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Summary
Background There is a subset of individuals with overweight/obesity characterized by a lower risk of cardiometabolic
complications, the so-called metabolically healthy overweight/obesity (MHOO) phenotype. Despite the relatively
higher levels of subcutaneous adipose tissue and lower visceral adipose tissue observed in individuals with
MHOO than individuals with metabolically unhealthy overweight/obesity (MUOO), little is known about the
differences in brown adipose tissue (BAT).

Methods This study included 53 young adults (28 women) with a body mass index (BMI) ≥25 kg/m2 which were
classified as MHOO (n = 34) or MUOO (n = 19). BAT was assessed through a static 18F-FDG positron emission
tomography/computed tomography scan after a 2-h personalized cooling protocol. Energy expenditure, skin
temperature, and thermal perception were assessed during a standardized mixed meal test (3.5 h) and a 1-h
personalized cold exposure. Body composition was assessed by dual-energy x-ray absorptiometry, energy intake
was determined during an ad libitum meal test and dietary recalls, and physical activity levels were determined by
a wrist-worn accelerometer.

Findings Participants with MHOO presented higher BAT volume (+124%, P = 0.008), SUVmean (+63%, P = 0.001),
and SUVpeak (+133%, P = 0.003) than MUOO, despite having similar BAT mean radiodensity (P = 0.354). In
addition, individuals with MHOO exhibited marginally higher meal-induced thermogenesis (P = 0.096) and cold-
induced thermogenesis (+158%, P = 0.050). Moreover, MHOO participants showed higher supraclavicular skin
temperature than MUOO during the first hour of the postprandial period and during the cold exposure, while no
statistically significant differences were observed in other skin temperature parameters. We observed no
statistically significant differences between MHOO and MUOO in thermal perception, body composition, outdoor
ambient temperature exposure, resting metabolic rate, energy intake, or physical activity levels.
*Corresponding author. Department of Physical Education and Sports, Faculty of Sports Science, Sport and Health University Research Institute
(iMUDS), University of Granada, Carretera de Alfacar s/n, 18071, Granada, Spain.
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Interpretation Adults with MHOO present higher BAT volume and activity than MUOO. The higher meal- and cold-
induced thermogenesis and cold-induced supraclavicular skin temperature are compatible with a higher BAT activity.
Overall, these results suggest that BAT presence and activity might be linked to a healthier phenotype in young adults
with overweight or obesity.

Funding See acknowledgments section.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study
There is a subset of individuals with overweight/obesity
characterized by a lower risk of cardiometabolic
complications, the so-called metabolically healthy
overweight/obesity (MHOO) phenotype. Although individuals
with MHOO have similar whole-body adiposity than those
with metabolically unhealthy overweight/obesity (MUOO), fat
partitioning is quite different. For instance, individuals with
MHOO display higher levels of subcutaneous adipose tissue
and lower visceral adipose tissue (VAT) compared to
individuals with MUOO. However, little is known about the
differences in brown adipose tissue (BAT) between MHOO
and MUOO phenotypes.

Added value of this study
Here, we show that adults with MHOO presented higher BAT
volume and activity than MUOO. Moreover, individuals with

MHOO showed a higher meal-induced thermogenesis in the
first and second hours of the meal test and a higher cold-
induced thermogenesis than MUOO. Similarly, MHOO
displayed an increased meal- and maintained cold-induced
supraclavicular skin temperature (which has been used as a
method for detecting BAT activity in humans) than their
counterparts.

Implications of all the available evidence
Taken together, our findings suggest a role of BAT in
conferring a healthy metabolic phenotype in young adults
with overweight or obesity. Therefore, our study provides
insights into the potential relevance of BAT in the MHOO
phenotype and posits further evidence of a potential role of
BAT in thermogenesis and cardiometabolic health in
individuals with overweight and obesity.
Introduction
Overweight and obesity are associated with a higher risk
of suffering chronic diseases such as cardiometabolic
diseases, elevating the risk of mortality.1 However, there
is a subset of individuals with overweight/obesity char-
acterized by a lower risk of cardiometabolic
complications,2–5 the so-called metabolically healthy
overweight/obesity (MHOO) phenotype.2–5 Individuals
with MHOO display a relatively favourable phenotype
without presenting dyslipidemia, hyperglycemia, or hy-
pertension,2,3 and with a lower risk of developing type 2
diabetes or cardiovascular diseases than their unhealthy
counterparts.6–11 Nevertheless, patients with MHOO
have the potential risk of progressing into the meta-
bolically unhealthy overweight/obesity (MUOO) pheno-
type.12 Indeed, despite individuals with MHOO have a
lower risk of all-cause mortality than MUOO, they still
show a higher risk of all-cause mortality and car-
diometabolic diseases than their metabolically healthy
normal-weight counterparts.13 Unravelling the physio-
logical mechanisms behind the intriguing MHOO
phenotype could be a promising approach to preventing
the development of cardiometabolic diseases.
Although individuals with MHOO have similar
whole-body adiposity than those with MUOO, fat parti-
tioning is quite different. For instance, individuals with
MHOO display higher levels of subcutaneous adipose
tissue and lower visceral adipose tissue (VAT) compared
to individuals with MUOO.14–16 In mammals, adipose
tissue can be mainly divided into white adipose tissue
(WAT) which can store and release energy, and brown
adipose tissue (BAT) which can dissipate energy as
heat.17 However, little is known about the differences in
BAT between MHOO and MUOO phenotypes. A study
involving over 134,000 individuals revealed that those
patients with obesity and detectable BAT measured at
room temperature [determined through 18F-fluo-
rodeoxyglucose positron emission tomography/
computed tomography scans (18F-FDG-PET/CT)], had a
lower prevalence of dyslipidemia (7.9%), hypertension
(7.9%), coronary artery disease (3%), and congestive
heart failure (1.6%),18 than individuals with obesity and
without detectable BAT. Similarly, individuals with
obesity and detectable BAT (measured through 18F-
FDG-PET/CT after a personalized cooling protocol)
showed lower VAT mass, insulin resistance, and liver
www.thelancet.com Vol 100 February, 2024
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steatosis markers than individuals with obesity and no
detectable BAT.19 Hence, from a biological perspective,
it is plausible that individuals with MHOO exhibit
elevated BAT volume and activity.

Human BAT seems to play a role in cold- and meal-
induced thermogenesis and thermoregulation.15,17 Dur-
ing cold exposure or after meal ingestion, there is a rise
in energy expenditure above basal levels, in part to
maintain core body temperature.15,20,21 This increase in
energy expenditure may be partially mediated by BAT
thermogenesis and could be protective against weight
gain and cardiometabolic diseases.22,23 Consequently, if
individuals with MHOO had higher levels of BAT vol-
ume and activity than their MUOO counterparts, their
cold- and meal-induced thermogenesis (CIT and MIT,
respectively) and thermoregulatory function might be
greater than those individuals with MUOO.

In this study, our primary objective was to examine
the role of BAT in the MHOO phenotype. To achieve
this, we compared BAT volume, 18F-FDG uptake, and
radiodensity (an inverse indicator of BAT fat content) in
adults with MHOO and MUOO. Additionally, we
explored differences between MHOO and MUOO in
thermogenesis, skin temperature, and thermal percep-
tion triggered by meal ingestion and cold exposure.
Methods
Participants and study design
A total of 53 young adults (18–25 years old, 52.8%
females) participated in this cross-sectional study
(Table 1). Participants were retrospectively selected
among the participants of the ACTIBATE study24,25

(clinicaltrials.gov: NCT02365129) for having a body
mass index (BMI) ≥25 kg/m2. Participants reported not
smoking or taking any medication, having a stable body
weight for the previous 3 months (<3 kg change), not
presenting any cardiometabolic disease (e.g., hyperten-
sion, diabetes), and not being regularly exposed to cold.
The data were collected in Granada (Spain) between
September and November of 2015 and 2016.

Participants were retrospectively classified as MHOO
or MUOO following previously proposed criteria.26

MUOO was defined as having a BMI ≥25 kg/m2 and
presenting at least one of the following comorbidities: a)
Fasting triglyceride levels ≥150 mg/dL; b) Fasting high-
density lipoprotein cholesterol (HDL-C) levels <40 mg/
dL for men and <50 mg/dL for women; c) Resting sys-
tolic blood pressure ≥130 mmHg or diastolic blood
pressure ≥85 mmHg; d) Fasting glucose levels
>100 mg/dL. MHOO was defined as having a BMI
≥25 kg/m2 and not presenting any of the above-
mentioned risk factors.

Procedures
Data presented in this study were collected in a total of 5
visits to the laboratory, as follows: 1) Resting and
www.thelancet.com Vol 100 February, 2024
post-prandial energy expenditure, energy intake, and body
composition; 2) Overnight fasting blood sample collection;
3) Shivering threshold assessment; 4) BAT assessment
after a personalized cold exposure; 5) CIT measurement.
The participants were instructed to commute to the
research centre by bus or by car (i.e., with the minimum
possible physical activity), after having slept as usual, and
having refrained from stimulant beverages and any mod-
erate (previous 24 h) or vigorous (previous 48 h) physical
activity. Blood pressure was measured on three different
days with an automatic sphygmomanometer (Omron M2,
Omron Healthcare, Kyoto, Japan) and the average was
calculated.

Resting and post-prandial energy expenditure
(meal-induced thermogenesis)
Participants arrived at the lab early in the morning (8.15
am) after overnight fasting (12 h) and having consumed
a standardized ad libitum dinner (i.e., boiled rice, tomato
sauce, and egg omelette) the day before. Participants
wore standardized clothes (sandals, shorts, and a T-
shirt, clo value = 0.20). Participants were required to rest
quietly in a slightly reclined bed for at least 30 min in a
quiet and warm room (22-23 ◦C). Afterwards, the par-
ticipant’s resting metabolic rate (RMR) was measured
through indirect calorimetry for 30 min, using either a
CCM Express or a CPX UltimaCardiO2 metabolic cart
(Medgraphics Corp, Minnesota, USA) equipped with
either a ventilated Face-Tent or a neoprene face mask.
Participants used the same metabolic cart and gas
collection tool in each assessment (i.e., RMR, MIT, and
CIT) following the manufacturer’s recommendations.
Immediately after the RMR measurement, participants
ingested a standardized liquid breakfast (1.6 kcal/ml;
47% carbohydrates, 30% fat, 15% protein, 3% fibre; T-
Diet Energy neutral flavour, Vegenat S. A., Badajoz,
Spain) at 4 ◦C, with an energy intake equivalent to 50%
of their RMR. Participants were instructed to consume
the liquid breakfast within 10 min if possible. After
consuming the breakfast, participants rested quietly,
and indirect calorimetry was used again to assess the
participant’s respiratory gas exchange during three pe-
riods of 60 min, with 10 min of no measurement in
between, for a total of 3 h and 20 min of MIT record.
Whenever possible, the post-prandial indirect calorim-
etry started 15 min after starting the breakfast con-
sumption. However, because some participants
required longer to consume the breakfast provided, the
start of the first indirect calorimetry measurement was
delayed up to 15 min. Therefore, only the last 50 min of
the first period were considered for further analyses.

Breath-by-breath indirect calorimetry data were
averaged every minute and downloaded from the
MGCDiagnostic®, Breeze Suite (8.1.0.54 SP7) software.
For RMR, we selected the most stable 5-min period (i.e.,
the one with the lowest average of oxygen consumption,
carbon dioxide production, minute ventilation, and
3
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ALL MHOO MUOO P

(n = 53) (n = 34) (n = 19)

Age (years) 22.2 (2.4) 21.8 (2.4) 22.9 (2.3) 0.461

Male (n, %) 25 (47%) 11 (32%) 14 (74%) 0.004

Female (n,%) 28 (53%) 23 (68%) 5 (26%)

Weight (kg) 86.8 (15.0) 83.1 (12.3) 93.5 (17.4) 0.388

Height (m) 1.70 (0.10) 1.69 (0.08) 1.73 (0.10) 0.501

BMI (kg/m2) 29.8 (3.6) 29.0 (3.4) 31.1 (3.6) 0.189

Lean mass (kg)a 47.5 (10.0) 45.2 (8.7) 52.3 (11.2) 0.810

Fat mass (kg)a 33.5 (7.1) 33.2 (7.2) 34.2 (7.2) 0.572

Fat mass (%)a 40.2 (6.4) 41.1 (6.9) 38.5 (5.0) 0.266

VAT mass (g)a 499.1 (147.2) 462.4 (145.9) 574.9 (121.8) 0.085

Glucose (mg/dl) 90.3 (7.9) 87.6 (6.5) 95.2 (8.0) 0.001

Insulin (μUl/ml) [Median (IQR)] 9.2 (8.5) 7.7 (7.2) 14.7 (13.2) 0.004

HOMA-IR [Median (IQR)] 1.9 (2.1) 1.6 (1.5) 3.2 (3.5) 0.004

Total cholesterol (mg/dl) 164.8 (34.2) 155.4 (21.6) 181.6 (45.4) 0.017

HDL-C (mg/dl) 48.3 (9.9) 51.2 (9.1) 43.0 (9.2) 0.042

LDL-C (mg/dl) 98.6 (28.7) 90.7 (17.5) 112.5 (38.7) 0.030

Triglycerides (mg/dl) [Median (IQR)] 74.5 (60.0) 65.0 (34.0) 114.0 (124.0) <0.0001

Systolic blood pressure (mmHg) 122.4 (12.2) 116.8 (8.4) 132.1 (11.9) 0.0002

Diastolic blood pressure (mmHg) 73.9 (7.3) 71.3 (6.0) 78.5 (7.2) 0.002

Calendar day of the 18F-FDG-PET/CT scan 308 (19) 311 (17) 306 (21) 0.280

Outdoor ambient temperature (◦C) 22.5 (3.2) 22.1 (2.9) 23.3 (3.8) 0.368

Resting metabolic rate (kcal/day)b 1597.9 (317.9) 1559.9 (297.6) 1673.8 (357.6) 0.331

Ad libitum energy intake (kcal)c 942.2 (376.7) 853.3 (259.7) 1100.1 (494.8) 0.247

Energy intake from 24-h recalls (kcal/d) 1818.3 (413.7) 1798.8 (440.0) 1852.1 (372.8) 0.991

Sedentary time (min/day) 799.1 (72.4) 783.9 (77.0) 825.4 (56.0) 0.357

Light physical activity (min/day) 119.1 (30.3) 126.6 (31.1) 106.2 (24.6) 0.230

Moderate physical activity (min/day) 87.7 (34.3) 93.0 (37.4) 78.4 (26.5) 0.674

Vigorous physical activity (min/day) [Median (IQR)] 1.5 (2.5) 1.6 (2.9) 1.4 (2.0) 0.792

Data are presented as mean and standard deviation (SD) unless otherwise stated. The natural calendar day when the 18F-FDG-PET/CT scan was performed is the number of
days from January 1st of the same year (e.g., February 15th would be recorded as day 46). P values from analysis of covariance comparing MHOO vs. MUOO adjusting for
sex or from chi-square test (sex variable). P value in resting metabolic rate and energy intake obtained from analysis of covariance adjusting for sex and lean mass.
Abbreviations: BMI: Body mass index; VAT: Visceral adipose tissue; HOMA-IR: Homeostasis model assessment of insulin resistance; HDL-C: High-density lipoprotein
cholesterol; IQR: interquartile range; LDL-C: Low-density lipoprotein cholesterol. aIndicates variables with n = 49 (55% women), of which 33 (70% women) are MHOO and
16 (25% women) are MUOO. bIndicates outcome with n = 33, of which 22 (70% women) are MHOO, and 11 (25% women) are MUOO. cIndicates outcome with n = 52, of
which 33 (67% women) are MHOO, and 19 (26% women) are MUOO.

Table 1: Descriptive characteristics of participants with metabolically healthy overweight/obesity (MHOO) and metabolically unhealthy overweight/
obesity (MUOO).
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respiratory exchange ratio, coefficients of variance), after
excluding the first 5 min.27 For MIT, we excluded the
first 20 min of the first measurement period (10 min
with incomplete data and the first 10 min of measure-
ment), and the first 10 min of the second and third
measurement periods. Subsequently, the data was
averaged for each 5-min period.

Total urine production from the previous dinner to the
breakfast, and from the standardized breakfast to the end
of the MIT assessment were collected to measure total
urine volume and urea concentration (Spinreact, Cata-
logue No. 283–17). Urinary nitrogen concentration was
estimated from urea concentration following the equation
“Nitrogen (g/l) = 0.0065* Urea (mg/dl) + 1.2598” obtained
from a linear regression including urea and nitrogen
measured concentrations from 20 participants.28 Energy
expenditure was estimated from oxygen consumption,
carbon dioxide production, and estimated urinary nitro-
gen excretion rate, using Weir’s abbreviated equation.29

Unfortunately, due to problems with data collection
(e.g., unavailability of the metabolic cart, error in calibra-
tion, etc.) only 26 participants (19 MHOO and 7 MUOO)
had valid data and were therefore included in the analyses.
We calculated the incremental area under the curve
(trapezoidal rule) for the whole measurement, and for
each measurement period separately, and expressed it as a
percentage of the breakfast energy intake to estimate the
total MIT.

Anthropometrics and body composition
We measured the participant’s weight and height with a
scale and stadiometer (Seca, model 799, Electronic
www.thelancet.com Vol 100 February, 2024
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Column Scale, Hamburg, Germany) after an overnight
fasting and BMI was calculated. Moreover, after
assessing MIT, participants were moved into another
room where a whole-body dual-energy x-ray absorpti-
ometry scan (Discovery Wi, Hologic, Inc., Bedford, MA,
USA) was performed to determine body composition.

Ad libitum and self-reported energy intake
The participants were provided with an ad libitum meal
255 min after consuming the standardized breakfast.
We offered them a plate of spaghetti (i.e., spaghetti,
tomato sauce, pork tenderloin, and virgin olive oil),
prepared immediately before. The lunch composition
was 45.5% carbohydrates, 38.5% fat, and 16% proteins
of the total energy, with an energy density of 1.54 kcal/
g. The total amount offered was 1500 g for men and
1000 g for women. They were allowed to drink a total of
450 ml of water. The participants were instructed to eat
until comfortably satiated and ate alone in a quiet,
dimly lit room. The weight of food consumed was
calculated from the initial and final plate weight, and
energy intake was subsequently calculated. In addition,
energy intake was estimated using three non-
consecutive 24-h dietary recalls (one of them for a
non-working day). Thereafter, the nutritional compo-
sition of the diet was obtained by the EvalFINUT
software (http://www.finut.org/evalfinut/).

Sedentary time and physical activity levels
Sedentary time and physical activity levels were objec-
tively measured with a wrist-worn accelerometer (Acti-
Graph GT3X+, Pensacola, FL) for 7 consecutive days.
The accelerometers were initialized to store raw accel-
erations at a sampling frequency of 100 Hz.30 The raw
accelerations were exported and converted to the “.csv”
format using ActiLife, version 6.13.3. software (Acti-
Graph). The raw “.csv” files were then processed using
the GGIR package (version 1.6–0; https://cran.r-project.
org/web/packages/GGIR/) in R (version 3.1.2, https://
www.cran.r-project.org/). Sedentary time and physical
activity (light, moderate, and vigorous) levels were esti-
mated as reported elsewhere.31

Blood sample collection and cardiometabolic risk
parameters
A blood sample was taken early in the morning after
overnight fasting (12 h) from an antecubital vein and
was immediately centrifugated, aliquoted, and stored
at −80 ◦C until analyses. Serum glucose determination
was performed in a Beckman Coulter AU5832 analyser
using the reactive OSR6521 (Beckman Coulter Inc., CA,
USA). Insulin levels were determined by chemilumi-
nescent immunoassay in a DXI analyser (Beckman
Coulter Inc., CA, USA). Serum triglycerides, total
cholesterol, and HDL-C levels were determined by
colorimetric methods in the Beckman Coulter AU5832
analyser using the reactive OSR61118, OSR6516, and
www.thelancet.com Vol 100 February, 2024
OSR6587 (Beckman Coulter Inc., CA, USA), respec-
tively. Low-density lipoprotein cholesterol (LDL-C) levels
were estimated using the Friedewald equation.32 Insulin
resistance was estimated by the Homeostatic Model
Assessment (HOMA-IR).33

Shivering threshold test
Participants attended to the research centre after at least
6 h of fasting and were equipped with the same stan-
dardized clothes used for RMR and MIT assessment.
They rested in a warm room (22–23 ◦C) for 30 min.
Later, they entered a mild cold room (19.5–20 ◦C) and
dressed in a water-perfused vest (Polar Products Inc.,
Ohio, USA) set at ≈17 ◦C. Thereafter, the water tem-
perature was slightly decreased (1.4 ◦C every 10 min)
until shivering occurred (both self-reported and exter-
nally observed). The temperature of the shivering onset
was considered the individual’s shivering threshold (i.e.,
the lowest tolerable water temperature without exter-
nally observed or auto-reported shivering).34

Brown adipose tissue assessment after a
personalized cold exposure
Forty-eight or 72 h after determining the individual’s
shivering threshold, participants came to the research
centre after following the same instructions as for the
shivering threshold test. Participants were equipped
with the above-mentioned standardized clothes and
rested for 30 min in a warm room. Later, they were
moved to the mild cold room (19.5–20 ◦C), where they
remained seated, and equipped with the water-perfused
cooling vest set at 4 ◦C above their individual shivering
threshold. After the first hour of cold exposure, the
water temperature was increased by 1 ◦C to avoid
shivering (5 ◦C above the individual shivering
threshold). The water temperature was also increased by
1 ◦C if the participants started to shiver at any time.
Participants remained cold-exposed for 2 h.

After the first hour of cold exposure, an intravenous
bolus (≈185 MBq) of 18F-FDG was injected through an
antecubital catheter. At the end of the 2 h of cold
exposure, a static PET-CT scan (Siemens Biograph 16
PET/CT, Siemens, Germany) from the atlas vertebrae to
the mid-chest was performed.25,35–37 The PET-CT images
were analysed using the Beth Israel plugin for FIJI
software.38 An individualized, standardized uptake value
(SUV) threshold (i.e., 1.2/[lean body mass/body mass])
and a fixed radiodensity range (−10 to −190 Hounsfield
units) were used for BAT quantification.35,36,39 The re-
gions of interest (ROI) were semi-automatically outlined
from the atlas vertebra to the fourth thoracic vertebra.
BAT volume, SUVmean, SUVpeak, and radiodensity
were quantified according to the BARCIST 1.0 recom-
mendations.39 All scans were visually examined to detect
18F-FDG uptake in BAT-specific depots. BAT volume
was determined as the number of pixels with an SUV
value above the SUV threshold within −10 to −190 HU.
5

http://www.finut.org/evalfinut/
https://cran.r-project.org/web/packages/GGIR/
https://cran.r-project.org/web/packages/GGIR/
https://www.cran.r-project.org/
https://www.cran.r-project.org/
www.thelancet.com/digital-health


Articles

6

BAT SUV mean was determined as the mean SUV value
in the aforementioned voxels and SUVpeak as the
highest average SUV in a 1-ml spherical ROIs with the
maximum SUV among BAT. BAT mean radiodensity
was determined as the average radiodensity of those
voxels meeting the aforementioned criteria in a single
ROI covering the body (except the mouth) from the atlas
to the thoracic vertebra 4. We also computed the SUV-
peak of the descending aorta, the tricipital subcutaneous
white adipose tissue (scWAT), and dorsocervical
scWAT. We chose the dorsocervical scWAT because we
previously observed that this area has higher glucose
uptake than other subcutaneous areas.37 SUV values
were adjusted for lean mass for the statistical analyses.

Outdoor ambient temperature
The outdoor ambient temperature in the Granada
metropolitan area was obtained from the Spanish Na-
tional Meteorological Agency daily during the period of
the study. Then, the average temperature of the 7 days
before the PET-CT was taken as the individual’s outdoor
ambient temperature. Additionally, we registered the
natural calendar day (1 = January first; 365 = December
31st) when the PET-CT was performed to account for
seasonal differences on BAT detectability.

Cold-induced thermogenesis
Finally, 48–72 h after the PET-CT, CIT was assessed
with participants receiving the same instructions
mentioned above. After resting in the reclined bed for
20 min, the participant’s resting energy expenditure was
measured for 30 min (CCM Express/CPX Ultima-
CardiO2, Medgraphics Cardiorespiratory Diagnostic,
Saint-Paul, MN, USA) in the warm room (22–23 ◦C).
Later, participants were moved into the mild cold room
(19.5–20 ◦C) and equipped with the water-perfused
cooling vest set at a temperature 4 ◦C above their shiv-
ering threshold. While quietly lying on the reclined bed,
participants remained cold exposed for 65 min, during
which indirect calorimetry was recorded in two 30-min
periods, with 5-min breaks.

The indirect calorimetry data was averaged every
minute and downloaded from the Breeze Suite (8.1.0.54
SP7) software. The resting energy expenditure in warm
conditions was calculated as described earlier for RMR.
For CIT, the first 5 min of each 30-min recording period
were excluded. Subsequently, the remaining data was
averaged every 5 min. Energy expenditure was estimated
from oxygen consumption and carbon dioxide produc-
tion using Weir’s abbreviated equation,29 assuming no
nitrogen excretion. We calculated the incremental area
under the curve (trapezoidal rule) to estimate total CIT.

Thermal perception and skin temperature
Participants’ thermal perception during the month
preceding the BAT assessment was reported by a visual
analogue scale (0–100). Additionally, the thermal
perception was assessed during the warm and cold pe-
riods of the personalized cooling protocol before BAT
assessment with a numeric rate scale from 0 to 10. The
thermal perception in different parts of the body was
also measured before and during the assessment of MIT
and CIT with a continuous 7-point thermal sensation
interval scale (American Society of Heating, Refriger-
ating, and Air Conditioning Engineers, ASHRAE)40,41

where −3 was cold, 0 was neutral and 3 was hot.
Skin temperature was measured before and during

the assessment of MIT and CIT with 17 wireless ther-
mometers (iButtons, DS-1922 L, Thermochron; resolu-
tion 0.0625 ◦C; Maxim, Dallas, USA), attached to the
subjects’ skin.42 Skin temperature was recorded at 1 min
intervals and a mean value for every 5 min was calcu-
lated for each thermometer. We calculated the mean,43

proximal,44 distal,43 peripheral gradient (forearm minus
fingertip),43 and supraclavicular temperature.45 All anal-
ysis and calculations were performed using the Tem-
peratus® software (http://profith.ugr.es/temperatus)46

as previously reported.43,46,47 We also calculated a delta
between the last 10 min of the first hour and 30 min of
the postprandial period and cold exposure period
respectively and the mean of the baseline period for
each test.

Ethics
All participants provided written informed consent. The
study was approved by the Ethical Committees for Hu-
man Research of the University of Granada (no. 924)
and the Servicio Andaluz de Salud (Centro de Granada,
CEI-Granada, Spain). The study protocol and experi-
mental design were applied following the last revised
ethical guidelines of the Declaration of Helsinki.

Sample size
This study includes cross-sectional analyses using
baseline data from a randomized controlled trial aimed
at determining the effects of a 24-week supervised ex-
ercise intervention on BAT volume and activity, which
was originally powered to detect changes in BAT volume
and activity.25 Statistical power analyses served to set an
enrollment target of 150 participants in the randomized
controlled trial.25 However, since the current study is
based on secondary cross-sectional analyses using only
baseline data, no a priori power calculation was per-
formed. Participants with overweight or obesity with
available BAT data were included in this cross-sectional
analysis.

Statistical analyses
Descriptive data are expressed as mean (standard devi-
ation) or median and interquartile range in skewed
variables (mean/standard deviation >2). We compared
sex frequency between participants with MHOO and
MUOO using the Chi-square test. Differences between
individuals with MHOO and MUOO in age,
www.thelancet.com Vol 100 February, 2024
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anthropometric, body composition, and cardiometabolic
risk variables were analysed using analysis of covariance
(ANCOVA) adjusting for sex, whereas differences in
RMR and energy intake were analysed using ANCOVA
adjusting for sex and lean mass. All analyses were
adjusted (chosen a priori) for sex due to the different
distribution of males and females in the MHOO and
MUOO groups. Differences in RMR and energy intake
were further adjusted for lean mass (chosen a priori)
since it is the strongest predictor of these outcomes.48,49

We also used ANCOVA models adjusted for sex to
compare BAT volume, 18F-FDG uptake, and mean
radiodensity.15,34,50,51 We additionally performed ANCOVA
analysis adjusting for BMI, HOMA-IR, and age. We built
a theoretical causal diagram based on the scientific liter-
ature to confirm the minimum sufficient adjustments for
the total effect of MHOO or MUOO phenotype on BAT.
Then, we used the online tool DAGitty52 to build a
directed acyclic graph (DAG),53 and the covariates were
consequently selected (Figure S1).

We conducted ANCOVA adjusting for sex to
compare descending aorta and scWAT 18F-FDG uptake,
the water temperature of the cooling vest during the
personalized cooling protocol, thermal perceptions, MIT
(%EI), and CIT (%RMR) between MHOO and MUOO.
Two-way repeated-measures ANCOVA adjusting for sex
(Huynh-Feldt correction) were used to investigate dif-
ferences between MHOO and MUOO on the meal- and
cold-induced kinetics of energy expenditure, skin tem-
perature, and thermal perception (Factor 1 “time” [time
after breakfast or time of cold exposure) and Factor 2
“Group” [MHOO or MUOO]). The assumptions of
ANCOVAs and two-way repeated-measures ANCOVAs
were checked by visual inspection of residuals, Levene’s
test for heteroscedasticity, and Shapiro–Wilk`s test, and
visual inspection of Q–Q plots for normality. In addi-
tion, the lack of sex*group interaction was assessed with
the ANCOVA analyses. Based on our relatively low
sample size we used the Huynh-Feldt correction when
the sphericity was not assumed.54

The analyses were conducted using the Statistical
Package for Social Sciences (SPSS, v.27.0, IBM SPSS
Statistics, IBM Corporation), and the level of signifi-
cance was set at ≤0.05. Figures were built with Graph-
Pad Prism software v.9 (GraphPad Software, San Diego,
CA, USA).

Role of funding source
Funders did not participate in the study design, data
collection, data analyses, interpretation, or writing of the
manuscript.
Results
The descriptive characteristics of the participants are
presented in Table 1. Participants with MHOO showed
healthier levels of cardiometabolic risk factors than
www.thelancet.com Vol 100 February, 2024
MUOO (i.e., lower glucose, insulin, HOMA-IR, total
cholesterol, LDL-C, triglycerides, systolic and diastolic
blood pressure, and higher HDL-C; all P ≤ 0.042;
Table 1). However, no statistically significant differences
were observed in body composition (i.e., lean mass and
adiposity), outdoor ambient temperature exposure,
resting metabolic rate, energy intake, sedentary time, or
physical activity levels between MHOO and MUOO (all
P ≥ 0.085; Table 1).

MHOO presented higher BAT volume (Mean dif-
ference = 60.5 ml, 95% CI, 16.672–104.329), SUVmean
(Mean difference = 1.030, 95% CI, 0.465–1.595), and
SUVpeak (Mean difference = 4.712, 95% CI,
1.654–7.770) than MUOO (all P ≤ 0.008; Figs. 1 and 2),
whereas BAT mean radiodensity was not different
(P = 0.354; Fig. 2). The observed differences between
MHOO and MUOO in BAT volume, SUVmean, and
SUVpeak remained significant after including BMI
(P = 0.005, P = 0.002, and P = 0.005, respectively) or
HOMA-IR (P = 0.001, P < 0.001, and P = 0.002
respectively) as covariates together with sex. Similarly,
the observed differences between MHOO and MUOO
in BAT volume, SUVmean, and SUVpeak remained
after adjusting for the minimum sufficient covariates
obtained from the DAGs (i.e., sex, age, BMI and
HOMA-IR; P < 0.001, P < 0.001, and P = 0.003
respectively), and after including both energy intake and
physical activity levels as covariates (data not shown).
The descending aorta SUVpeak, as well as the tricipital
scWAT SUVpeak, were similar between MHOO and
MUOO (both P ≥ 0.124; Figure S2). In contrast, MHOO
showed higher dorsocervical scWAT SUVpeak (a region
that might present a brown-like signature37) than
MUOO (Mean difference = 0.068, 95% CI, 0.019–0.116;
P = 0.007; Figure S2).

We next investigated whether participants with
MHOO were exposed to lower temperatures than
MUOO. We observed that the water temperature of the
cooling vests, just before BAT assessment, was slightly
higher in individuals with MHOO than MUOO (Mean
difference = 1.873 ◦C, 95% CI, −0.161 to 3.907; P = 0.07;
Fig. 3a). However, there were no significant differences
between MHOO and MUOO in the thermal perception
feeling during the previous month to the BAT assess-
ment, during the warm and cold periods of the
personalized cold exposure test before the BAT assess-
ment (all P ≥ 0.773; Fig. 3b–d).

We observed no statistically significant differences
between MHOO and MUOO in energy expenditure af-
ter meal intake (both P ≥ 0.096; Fig. 4a and b), yet a
trend toward higher MIT was observed in MHOO in the
first (Mean difference = 2.848%, 95% CI, −0.051 to
5.746; P = 0.054) and second (Mean differ-
ence = 3.082%, 95% CI, −0.017 to 6.182; P = 0.051) hour
of the meal test. We observed no statistically significant
differences in the third hour of the MIT between
MHOO and MUOO (P = 0.487). Energy expenditure
7
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Fig. 1: Images of two representative individuals, one with metabolically healthy and obesity (MHO) and another one with metabolically
unhealthy and obesity (MUO). Blue dots indicate brown adipose tissue volume and red dots indicate maximal brown adipose tissue activity
(maximal standardized uptake value).
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increased in both groups during cold exposure
(η2 = 0.163, P = 0.034, Fig. 4c), but MHOO exhibited
higher CIT than MUOO (Mean difference = 10.920%,
95% CI, 0.012–21.828 P = 0.05; Fig. 4d).

In addition, we found no statistically significant dif-
ferences between MHOO and MUOO in meal- and
cold-induced changes in mean, proximal, distal, and
peripheral gradient skin temperatures (all P interaction
≥0.089; Fig. 5a–h). In contrast, meal-induced changes in
supraclavicular skin temperature were significantly
different between groups (η2 = 0.078, P interac-
tion = 0.043; Fig. 5i). During the first 75 min of the post-
prandial period, MHOO exhibited an increase in
supraclavicular skin temperature (+0.4 ◦C), while
MUOO did not change (+0.07 ◦C) (Mean differ-
ence = 0.349 ◦C, 95% CI, −0.058 to 0.755; P = 0.090). We
also observed a near-significant trend in cold-induced
changes in supraclavicular skin temperature
(η2 = 0.113, P interaction = 0.086; Fig. 5j). During the
first 30 min of the cold exposure period, MHOO
exhibited maintenance in supraclavicular skin
temperature (−0.1 ◦C) whereas MUOO showed a
decrease (−0.5 ◦C) (Mean difference = 0.329 ◦C, 95%
CI, −0.123 to 0.781; P = 0.146). However, meal- and
cold-induced changes in skin thermal perception in all
regions (i.e., clavicular, abdomen, arm, hands, leg, feet,
and body) were similar in MHOO and MUOO (all P
interaction ≥0.176; Figure S3).
Discussion
In this study, we show that adults with MHOO present
higher BAT volume (+124%), SUVmean (+63%), and
SUVpeak (+133%), measured after a personalized cold
exposure, than individuals with MUOO. Additionally,
MHOO shows higher MIT immediately after
consuming the meal, higher CIT, and higher cold-
induced supraclavicular skin temperature during the
post-prandial period and cold exposure than their
counterparts. Taken together, our findings provide in-
sights into the possible relevance of BAT in the MHOO
phenotype and posit further evidence of a potential role
www.thelancet.com Vol 100 February, 2024
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Fig. 3: Differences between adults with metabolically healthy overweight/obesity (MHOO) and metabolically unhealthy overweight/obesity
(MUOO) in the temperature of the water irrigating the cooling vest before the brown adipose tissue assessment (a), thermal perception during
the previous month (b), thermal perception during the warm period before the personalized cold exposure before the PET-CT scan (c; MHOO,
n = 19 and MUOO, n = 13), and thermal perception during the cold period of the personalized cold exposure before the PET-CT scan (d; MHOO,
n = 28 and MUOO, n = 15). Panels b, c, and d, the greater the value the greater the cold perception. Data represent mean and 95% confidence
interval. P values obtained from analysis of covariance adjusting for sex.

Fig. 2: Differences between adults with metabolically healthy overweight/obesity (MHOO) and metabolically unhealthy overweight/
obesity (MUOO) in brown adipose tissue volume, 18F-FDG uptake and mean radiodensity after a personalized cold exposure. a) BAT
volume; b) BAT mean radiodensity (MHOO, n = 27; MUOO, n = 9); c) BAT SUVmean; and d) BAT SUVpeak. SUV values are shown relative to lean
mass. Data represent mean and 95% confidence interval. P values obtained from analysis of covariance adjusting for sex. Abbreviations: BAT:
brown adipose tissue; HU: Hounsfield Unit; SUV: Standardized uptake value.
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Fig. 4: Differences between adults with metabolically healthy overweight/obesity (MHOO) and metabolically unhealthy overweight/obesity
(MUOO) in meal- (a, b) and cold-induced thermogenesis (c, d). Data represent mean and 95% confidence interval. Panels a and c: P values for
time, group, and Time × Group interaction effects obtained from two-way repeated-measures analysis of covariance (ANCOVA) adjusting for sex
(Huynh-Feldt correction). Timepoint 0 represents the resting metabolic rate value. Panels b and d: P values obtained from analysis of covariance
adjusting for sex. Abbreviations: EE: Energy expenditure; EI: Energy intake; min: minutes; RMR: Resting metabolic rate.
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of BAT in thermogenesis and cardiometabolic health in
individuals with overweight or obesity.

BAT has been postulated as a potential target to
improve cardiometabolic health.55 Since cold exposure is
the main activator of BAT in humans,15,17 a different cold
stimulus could bias the interpretation of our results.
However, the differences in BAT volume and BAT 18F-
FDG uptake observed in our study after a personalized
cold exposure cannot be attributed to a stronger cold
stimulation in the MHOO group. Indeed, the water
temperature during the cooling protocol tended to be
warmer in MHOO than in MUOO. In the same vein,
the outdoor ambient temperature the week before the
enrolment in the study was similar between groups. In
addition, MHOO showed higher scWAT dorsocervical
18F-FDG uptake after a personalized cold exposure than
MUOO. We previously showed that 18F-FDG uptake in
the dorsocervical area was higher than in other scWAT
areas, and positively correlated with supraclavicular BAT
volume, suggesting a potential brown-like signature in
this area.37 Taken together, our results suggest that
adults with MHOO have higher BAT volume and BAT
18F-FDG uptake, which may confirm the potential of
BAT recruitment and activation in preventing metabolic
abnormalities development in people with overweight or
obesity. Our results partially support previous studies
reporting that humans with detectable BAT, even with
overweight or obesity, have healthier cardiovascular
profiles18,19 and, therefore, might be at a lower risk of
cardiometabolic disease.18

These findings should, however, be interpreted with
caution. 18F-FDG PET-CT scan after a personalized cold
exposure is the most used method for human BAT
in vivo quantification,15,56 but it suffers some important
limitations. This method for BAT quantification relies
on glucose uptake, and therefore, it does not measure
tissue thermogenesis or quantify lipid metabolism
within the tissue.15 Importantly, impaired insulin
sensitivity may decrease 18F-FDG uptake in BAT and
underestimate BAT prevalence and BAT thermogenic
capacity in individuals with insulin resistance.15,57 For
instance, individuals with type 2 diabetes mellitus
www.thelancet.com Vol 100 February, 2024
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Fig. 5: Differences between adults with metabolically healthy overweight/obesity (MHOO) and metabolically unhealthy overweight/obesity
(MUOO) in meal- (a, c, e, g, i) and cold-induced (b, d, f, h, j) changes in mean, proximal, distal, peripheral gradient, and supraclavicular skin
temperatures. In meal-induced changes in temperature (a, c, e, g, i), negative values in the X axes represent the resting metabolic rate period,
whereas in cold changes in temperature (b, d, f, h, j) represent the warm room period. Data represent mean and 95% confidence interval. In
meal-induced changes (a, c, e, g, i), time point 0 represents the start of the meal intake, whereas in cold-induced changes (b, d, f, h, j) represents
the start of the cold exposure. P values for time, group, and Time × Group interaction effects obtained from a two-way repeated-measures
analysis of covariance (ANCOVA) adjusting for sex (Huynh-Feldt correction).
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present an impairment of BAT glucose metabolism
despite showing similar BAT levels than healthy coun-
terparts when using a derived fatty acid tracer or similar
BAT oxidative capacity.57 Since MHOO are more insulin
sensitive than MUOO, as reflected in our study in lower
levels of glucose and insulin, we cannot discard that
differences in insulin sensitivity might have biased the
results on BAT volume and 18F-FDG uptake. Nonethe-
less, we repeated the MHOO vs. MUOO comparisons of
BAT volume and 18F-FDG uptake adjusting the analyses
for HOMA-IR and observed similar results. This sug-
gests that our findings may be independent of differ-
ences in insulin sensitivity. Nevertheless, future studies
should use PET radiotracers other than glucose ana-
logues (e.g., 11C-acetate, 15O-oxygen, or 18F-fluoro-thia-
heptadecanoic acid) to replicate these findings.

The higher BAT volume and glucose uptake in in-
dividuals with MHOO concurs with a marginally higher
MIT, a higher CIT, and higher supraclavicular skin
temperature after meal ingestion and during cold
exposure. In humans, a large part of BAT is located in
the supraclavicular region,58,59 which has a higher ther-
mogenic capacity than other regions.60 The supra-
clavicular skin temperature has been used as a method
for detecting BAT activity in adult humans44,61 and is
significantly increased upon cold exposure,44 in contrast
to proximal and distal temperature, which decreases in
response to cold exposure.45 Altogether, these results
reinforce the interpretation that BAT is more active in
MHOO participants.

There are several potential mechanistic explanations
for the link between BAT and a healthier car-
diometabolic profile. BAT activation could increase the
uptake of circulating glucose and fatty acids, as well as of
fatty acids from triglyceride-rich lipoproteins as fuel,
alleviating hyperglycemia,55 and hyperlipidemia,62–65 and
increasing HDL-C levels.64,66 Additionally, activated BAT
releases endocrine factors (e.g., fibroblast growth factor
21), the so-called “batokines”.67 These batokines can
regulate whole-body metabolism through autocrine,
paracrine, and endocrine functions and act in different
organs and tissues (e.g., WAT, heart, skeletal muscle).68

Indeed, the batokines’ endocrine function might un-
derlie the association between BAT volume and activity
and a healthy cardiometabolic profile.68 Batokines
enhance peripheral insulin sensitivity and lower blood
lipids improving systemic glucose and lipid homeostasis
and protecting against cardiometabolic diseases in
mice.67 Indeed, humans with detectable BAT showed
lower glucose and triglyceride levels and higher HDL-C
levels than those without detectable BAT.18 It is thus
conceivable that the higher BAT volume and 18F-FDG
uptake observed in MHOO display an insulin-
sensitizing and lipid-lowering stimulus which might
confer a protective metabolic phenotype against abnor-
malities. Further studies are warranted to confirm the
direction of this hypothesis, since this may point to BAT
transplantation and/or pharmaceutical enhancement as
a possible therapy in humans, as it has been shown in
animal models.69–71 In addition, the difference between
MHOO and MUOO groups in glucose and lipid ho-
meostasis or batokines in response to meal ingestion
and cold exposure could not be investigated. Thus,
future studies should investigate whether individuals
with MHOO have higher BAT, and whether this higher
BAT concurs with a healthier glycaemic and lipid
response and a different “batokines” response upon
meal ingestion and cold exposure. Lastly, evidence
linking BAT with metabolic health is derived from
observational studies, and no causality can be estab-
lished. Thus, it could be hypothesized that there could
be other variables explaining this association (i.e., in-
sulin sensitivity, white adipose tissue functionality) that
might influence our observed results.

Limitations
Several limitations need to be acknowledged. The
observational design of the study does not allow to infer
any causal relationship. Since the present study
included young adults, the findings cannot be extrapo-
lated to older adults or unhealthy populations. The
relatively low sample size does not allow us to analyse
the data in women and men separately. Moreover, the
MHOO concept is inherently relative, and its formula-
tion may directly influence the prevalence of MHOO
and MUOO.13,72 Lastly, our results should be interpreted
with caution, considering the study design and the po-
tential influence of unmeasured confounding variables
such as specific BAT fat content, BAT activity assessed
by metabolic flux, and BAT insulin resistance. Pro-
spective studies are required to better understand the
role of BAT in the MHOO phenotype.

Conclusions
Adults with MHOO show higher BAT volume and 18F-
FDG uptake than MUOO. This concurs with a higher
meal- and cold-induced thermogenesis and with a
higher supraclavicular skin temperature after a meal
and during cold exposure. Taken together, our findings
suggest a role of BAT in conferring a healthy metabolic
phenotype in young adults with overweight or obesity.
Future intervention studies should investigate the ef-
fects of BAT activators (e.g., cold exposure, pharma-
ceutical agents) in preventing metabolic abnormalities
and reducing the risk of cardiometabolic disease in in-
dividuals with overweight or obesity.
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