explanation, see Martinez-Tellez
et al. (2018). The processing, cleaning, and analysis of
the personal-ET data were performed in the same
way as for the DST variables (see above). The daily
patterns for the personal-ET were then characterized
as for DST. Figure 1B shows a sample personal-ET
daily pattern. Finally, based on theoretical concerns

and preliminary statistical analyses (data not shown),
the mean personal-ET over the L10 period (personal-
ET,,,) was deemed to be a potential confounder of
the examined relationships.

Personalized Cold Exposure and F-FDG-PET/CT
Acquisition

Full details of how the subjects were exposed to per-
sonalized cold and how the F-FDG-PET/CT data
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were acquired can be found elsewhere (Acosta,
Martinez-Tellez, et al.,, 2019; Martinez-Tellez et al.,
2017). Briefly, subjects came to the laboratory and sat
in a cool room (19.5-20 °C) wearing a water-perfused
cooling vest (Polar Products Inc., Stow, OH). The water
temperature was reduced from 16.6 °C by ~1.4 °C
every 10 min until the subjects began to shiver (visu-
ally detected or self-reported); this value was recorded
as the shivering threshold temperature. Some 48 to 72
h later, the subjects went to the Hospital Virgen de las
Nieves, where they were again placed in a cool room
(19.5-20 °C) and wore the same cooling vest but with
the water temperature set ~4 °C above their shivering
threshold temperature for 2 h. After the first hour of
cold exposure, the subjects received an injection of 1*F-
FDG (180.6 = 5.8 MBq, =2.9 MBq/kg), and the water
temperature was increased by 1 °C to avoid shivering.
One hour later, the PET/CT scan was performed using
a Siemens Biograph 16 PET/CT scanner (Siemens,
Erlangen, Germany). Alow-dose CT scan (120 kV) was
first performed for attenuation correction and ana-
tomic localization. Immediately thereafter, 1 static
acquisition of 2 PET bed positions (6 min each) was
performed from the atlas vertebra to the mid-chest
region (Martinez-Tellez et al., 2017). All personalized
cold exposure treatments and "*F-FDG-PET/CT data
acquisitions were performed according to current
methodological recommendations (Chen et al., 2016).

BE-FDG-PET/CT Analysis

The BAT volume and metabolic activity, estimated
via the F-FDG uptake, were then determined using
the Beth Israel plug-in for the FIJI program (Schindelin
et al., 2012). This required (1) outlining regions of inter-
est (ROIs) in the supraclavicular, laterocervical, para-
vertebral, and mediastinal regions from the atlas
vertebra to the fourth thoracic vertebra, using a
3-dimensional axial technique; (2) the determination of
the number of pixels in the above ROIs with a radioden-
sity range of —190 to —10 Hounsfield units (HU); and (3)
the calculation of individualized, standardized thresh-
old "®F-FDG uptake values (SUV; 1.2/[lean body mass/
body mass]; Chen et al., 2016). BAT volume was deter-
mined as the number of pixels in the above range with
an SUV value above the SUV threshold. BAT activity
was represented as the mean SUV (SUV_,.: the mean
quantity of ¥FDG in the above same pixels) and peak
SUV (SUV i the mean of the 3 highest '*F-FDG con-
tents in 3 pixels within a volume of <1 cm?®). BAT meta-
bolic activity was calculated as BAT volume X SUV ...
The mean BAT radiodensity was calculated as the
mean HU value for the above mentioned ROIs
(Martinez-Tellez , Sanchez-Delgado, Boon et al., 2019).

In addition, a single-slice ROI was used to deter-
mine the ®F-FDG uptake in several skeletal muscles

(cervical, scalene, longus colli, paravertebral, sub-
scapular, sternocleidomastoid, supraspinous, trape-
zius, deltoid, pectoralis major, and triceps braquii) on
both the right and left sides of the body. The mean
SUV e for both sides of the body for the deep (cervi-
cal, scalene, longus colli, paravertebral, subscapular),
superficial (sternocleidomastoid, trapezius, deltoid,
pectoralis major, triceps braquii), and all skeletal
muscles or areas was then determined. Skeletal mus-
cle was distinguished from adipose tissue since skel-
etal muscle has a radiodensity range of between 10
and 100 HU. The SUV__, for the descending aorta
(reference tissue) at the height of the fourth thoracic
vertebra was also determined, using a single ROI
from 1 slice. Finally, for confirmatory analyses, the
BAT SUV,e,, and SUV,,,, and the all-muscles and
descending aorta SUV,,, with respect to lean body
mass (SUV| g, Leitner et al., 2017) were calculated.

Anthropometry and Body Composition

Subjects” weight and height (without shoes and
wearing the standard clothes) were determined using
a SECA model 799 electronic column and scale (SECA,
Hamburg, Germany). Waist circumference was mea-
sured twice (and the mean determined) at the mini-
mum perimeter; when subjects had abdominal
obesity, measures were taken just above the umbili-
cus, in the horizontal plane. Body composition was
measured by dual X-ray absorptiometry using a
Discovery Wi apparatus (HOLOGIC, Bedford, MA).
Subject body mass indices (BMlIs) were calculated as
weight (kg) divided by height squared (m?), fat mass
index (FMI) as weight (kg) of body fat/height squared
(m?), and lean mass index (LMI) as lean body mass
(kg)/height squared (m?).

Cardiometabolic Profile

To assess the cardiometabolic profile of the subjects
and to examine how it is related to their DST vari-
ables, a set of glycemic and lipid markers was mea-
sured (see supplementary material) along with
insulin, C-reactive protein, systolic and diastolic blood
pressure at rest, and physical fitness (muscular
strength and cardiorespiratory fitness). The value for
the homeostatic model assessment (HOMA) of insu-
lin resistance was also determined, and the prevalence
of metabolic syndrome calculated. More information
on how these variables were measured and calculated
is provided in the supplementary material.

Statistical Analysis. Descriptive statistics for continu-
ous and categorical variables were used to show the
sociodemographic and clinical characteristics of the
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study participants. Since the interaction of sex X DST
variables had no significant influence on the BAT F-
FDG uptake variables (p > 0.05), all analyses were
conducted for men and women together. Simple lin-
ear regressions were first performed to examine the
association between the DST variables and BAT vol-
ume, SUV,,,, and SUV,,. Multiple linear regres-
sion analyses were then performed to examine this
relationship after adjusting for sex and for sex plus
personal-ET, ;. Mean daily DST patterns across ter-
tiles of BAT volume, metabolic activity, and SUV .,
were then calculated, and the Mann-Whitney test
(exact significance) with Bonferroni correction was
used to examine differences across BAT tertiles. Lin-
ear regression was also used to examine the associa-
tion between DST variables and skeletal muscle and
descending aorta ®F-FDG uptakes, before and after
adjusting for sex and personal-ET|,,. Linear regres-
sion analysis was further used to determine whether
the DST variables were associated with body compo-
sition and subject cardiometabolic profile, before and
after adjusting for sex and personal-ET| ,,. Statistical
significance was set at p = 0.05. Statistical analyses
were performed using the Statistical Package for the
Social Sciences (v.24, SPSS Inc., Chicago, IL).

RESULTS

From among the 82 subjects with complete DST
and BF-FDG assessments, 3 subjects were excluded
because of problems with their BAT analyses. Two
more were excluded because they had less than 4
valid days of sensor measurements (Suppl. Fig. S1).
The final study sample was therefore made up of 77
subjects (26% male). Table 1 shows the descriptive
characteristics of these subjects by sex. Subjects wore
the wrist sensor for 6.1 = 0.5 days at 21 * 0.2 h/day.

Association between DST Variables and BAT 8F-
FDG Uptake

Simple linear regression showed RA and TL10 to
be directly associated with BAT, SUV,.,, and
SUV eo (all p = 0.02; see Fig. 2C and D), whereas
L10 was inversely associated with them (all p = 0.01;
see Fig. 2F). Furthermore, IS was directly, and IV
inversely, associated with BAT SUV,, (all p = 0.04;
Fig. 2A and B). RA, TL10, and L10 explained the
greatest amount of variance in the BAT volume
('*8(70-120/0), SUVmean (~5(70-10(70), and SUVpeak (~80/0-
14%) values. Neither the midsleep time point, chro-
notype, nor social jet lag (see supplementary
material) were associated with the BAT volume,
SUV peans OF SUV o (all p > .05, data not shown).
These results persisted when the analyses were

adjusted for sex, except for the relationship between
IS and BAT volume, which became significant (p =
0.03; see Table 2, model 1). When these analyses
were adjusted for sex plus personal-ET|,;, all of
these associations disappeared (all p > 0.05; see
Table 2, model 2), but an inverse relationship
between TM5 and BAT SUV_.... (p = 0.04) appeared.
Overall, these results remained similar when the
model 2 analysis was additionally adjusted for the
time that the participants wore the sensor (data not
shown), BMI, LMI, FMI, or percentage fat (see Suppl.
Table S2) and when the evaluation wave (natural
day of the year in which the PET/CT scan was per-
formed) was taken into account instead of the per-
sonal-ET|;, (data not shown). The daily physical
activity level had no influence on the latter relation-
ship (data not shown; for further information, see
supplementary material).

DST Variables and Daily Rhythms across BAT
Volume and Activity Tertiles

Figure 3A and B shows the values for the DST
variables and daily patterns with respect to BAT vol-
ume tertiles. Compared with the low BAT volume
tertile members, subjects in the high BAT volume
tertile showed greater IS and RA in their DST pat-
terns, a lower L10, and a phase delay in TL10 (all p
= 0.011). In addition, the DST pattern was less frag-
mented (IV; p = 0.017). No significant differences
were seen across tertiles with respect to M5 or TM5
(p > 0.017). Similar results were recorded for the
DST variables and mean daily patterns with respect
to BAT metabolic activity (BAT volume X SUV, ...
Fig. 3D and E) and SUV,,,, tertiles (Fig. 3G and H).
However, RA was also different between the low
and medium tertiles (p < 0.017), and no significant
differences in TL10 were seen across the BAT SUV,,,,
tertiles (p > 0.017). It is noteworthy that the subjects
exposed to the lowest personal-ET throughout the
day and night (high BAT tertile) had approximately
3 to 5 times greater BAT volume, metabolic activity,
and SUVpeak values than those exposed to the high-
est personal-ET (low BAT tertile; BAT volume
>104.07 vs. 0-27.06 mL; BAT metabolic activity
>474.36 vs. 0-90.63; BAT SUV, >14.1 vs. 0-5.38;
see Fig. 3C, F, and I). No significant differences in
BAT radiodensity or cardiometabolic profile (p >
0.05) were detected across the different BAT tertiles;
these variables are therefore unlikely to influence
these comparisons (data not shown).

Association of DST Variables with Skeletal
Muscles and Descending Aorta 8F-FDG Uptake

A positive association was detected between IV
and the descending aorta SUV,,, (p = 0.01), even
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Table 1. Characteristics of the study participants.

All (N = 77)? Men (n = 20) Women (n = 57)
Age (years) 23 2) 22 2) 22 2)
Professional status, 1 (%)
Student 37 (49) 10 (50) 27 (49)
Unemployed 27 (36) 6 (30) 21 (38)
Other professional activities 11 (15) 4 (20) 7 (13)
Anthropometry and body composition
Waist circumference (cm) 81.3 (14.4) 94.6 (15.7) 76.7 (10.6)
BMI (kg/m?) 25.2 4.8) 28.4 (5.6) 241 3.9)
LMI (kg/m?) 144 (2.3) 17.2 2.2) 134 (1.4)
FMI (kg/m?) 9.4 @) 9.6 (3.8) 9.3 (2.8)
Body fat (%) 37.5 7) 33.6 8.2) 38.9 (6)
VAT mass (g) 3403 (191.3) 488.7 (205) 288.2 (157.5)
Cardiometabolic profile
Glucose (mg/dL) 88 7) 91 (10) 87 (6)
Insulin (uIU/mL) 8.78 (6.60) 11.72 (10.80) 7.73 (3.85)
Total cholesterol (mg/dL) 167 (36) 161 (44) 169 (33)
High-density lipoprotein cholesterol (mg/dL) 53 (12) 44 @) 56 (11)
Low density lipoprotein cholesterol (mg/dL) 97 (29) 96 (33) 98 (27)
Triglycerides (mg/dL) 89 (62) 110 (79) 81 (53)
HOMA index 1.99 (1.79) 2.81 (3.03) 1.69 (0.92)
C-reactive protein (mg/L) 2.7 (3.6) 2.7 2.7) 2.7 4)
Systolic pressure (mm Hg) 115.3 (12.4) 126.3 (12.3) 111.6 (10.1)
Diastolic pressure (mm Hg) 70.2 (8.3) 71.8 (11.3) 69.6 (7.1)
Muscular strength (kg) 31.1 (7.8) 41.1 (7.3) 27.5 3.9
Cardiorespiratory fitness (mL/kg/min) 40.7 (7.6) 424 9.8) 40.1 6.7)
Metabolic syndrome prevalence (%, ATP III and IDF) 3 4) 3 (16) 0 (0)
Overall physical activity (mG/5 s) 32.22 (8.98) 29.88 (8.99) 33.07 (8.90)
Chronotype measures
Midsleep time point (hh:mm) 04:56 (00:58) 05:09 (01:02) 04:51 (00:56)
Chronotype (hh:mm) 05:18 (01:24) 05:22 (01:12) 05:17 (01:29)
Social jet lag (hh:mm) 01:21 (00:52) 01:13 (01:04) 01:24 (00:47)
Distal skin temperature variables
Valid days (days) 6.1 0.5) 6.1 0.6) 6.1 0.5)
Wear time (hours/day) 21 (1.8) 21 2.1 21 (1.7)
IS 0.45 (0.13) 0.40 (0.15) 047 (0.12)
v 0.18 (0.10) 0.25 (0.13) 0.16 (0.08)
RA 0.03 (0.02) 0.03 (0.02) 0.04 (0.02)
TL10 (hh:mm) 16:24 (02:54) 15:51 (03:50) 16:36 (02:31)
TM5 (hh:mm) 04:27 (01:57) 03:51 (02:43) 04:39 (01:35)
L10 (°C) 33 (1.1) 32.7 (1.4) 33.1 1)
M5 (°C) 353 0.7) 34.7 0.5) 35.5 0.6)
18E_.FDG-PET/CT variables
BAT SUV threshold 2.10 (0.23) 1.97 (0.22) 2.14 (0.21)
BAT radiodensity (HU) -58.56 (11.81) —54.98 (11.37) -59.78 (11.80)
BAT volume (mL) 69.52 (61.47) 87.76 (78.3) 63.12 (53.73)
BATSUV,,.., 3.71 (1.90) 3.50 (1.42) 3.79 (2.04)
BAT SUV,.,, 11.05 (8.46) 10.53 (8.07) 11.24 (8.66)
Superficial muscles SUV 0.61 (0.15) 0.62 (0.11) 0.60 0.17)
Deep muscles SUV 1.12 (0.34) 1.14 (0.36) 1.11 (0.33)
All muscles SUV,,.,, 0.85 (0.22) 0.86 (0.20) 0.85 (0.22)
Descending aorta SUV peak 1.60 (0.35) 1.76 (0.37) 1.55 (0.33)

Continuous variables are presented as means (standard deviation), and categorical variables as numbers (percentages). ATP III = National

Cholesterol Education Program Adult Treatment Panel III; BAT = brown adipose tissue; BMI = body mass index; CT = computed

tomography; 8F-FDG = 8F-fluorodeoxyglucose; FMI = fat mass index; HOMA = homeostatic model assessment for insulin resistance;
HU = Hounsfield units; IDF = International Diabetes Federation; IS = interday stability; IV = intraday variability; LMI = lean mass
index; L10 = mean of the 10 consecutive hours with the lowest values and when they occurred (TL10); M5 = mean of the 5 consecutive
hours with the highest values and when they occurred (TM5); PA = physical activity; PET = positron emission tomography; RA = relative
amplitude; SUV = standardized uptake value; VAT = visceral adipose tissue.
a. Data were missing for professional status (remaining cases, n = 75); glycemic and lipid markers, HOMA index, and C-reactive protein
(n = 76); systolic and diastolic blood pressure (1 = 75); cardiorespiratory fitness (n = 76); metabolic syndrome prevalence (1 = 74); resting
metabolic rate (n = 72); overall PA (n = 75); chronotype measures (n = 73); and BAT radiodensity (1 = 75).
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Figure 2. (continued)



Acosta et al. / CIRCADIAN SYSTEM FUNCTIONING AND BROWN ADIPOSE TISSUE 541

Figure 2. Association of distal skin temperature (DST) variables with brown adipose tissue (BAT) volume and standardized uptake
values (mean and peak, N = 77, *as determined by simple linear regression). The nonstandardized B coefficient, adjusted R? and p val-
ues are provided. IS = interday stability; IV = intraday variability; L10 = mean of the 10 consecutive hours with the lowest values and
when they occurred (TL10); M5 = mean of the 5 consecutive hours with the highest values and when they occurred (TM5); RA = relative

amplitude.

Table 2. Association between distal skin temperature (DST) variables and brown adipose tissue (BAT) volume/standardized uptake

value (SUV; mean and peak) after adjusting for potential confounders.

BAT Volume (mL) BAT SUV_can BAT SUV .k
B R? p R? p B R? p
Model 1 (adjusted for sex)
IS 123.12 0.068 0.03 3.13 0.021 0.07 15.75 0.029 0.04
v -134.37 0.049 0.07 -3.63 0.011 0.12 -24.40 0.05 0.02
RA 1185.52 0.119 0.03 36.59 0.092 0.003 188.62 0.127 0.001
TL10 (hh:mm) 7.50 0.132 0.002 0.166 0.043 0.03 0.884 0.068 0.01
TM5 (hh:mm) 1.68 0.008 0.65 -0.124 -0.006 0.28 -0.29 -0.021 0.57
L10 (°C) -18.11 0.121 0.003 -0.49 0.067 0.01 -2.81 0.121 0.001
M5 (°C) 0.129 0.005 0.99 0.23 -0.017 0.53 0.169 -0.025 0.92
Model 2 (adjusted for sex and personal-ET} ;)
Is 295.79 0.281 0.34 0.75 0.236 0.65 4.56 0.270 0.52
v -16.33 0.272 0.81 -0.09 0.234 0.96 -8.38 0.273 0.37
RA 323.14 0.278 0.42 10.76 0.241 0.40 70.46 0.282 0.20
TL10 (hh:mm) 4.26 0.306 0.06 0.07 0.244 0.32 043 0.284 0.18
TM5 (hh:mm) -1.64 0.274 0.65 -0.23 0.277 0.04 -0.77 0.290 0.12
L10 (°C) -5.94 0.282 0.32 -0.12 0.238 0.52 -1.16 0.285 0.16
M5 (°C) -2.92 0.273 0.77 0.10 0.235 0.75 -0.40 0.266 0.77

Linear regression analyses were performed to examine the association between DST variables and BAT 8F-fluorodeoxyglucose uptake.
Model 1 was adjusted for sex (N = 77) and model 2 for sex and the mean personal environmental temperature over the L10 period
(personal-ET ;, n = 76). The nonstandardized B coefficient, adjusted R? and p value are provided. Significant values are shown in bold

(p = 0.05). IS = interday stability; IV = intraday variability; L10 = mean of the 10 consecutive hours with the lowest values and when they
occurred (TL10); M5 = mean of the 5 consecutive hours with the highest values and when they occurred (TM5); RA = relative amplitude.

when analyses were adjusted for sex and personal-
ET,,, (Table 3). No other associations were found.

These findings remained unchanged when SUV
was expressed with respect to lean body mass
(SUV ) instead of total body mass (SUVy,; render-
ing BAT SUV,,, and SUV,,,, and skeletal muscle
and descending aorta SUV,,,,,; data not shown). No
significant association was detected between the time
of the day when BAT was assessed and BAT ¥F-FDG
uptake (performed with all 133 subjects of the present
cohort; see Suppl. Fig. 52).

Association of DST Variables with Body
Composition and Cardiometabolic Profile

After adjustment for sex and personal-ET,, IS
and RA were inversely related to BMI, LMI, FMI, per-
centage body fat, and visceral adipose tissue (VAT)
mass, whereas IV was directly related to these vari-
ables (all p = 0.02; Table 4, model 2). In addition, L10
was directly associated with BMI, LMI, FMI, and VAT
mass (all p = 0.01).

After adjusting for sex and personal-ET,,, IS was
inversely related (all p = 0.05) to the concentrations of

fasting glucose and triglycerides and to the systolic
and diastolic blood pressure. RA was inversely
related (all p = 0.05) to the concentrations of fasting
glucose, insulin, low-density lipoprotein cholesterol
(LDL-C), the HOMA index, and diastolic blood pres-
sure (Table 5, model 2). Further, IS was directly asso-
ciated with cardiorespiratory fitness, and both IS and
RA were directly associated with high-density lipo-
protein cholesterol (all p < 0.05). In contrast, increas-
ing IV was related to a poorer cardiometabolic profile,
showing a direct association with the concentrations
of fasting glucose, insulin, and LDL-C with the
HOMA index and the systolic and diastolic pressure
and an inverse relationship with cardiorespiratory
fitness (all p = 0.05, only in Table 5, model 2 analysis).
It should be noted that a higher L10 was associated
with a higher fasting glucose concentration and a
higher diastolic blood pressure (all p = 0.05).

DISCUSSION

The present results show that a more flattened, frag-
mented, and less stable DST daily rhythm is associated
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Table 3. Association of distal skin temperature (DST) variables with skeletal muscle and descending aorta ®F-FDG uptake (mean

and peak standardized uptake value [SUV]) in young adults.

Superficial Muscle Deep Muscle All Muscles Descending Aorta
SUV ek SUV eax SUV peak SUV peak
B R? [4 B R? 4 B R? p B R? p
Model 1 (unadjusted)
1S 0.03 -0.013 0.85 0.27 -0.002 0.37 0.16 -0.004 0.41 -0.56 0.030 0.07
v 0.001 -0.013 0.99 -0.28 -0.006 0.45 -0.15 -0.008 0.53 1.03 0.080 0.01
RA -0.06 -0.013 0.95 2.06 -0.002 0.35 1.15 -0.005 0.42 -1.48 -0.008 0.52
TL10 (hh:mm) 0.003 -0.011 0.67 0.01 0.005 0.25 0.01 0.005 0.25 -0.003 -0.013 0.84
TM5 (hh:mm) 0.01 -0.003 0.38 —-0.004 -0.013 0.83 0.003 -0.013 0.82 -0.03 0.025 0.09
L10 (°C) 0.002 -0.013 0.9 -0.02 -0.006 0.48 -0.01 —-0.009 0.56 0 -0.013 1
M5 (°C) 0.005 -0.013 0.84 0.02 -0.011 0.65 0.02 -0.010 0.64 -0.07 0.005 0.25
Model 2 (adjusted for sex and personal-ET} ;)
1S -0.066 0.034 0.66 0.02 0.099 0.96 -0.03 0.111 0.89 -0.57 0.095 0.08
v 0.13 0.038 0.49 0.04 0.099 0.92 0.10 0.113 0.69 1.09 0.136 0.01
RA -1.59 0.056 0.17 -1.78 0.105 047 -1.60 0.123 0.31 -2.92 0.072 0.26
TL10 (hh:mm) -0.002 0.032 0.80 0.005 0.100 0.72 0.002 0.111 0.80 -0.004 0.057 0.79
TM5 (hh:mm) 0.01 0.042 0.37 -0.01 0.101 0.70 0.001 0.111 0.95 -0.03 0.085 0.13
L10 (°C) 0.02 0.058 0.15 0.03 0.109 0.37 0.03 0.127 0.25 0.04 0.071 0.29
M5 (°C) 0.01 0.032 0.80 0.03 0.101 0.64 0.01 0.112 0.71 —-0.005 0.056 0.94

Linear regression analyses were performed to examine the association of the DST variables with ®F-fluorodeoxyglucose (F-FDG) uptake
by the skeletal muscles and the descending aorta. Model 1 was adjusted for no covariate (N = 77); model 2 was adjusted for sex and the
mean personal environmental temperature over the L10 period (personal-ET, ,,, = 76). Nonstandardized B coefficient, adjusted R? and

p values are provided. Significant values are shown in bold (p = 0.05). IS = interday stability, IV = intraday variability; L10 = mean of

the 10 consecutive hours with the lowest values and when they occurred (TL10); M5 = mean of the 5 consecutive hours with the highest

values and when they occurred (TM5); RA = relative amplitude.

with a lower BAT "®F-FDG uptake, although the vari-
ance these differences explain is relatively small (~5%-
14%). However, these associations became
nonsignificant after adjusting for sex and the habitual
temperature to which subjects were exposed during
the week that DST was measured. Taken together, these
findings suggest that the relationship between the
functioning of the circadian system (indirectly mea-
sured by the daily rhythm of DST) and BAT variables is
masked by environmental and behavioral factors
under free-living conditions. Importantly, the partici-
pants exposed to a colder personal-ET had a lower DST
throughout the day and had a 3 to 5 times greater BAT
volume and activity (high BAT tertile) compared with
those who were exposed to a warmer personal-ET (low
BAT tertile). A more flattened, fragmented, and less
stable DST daily rhythm was also associated with a
higher BMI and body fat accumulation and a poorer
cardiometabolic profile, suggesting that chronodisrup-
tion may result in adverse health effects.

Despite the growing evidence suggesting the
importance of proper circadian rhythmicity in the
preservation of metabolic homeostasis, in humans,
the interaction between the biological clock and the
metabolic activity of BAT has only recently been
addressed. Lee et al. (2016) reported that the thermo-
genic response of the BAT (measured by supracla-
vicular skin temperature profiling) was coupled with
glycemic excursions in young healthy adults. Via in
vivo and in vitro experiments, these authors were

able to show that this circadian coupling was accom-
panied by changes in the expression of UCP1,
GLUT4, and Rev-erb alpha. However, it should be
noted that the supraclavicular skin temperature is
only a proxy of BAT activity (Boon et al., 2014; van
der Lans et al., 2016) and that it is influenced by body
composition (Gatidis et al., 2016). Indeed, the supra-
clavicular fossa is surrounded by blood vessels, skel-
etal muscles, and lymph nodes (among others;
Kellman et al., 1987). Consequently, changes in the
supraclavicular skin temperature are more likely to
be a response to blood perfusion than to BAT ther-
mogenic activity. Clearly, more studies are needed to
clarify the relationship between the biological clock
and BAT function in humans. In line with Lee et al.
(2016), the present results initially suggested a link
between DST daily rhythm and BAT ®*F-FDG uptake.
In fact, those subjects who had a lower quality DST
daily rhythm also had a lower F-FDG uptake
(although only a small part of BAT ¥F-FDG uptake
variance was explained by DST variables). This
would seem coherent since subjects with a disrupted
circadian system (i.e., lower IS and RA, higher frag-
mentation, phase advance or delay)—a consequence
of their social habits—would be more likely to have
altered behavioral and physiological responses
(Garaulet et al., 2010a, 2010b), which might extrapo-
late to BAT function.

However, when the analyses were adjusted for sex
and personal-ET , or evaluation wave, the previous
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associations disappeared. The observed relationship
between the DST daily rhythm and BAT volume and
activity was therefore greatly influenced by the effect
of the ambient temperature to which the participants
were exposed. This is probably explained in that both
physiological responses are sympathetically driven.
The fact that this relationship is masked by environ-
mental factors suggests that when searching for strat-
egies to optimize BAT function and its potential
health benefits, simply modifying human behavior
(e.g., exposure to cold and modifying clothing) would
be more efficient than designing strategies to exploit
diurnal fluctuations (if they exist) in BAT activity.
Accordingly, the subjects who were exposed to a
lower personal-ET, during both the day and night,
were those with the highest BAT volume, metabolic
activity, and SUV,,,, (high BAT tertile); indeed, they
were 3 to 5 times those of the subjects in the low BAT
tertile (see Fig. 3C, F, and I; Suppl. Table S1). In line
with the present results, previous studies have shown
that the day when the "®F-FDG-PET/CT scan is per-
formed is related to BAT volume and activity (Bahler
et al., 2016) and that environmental temperature and
personal-ET are inversely related to these BAT mea-
sures (Au-yong et al., 2009; Martinez-Tellez et al,,
2018; Ouellet et al., 2011). A better understanding of
the mechanisms underlying the relationship between
chronic exposure to cold and BAT function is needed.
For instance, beyond the effect of seasonality, it might
be possible that the subjects in the present low BAT
tertile had a low tolerance to cold exposure and there-
fore would expose themselves to a higher personal-
ET or use more strongly insulating clothing (i.e.,
relying more on their behavior for thermoregulation
than on endogenous forms of heat production such as
BAT thermogenesis). It may also be that the subjects
with a DST daily rhythm of lower quality relied more
on vasomotor responses, again suggesting that they
are more behaviorally responsive and do not rely so
much on thermogenesis. Future studies are war-
ranted to examine the factors that influence chronic
exposure to low temperatures and induce a higher
reliance on thermogenic processes.

A temperature increase during the night phase
was recorded, concordant with the reduction in core
body temperature recorded at sleep onset (see Figs. 1
and 3; Krauchi et al., 1999; Krduchi and Wirz-Justice,
1994; Martinez-Nicolas et al.,, 2017; Sarabia et al.,
2008). Earlier research in adult humans showed an
increase in DST during the night to be associated
with shortened sleep latency as well as an increase in
sleep time and depth (Krduchi et al., 1999; Raymann
et al., 2007), demonstrating a link between the ther-
moregulatory and sleep centers (Glotzbach and
Heller, 1976; Kumar and Kumar, 2004). Interestingly,
the TM5 (an indicator of midsleep time point and

sleep onset) of the present subjects showed a weak
inverse association with BAT SUV .., even after
adjustment for sex, personal-ET ;,, and body compo-
sition variables (data not shown). However, when
analyses were performed to see whether the mid-
sleep time point or chronotype of the subjects
(assessed  using the Munich  Chronotype
Questionnaire; see supplementary material) were
related to the BAT volume, SUV,,,, and SUV ., no
association was found. In addition, DST showed an
initial reduction followed by an increase during the
postprandial state, which may be indicative of
peripheral vasoconstriction and vasodilation (respec-
tively) and the redistribution of blood flow to ensure
proper nutrient digestion, absorption, and distribu-
tion (Martinez-Tellez et al., 2019). There was also a
reduction in the DST after the participants woke up,
in a manner of phase that was opposed to the increase
in core temperature and morning heat production
peak (Krduchi and Wirz-Justice, 1994; Martinez-
Tellez et al., 2019).

Current knowledge supports the hypothesis that
the disruption of the circadian system is associated
with obesity and altered metabolism, probably
explained by the desynchronization of different
organ- or pathway-specific circadian rhythms (Froy,
2010; Garaulet et al., 2010a, 2010b). Indeed, it has
been shown that a disrupted DST daily rhythm is a
predictor of a lower weight-loss effectiveness (Bandin
et al., 2014) and that it is related to certain features of
metabolic syndrome (Corbalan-Tutau et al.,, 2011).
Accordingly, the present results show that a more
flattened, more fragmented, and less stable DST daily
rhythm is associated with a higher BMI, greater body
fat accumulation (all p = 0.03; Table 4), and a poorer
cardiometabolic profile (see Table 5), even after
adjusting for sex and personal-ET. It is also notewor-
thy that greater stability and lesser fragmentation
showed an association with greater cardiorespiratory
fitness (after adjustment for sex and personal-ET/ ),
a major predictor of cardiovascular health (Kodama,
2009). The fact that a reduction in L10 was related to
lower fasting glucose concentrations and a lower dia-
stolic blood pressure reinforces the idea that chronic
exposure to colder temperatures might have health
benefits (reducing the risk of type 2 diabetes and car-
diovascular disease). The only previous experiment
examining the relationship of DST daily patterns
with obesity and cardiometabolic risk factors
(Corbalan-Tutau et al., 2011) did not examine whether
their results were independent of the personal-ET to
which participants were exposed, generating a poten-
tial bias.

The skeletal muscles may also play a key role in
nonshivering thermogenesis (Betz and Enerbéck,
2017; Palmer and Clegg, 2017) via the interaction



Acosta et al. / CIRCADIAN SYSTEM FUNCTIONING AND BROWN ADIPOSE TISSUE 547

between sarcolipin and the sarcoplasmic/endoplas-
mic reticulum calcium ATPase (SERCAs) enzymes.
This may be especially important in large mammals
(such as humans), in which BAT content is small in
relation to body size. In the present work, no relation-
ship was seen between the DST rhythm and skeletal
muscle ®F-FDG uptake during cold exposure, but it
should be remembered that this may not be the best
way to indirectly assess nonshivering thermogenesis,
which is influenced by muscle tension and shivering
thermogenesis. Further, mild cold exposure is likely
to predominantly promote the oxidative metabolism
of fat (Acosta, Martinez-Tellez et al., 2018).

The present work suffers an inherent limitation of
studies with a cross-sectional design: no causal relation-
ships can be discerned. In addition, for logistic reasons,
no control over how participants dressed during the
DST measurements was enforced, and some of the asso-
ciations found were weak and may have been influ-
enced by the error generated by multiple comparisons.
Further, given the highly radioactive nature of ¥F-FDG—
PET/CT scans, BAT rhythmicity was not assessed (only
1 measurement was made). It might therefore be argued
that the present results are influenced by the cross-sub-
ject temporal variation in BAT F-FDG uptake.
However, when it was examined whether BAT 8F-FDG
uptake measures were related to the time of the day
when they were made, no relationship was seen (see
Suppl. Fig. S2). Despite being the most extensively used
technique for measuring BAT activity, "®F-FDG-PET/
CT scanning also has some limitations that might pre-
vent cold-induced BAT metabolic activity from being
accurately estimated; the method provides a measure of
glucose metabolism while fatty acids are the main sub-
strate for human brown adipocytes (Schilperoort et al.,
2016). Whether the present findings will be reproduced
when other radiotracers such as °O-oxygen, ''C-acetate,
or 8F-fluoro-6-thia-heptadecanoic acid are used to
quantify BAT metabolism remains to be seen. Further
studies investigating the relationship between BAT
function and the circadian rhythm of a wider range of
physiological markers not sympathetically driven or
conditioned by the environmental temperature are war-
ranted. Moreover, studies under well-controlled labora-
tory conditions, such as those using misalignment
protocols (e.g., recurring non—24-h behavioral cycle) are
needed to examine the relative contribution of the
endogenous circadian cycle (e.g., DST daily rhythm) to
BAT metabolic activity, independent of behavioral
factors.

In conclusion, the possible relationship between
circadian functioning (indirectly measured via the
daily rhythm of DST) and BAT F-FDG uptake is
masked by environmental and likely behavioral fac-
tors. The subjects exposed to the lowest personal-ET
had the lowest DST throughout the day and had

BAT volume and activity values 3 to 5 times those of
subjects exposed to higher personal-ETs. Further
studies examining which factors influence persons
to seek chronic exposure to lower temperatures, and
thus rely more strongly on thermogenic processes,
are warranted.
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