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Abstract

Objectives: Brown adipose tissue (BAT) is important in the maintenance of cardiometabolic health in rodents. 
Recent reports appear to suggest the same in humans, although if this is true remains elusive partly because of the 
methodological bias that affected previous research. This cross-sectional work reports the relationships of cold-
induced BAT volume, activity (peak standardized uptake, SUVpeak), and mean radiodensity (an inverse proxy of the 
triacylglycerols content) with the cardiometabolic and inflammatory profile of 131 young adults, and how these 
relationships are influenced by sex and body weight.
Design: This is a cross-sectional study.
Methods: Subjects underwent personalized cold exposure for 2 h to activate BAT, followed by static 
18F-fluorodeoxyglucose PET-CT scanning to determine BAT variables. Information on cardiometabolic risk (CMR) and 
inflammatory markers was gathered, and a CMR score and fatty liver index (FLI) were calculated.
Results: In men, BAT volume was positively related to homocysteine and liver damage markers concentrations 
(independently of BMI and seasonality) and the FLI (all P ≤ 0.05). In men, BAT mean radiodensity was negatively related 
to the glucose and insulin concentrations, alanine aminotransferase activity, insulin resistance, total cholesterol/
HDL-C, LDL-C/HDL-C, the CMR score, and the FLI (all P ≤ 0.02). In women, it was only negatively related to the FLI (P < 
0.001). These associations were driven by the results for the overweight and obese subjects. No relationship was seen 
between BAT and inflammatory markers (P > 0.05).
Conclusions: A larger BAT volume and a lower BAT mean radiodensity are related to a higher CMR, especially in young 
men, which may support that BAT acts as a compensatory organ in states of metabolic disruption.
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Introduction

In 2009, it was confirmed that brown adipose tissue (BAT), 
a thermogenic organ with great potential to prevent 
obesity and cardiometabolic disease in rodents, was 
metabolically active in adult humans (1). Since then, BAT 
has been shown to dissipate energy as heat mainly via the 
catabolism of glucose and fatty acids (2, 3). Further, BAT 
can potentially modulate metabolism body-wide via the 
secretion of immunometabolic factors (4). Although the 
likelihood of human BAT having a role as an anti-obesity 
agent is low given its scant contribution to daily energy 
expenditure (10–13 kcal/day when cold-stimulated) (5), 
it is still to be determined whether it may be beneficial in 
terms of cardiometabolic risk (CMR) management.

Studies in rodents support the latter idea (2, 6, 7). 
However, in humans, the evidence is inconclusive, in 
part because of the difficulty in designing appropriate 
experiments, the existence of important confounders, and 
the lack of mechanistic insight in most earlier work (8, 
9, 10, 11, 12, 13). Recently, a retrospective study analysed 
BAT volume and activity via 18F-fluorodeoxyglucose 
PET-CT (18F-FDG-PET-CT) in 52 487 patients with cancer 
(8), and the results suggested it to be associated with 
improved cardiometabolic health, especially in patients 
with overweight or obesity. However, as in other previous 
studies, the 18F-FDG-PET-CT scanning was performed at 
thermoneutrality, a condition under which functional 
BAT is likely undetectable. Indeed, to avoid this bias, 
current recommendations state that 18F-FDG–PET-CT 
scanning should be performed after individualized cold 
exposure (14). A clear need exists for data to be collected 
in new experiments that take all these issues into account.

The present cross-sectional study explores the 
relationship shown by the cold-induced BAT volume and 
activity (estimated by 18F-FDG-PET-CT) and BAT mean 
radiodensity (an indicator of biological tissue density 
which is inversely related to triacylglycerols content) (15) 
with the cardiometabolic and inflammatory profile in a 
large cohort of relatively healthy, young adults. Special 
attention was paid to the influence of sex and body weight 
on these relationships (factors that in previous studies 
were mostly overlooked), and analyses performed that took 
into account potential confounders. In addition, BARCIST 
recommendations were strictly adhered to when analysing 
all 18F-FDG-PET-CT-related variables.

Subjects and methods

Study subjects and experimental design

This study was performed as part of the ACTIBATE project 
(ClinicalTrials.gov no. NCT02365129) (16). Subjects were 
recruited via advertisements in electronic media and 
leaflets. The inclusion criteria were to be 18–25 years old, 
to be sedentary (self-reported <20 min moderate-vigorous 
physical activity on <3 days/week), to be a non-smoker, 
to have had a steady body weight over the last 3 months 
(change <3 kg), to have no cardiometabolic disease 
(hypertension, diabetes, etc.), not to be pregnant, and not 
to be regularly exposed to cold environments (e.g. as would 
be ski monitors or fishmongers). Written, signed, informed 
consent to be included was obtained from all subjects. 
All study protocols adhered to the 2013 Declaration of 
Helsinki and were approved by the Human Research Ethics 
Committee of the University of Granada (no. 924), and 
by the Human Research Ethics Committee of the Junta de 
Andalucía (no. 0838-N-2017). All assessments were made in 
Granada (Spain).

Procedures

All subjects underwent 18F-FDG-PET-CT scanning (to 
assess BAT variables) over eight dates distributed between 
October and December 2015 and 2016, that is four dates per 
year, with one test per subject. The cardiometabolic and 
inflammatory profiles, anthropometry, body composition, 
and lifestyle behaviours were recorded within 3 weeks of 
the 18F-FDG-PET-CT assessment.

18F-FDG-PET-CT scanning

Subjects came to the participating hospital and asked to 
confirm that they had met the pre-study conditions, i.e.: (i) 
to be arriving in a fasting state (and have been so for at least 
6 h); (ii) having slept as usual; (iii) having refrained from 
any moderate or vigorous physical activity (within 24 and 
48 h respectively); (iv) having not consumed any alcohol 
or stimulant (e.g. caffeine) beverages in the previous 6 h. 
Subjects were then asked to void their bladder and to dress 
in standardized clothes (sandals, shorts, and T-shirt) and 
were directed to a quiet, warm (22–23°C) room where they 
were seated for 30 min. After this period, the subjects were 

D
ow

nloaded from
 https://academ

ic.oup.com
/ejendo/article/187/1/171/6972056 by U

niversiteit Leiden - LU
M

C
 user on 24 February 2023

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:1 173Original Research F M Acosta and others Brown adipose tissue and 

cardiometabolic risk

https://eje.bioscientifica.com

moved into an air-conditioned cold room (19.5–20°C) 
where they sat down and were put on a temperature-
controlled water-perfused cooling vest (Polar Products Inc., 
Stow, OH, USA), which covered the clavicular region, the 
chest, the abdomen, and the back. The water temperature 
of the cooling vest was set 4°C above their individual 
shivering threshold, which was determined 48–72 h before 
18F-FDG-PET-CT scanning (17). Subjects remained under 
these conditions for 60 min to induce BAT activation. They 
were then injected with a bolus of 18F-FDG (183.52 ± 12.21 
MBq), with the water temperature of the cooling vest raised 
by ~1°C for the last 60 min to avoid shivering (or whenever 
subjects reported shivering). After 2 h, all subjects lay 
supine in a whole-body PET-CT scanner, and a low-dose CT 
scan (120 kV) was performed for attenuation correction and 
anatomic localization, followed by static PET consisting of 
two-bed position scans from the atlas vertebra to the mid-
chest (6 min each).

The date when the baseline PET-CT scan was performed 
was recorded as the day of the year (January 1 = day 1, and 
December 31 = day 365/366; a means of recording the 
season of the year).

18F-FDG-PET-CT analysis

PET-CT scans were semi-automatically analysed using 
the Beth Israel plug-in for FIJI http:​//sou​rcefo​rge.n​et/pr​
oject​s/bif​ijipl​ugins​/. To determine BAT volume and peak 
standardized uptake value (SUVpeak), six regions of interest 
(ROIs) were outlined from the atlas vertebra to thoracic 
vertebra 4 using a 3D-axial technique. These ROIs comprised 
the supraclavicular, laterocervical, paravertebral, and 
mediastinal regions. To determine BAT mean radiodensity, 
an ROI covering the scanned body – except the mouth – was 
outlined from the atlas vertebra to the thoracic vertebra 
4. Within these ROIs, the SUV threshold for a voxel to be 
considered to represent BAT was taken as ≥(1.2/(lean body 
mass/body mass)); the radiodensity also had to fall in the 
range −190 to −10 Hounsfield units (HU) (14, 18). The 
mean BAT volume (average of all ROIs) and SUVpeak (i.e. the 
highest average SUV in a 1-mL spherical volume overall 
ROIs), and the BAT mean radiodensity were recorded 
(see Supplementary Fig. 1 (see section on supplementary 
materials given at the end of this article) for a visual 
description of BAT variables). Subjects were classified as 
PET+ when they had a BAT volume higher than 7.78 mL 
(these subjects had a substantial number of BAT voxels 
within the outlined ROIs) or as PET− if their BAT volume 
was lower than 7.78 mL. This was determined visually for 
each PET-CT image. It should be noted that since a whole 

ROI was drawn to determine BAT mean radiodensity, which 
included areas where BAT is not typically located, some 
voxels belonging to connective tissue, internal organs, 
glands, etc., were erroneously classified as BAT in the PET− 
subjects (n = 31); these subjects were not included in BAT 
mean radiodensity determinations. A single-slice ROI was 
also outlined to determine the SUVpeak in the subcutaneous 
white adipose tissue (used as a reference tissue) next to 
the triceps brachialis. For the sake of confirmation, BAT 
SUVpeak was recalculated as a product of the percentage lean 
body mass (SUVLBM).

Cardiometabolic and inflammatory profiles

On a different day, subjects came for the collection of 
blood samples, at which time they were asked to confirm 
they met the same requirements as outlined above (see 
18F-FDG-PET-CT scanning). Samples were collected in BD 
Vacutainer® collection tubes, centrifuged, and the serum 
collected sent to analyse the glycaemic, lipid, hepatic, and 
several inflammatory markers (C-reactive protein, C3, C4, 
and β-microglobulin 2) concentrations (see below). Plasma 
samples were aliquoted in smaller volumes and frozen at 
−80ºC for the later analysis of other inflammatory markers 
(see below).

Glycaemic, lipid and other markers, and the HOMA index

Serum glucose, total cholesterol, (HDL-C), triacylglycerol, 
and homocysteine concentrations were measured 
following standard colorimetric methods using an 
AU5832 automated analyser (Beckman Coulter Inc., Brea, 
CA, USA). Serum insulin was measured using the Access 
Ultrasensitive Insulin Chemiluminescent Immunoassay 
Kit (Beckman Coulter Inc.). LDL-C was estimated as 
(total cholesterol − HDL-C − (triacylglycerols/5)), in mg/
dL (19), and other cardiovascular risk indices, including 
the total cholesterol/HDL-C and LDL-C/HDL-C ratios, 
were calculated. Insulin resistance was determined via 
the homeostatic model assessment of insulin resistance 
(HOMA-IR) using the equation (insulin (µU/mL) × glucose 
(mmol/L))/22.5, and via the homeostatic model assessment 
of beta-cell function (HOMA-β) using the equation 
(20 × insulin (µU/mL))/((glucose (mmol/L) − 3.5) (20, 21).

Systolic, diastolic, and mean blood pressure

Systolic and diastolic blood pressure was measured with the 
subjects seated and relaxed, using an Omron M6 upper arm 
blood pressure monitor (Omron Healthcare Europe B.V. 
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Hoofddorp, The Netherlands). Measurements were taken 
on three different days, and the mean was determined for 
use in later analyses. Mean blood pressure was calculated as: 
(systolic blood pressure + (2 × diastolic blood pressure))/3.

Cardiometabolic risk score

A CMR score based on variables included in the diagnostic 
criteria of metabolic syndrome (22) was calculated using 
a model that includes subject waist circumference, mean 
blood pressure, glucose, and HDL-C and triacylglycerol 
concentrations. Each variable was standardized as follows: 
standardized value = (value − mean)/s.d. The HDL-C 
standardized values were multiplied by −1 in keeping with 
the negative scores for the other CMRs. The final score was 
determined as the average of the five standardized scores. 
The final CMR score was calculated separately for men and 
women.

Hepatic enzymes and fatty liver index

The serum alanine aminotransferase, gamma-glutamyl 
transferase (GGT), and alkaline phosphatase (ALP) 
activities were determined by standard colorimetric 
methods, using an AU5832 automated analyser (Beckman 
Coulter Inc.). The fatty liver index (FLI) was calculated as 
a simple but accurate predictor of hepatic steatosis in the 
general population (23). A FLI of <30 was used to rule 
out hepatic steatosis, whereas a value of >60 was used to 
indicate its presence (23).

Inflammatory markers

Serum C-reactive protein, C3, C4, and β-microglobulin 2 
concentrations were measured by immunoturbidimetric 
assay, employing the same AU5832 automated analyser 
as above. Plasma interleukin (IL)-2, IL-4, IL-6, IL-7, IL-8, 
IL-10, IL-17a, interferon-gamma (IFNɣ), and tumor 
necrosis factor-alpha (TNFα) were determined using 
the MILLIPLEX MAP Human High Sensitivity Cytokine 
Panel (Luminex Corp., Clayton, MO, USA). Leptin and 
adiponectin concentrations were measured using Panels 1 
and 2 (respectively) of the MILLIPLEX MAG/MAP Human 
Adipokine Magnetic Bead Kits (Luminex Corp.).

Anthropometry, body composition, and 
lifestyle behaviours

Anthropometry (weight, height, BMI, and waist 
circumference), body composition (including fat and lean 

mass, and visceral adipose tissue (VAT) mass), and lifestyle 
behaviours (including sedentary behaviour, physical 
activity, sleep duration, energy and macronutrient intake, 
and habitual dietary patterns) were determined as reported 
elsewhere (17, 24, 25) and detailed in Supplementary 
Appendix A.

Statistical analysis

Continuous variables are presented as means (s.d.) when 
normally distributed or medians (interquartile range) 
when not. Categorical variables are presented as numbers 
(percentage). The effect of the interaction between BAT 
variables and sex on the cardiometabolic and inflammatory 
profiles was examined by linear regression. Since an 
interaction effect was observed for several outcomes, all 
analyses were performed separately for men and women. 
Several extreme cases, confirmed as influential outliers 
with respect to the outcome variables, were corrected using 
a subtle version of winsorizing (Supplementary Appendix 
B). In some cases, optimum Box-Cox transformations were 
employed to normalize the data.

Potential confounders (i.e. according to prior evidence 
(24, 25, 26, 27, 28)) or that were statistically related to 
predictors/outcomes were included in the models used 
in the primary and sensitivity analyses. Multiple linear 
regression was used to analyse the relationship shown by 
BAT volume, SUVpeak, and mean radiodensity with the 
cardiometabolic and the inflammatory profiles (Tables 1 
and 2, respectively). Adjustments were then made for BMI 
and for BMI plus the PET-CT scan date. The associations 
between BAT variables and the FLI were not adjusted for BMI 
in any model since this was one of the components included 
in the algorithm to calculate the FLI. Additional analyses 
were performed to determine whether the relationships 
shown by the BAT variables with the cardiometabolic and 
inflammatory profiles were dependent on body weight. 
Body weight was classified as normal weight (BMI ≥18 
and <25 kg/m2), overweight (BMI ≥25 and <30 kg/m2), or 
obese (BMI ≥30 kg/m2) in analyses related to BAT volume 
and SUVpeak, and as normal weight and overweight-obese 
in analyses related to BAT mean radiodensity (a reduced 
number of obese subjects were available for this analysis). 
Adjustments for multiple comparison errors (familywise 
error rate (Hochberg procedure)) were made for the main 
analyses (Tables 1 and 2).

Analyses were performed using SPSS-26.0 software 
(IBM). Significance was set at P ≤ 0.05 for the linear 
correlation and regression analyses and at P < 0.1 for the 
effects of interactions.

D
ow

nloaded from
 https://academ

ic.oup.com
/ejendo/article/187/1/171/6972056 by U

niversiteit Leiden - LU
M

C
 user on 24 February 2023

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:1 175Original Research F M Acosta and others Brown adipose tissue and 

cardiometabolic risk

https://eje.bioscientifica.com

Ta
bl

e 
1 

As
so

ci
at

io
ns

 s
ho

w
n 

by
 B

AT
 v

ol
um

e,
 S

U
V p

ea
k, 

an
d 

m
ea

n 
ra

di
od

en
si

ty
 w

ith
 c

ar
di

om
et

ab
ol

ic
 r

is
k 

(C
M

R)
 m

ar
ke

rs
 in

 y
ou

ng
 m

en
 a

nd
 w

om
en

. L
in

ea
r 

re
gr

es
si

on
 

an
al

ys
es

 w
er

e 
pe

rf
or

m
ed

. T
he

 n
on

-s
ta

nd
ar

di
ze

d 
re

gr
es

si
on

 c
oe

ffi
ci

en
t (

B)
, s

.e.
, s

ta
nd

ar
di

ze
d 

re
gr

es
si

on
 c

oe
ffi

ci
en

t (
β)

, a
nd

 a
dj

us
te

d 
R 

sq
ua

re
d 

(A
dj

. R
2 )

 a
re

 p
ro

vi
de

d.
 A

 
su

bt
le

 v
ar

ia
tio

n 
of

 w
in

so
ri

zi
ng

 w
as

 p
er

fo
rm

ed
 o

n 
th

e 
ex

tr
em

e 
ou

tli
er

s 
of

 o
ut

co
m

e 
re

su
lts

, a
nd

 s
om

e 
va

ri
ab

le
s 

w
er

e 
tr

an
sf

or
m

ed
 u

si
ng

 B
ox

-C
ox

 tr
an

sf
or

m
at

io
ns

 (s
ee

 
Su

pp
le

m
en

ta
ry

 A
pp

en
di

x 
B)

. T
ra

ns
fo

rm
ed

 v
ar

ia
bl

es
 a

re
 u

ni
tle

ss
. S

im
ila

r 
re

su
lts

 w
er

e 
ob

se
rv

ed
 w

ith
 o

ut
lie

rs
 c

or
re

ct
ed

 a
nd

 n
ot

 c
or

re
ct

ed
, e

xc
ep

t f
or

 th
e 

as
so

ci
at

io
n 

of
 

BA
T 

SU
V p

ea
k w

ith
 th

e 
ho

m
oc

ys
te

in
e 

co
nc

en
tr

at
io

n,
 a

nd
 o

f B
AT

 m
ea

n 
ra

di
od

en
si

ty
 w

ith
 H

O
M

A-
B 

(w
hi

ch
 w

er
e 

no
n-

si
gn

ifi
ca

nt
; P

 >
 0

.0
5)

, a
nd

 o
f B

AT
 S

U
V p

ea
k w

ith
 A

LT
 le

ve
ls

 
(w

hi
ch

 w
er

e 
si

gn
ifi

ca
nt

; P
 <

 0
.0

5)
 w

he
n 

ou
tli

er
s 

w
er

e 
co

rr
ec

te
d 

fo
r 

th
e 

m
en

.

BA
T 

vo
lu

m
e

BA
T 

SU
V p

ea
k

BA
T 

m
ea

n 
ra

di
od

en
si

ty
B

s.e
.

β
Ad

j. 
R2

P
B

s.e
.

β
Ad

j. 
R2

P
B

s.e
.

β
Ad

j. 
R2

P

M
en

 (n
 =

 4
5)

*
 

G
lu

co
se

 (m
g/

dL
)

0.
00

9
0.

01
7

0.
08

1
−

0.
01

6
0.

59
0.

07
9

0.
15

1
0.

07
9

−
0.

01
7

0.
60

−
0.

34
5

0.
13

9
−

0.
41

8
0.

14
6

0.
02

 
In

su
lin

 (u
IU

/m
L)

0.
01

7
0.

01
3

0.
19

4
0.

01
5

0.
20

0.
05

5
0.

11
9

0.
07

1
−

0.
01

8
0.

64
−

0.
40

9
0.

10
1

−
0.

60
0

0.
33

7
<

0.
00

1
 

H
O

M
A-

IR
0.

00
4

0.
00

3
0.

17
7

0.
00

9
0.

24
0.

01
1

0.
03

0
0.

05
8

−
0.

02
0

0.
71

−
0.

10
7

0.
02

5
−

0.
62

2
0.

36
6

<
0.

00
1

 
H

O
M

A-
β

0.
21

8
0.

13
4

0.
24

0
0.

03
6

0.
11

0.
60

0
1.

25
4

0.
07

3
−

0.
01

8
0.

63
−

3.
49

9
1.

19
1

−
0.

47
9

0.
09

7
0.

00
6

 
To

ta
l c

ho
le

st
er

ol
 (m

g/
dL

)
0.

11
8

0.
06

8
0.

25
4

0.
04

3
0.

09
0.

48
5

0.
63

9
0.

11
5

−
0.

01
0

0.
45

−
0.

29
6

0.
66

6
−

0.
08

2
−

0.
02

7
0.

66
 

LD
L-

C 
(m

g/
dL

)
0.

08
6

0.
05

5
0.

23
2

0.
03

2
0.

12
0.

30
1

0.
51

2
0.

08
9

−
0.

01
5

0.
56

−
0.

62
1

0.
54

4
−

0.
20

7
−

0.
01

0.
26

 
H

D
L-

C 
(m

g/
dL

)
0.

02
8

0.
01

7
0.

24
7

0.
03

9
0.

10
0.

19
3

0.
15

3
0.

18
9

0.
01

3
0.

21
0.

39
4

0.
13

3
0.

48
2

0.
20

6
0.

00
6

 
To

ta
l c

ho
le

st
er

ol
/H

D
L-

C
0.

00
1

0.
00

2
0.

08
3

−
0.

01
6

0.
59

−
0.

00
2

0.
01

8
−

0.
01

8
−

0.
02

3
0.

91
−

0.
03

9
0.

01
6

−
0.

41
0

−
0.

14
0

0.
02

2
 

LD
L-

C/
H

D
L-

C
0.

00
1

0.
00

2
0.

06
6

−
0.

01
9

0.
66

−
0.

00
4

0.
01

5
−

0.
04

0
−

0.
02

2
0.

79
−

0.
03

4
0.

01
3

−
0.

43
5

0.
16

1
0.

01
5

 
Tr

ia
cy

lg
ly

ce
ro

ls
 

0.
00

2
0.

00
3

0.
14

3
−

0.
00

2
0.

35
0.

02
1

0.
02

4
0.

13
2

−
0.

00
5

0.
39

−
0.

01
0

0.
02

6
−

0.
06

8
−

0.
03

0
0.

72
 

H
om

oc
ys

te
in

e 
(µ

m
ol

/L
)

0.
01

8
0.

00
7

0.
38

3
0.

12
7

0.
00

9
0.

10
9

0.
06

2
0.

25
8

0.
04

5
0.

09
0.

04
9

0.
06

2
0.

14
5

−
0.

01
3

0.
44

 
Sy

st
ol

ic
 B

P 
(m

m
H

g)
0.

02
2

0.
02

5
0.

13
9

−
0.

00
4

0.
37

0.
18

1
0.

22
4

0.
12

4
−

0.
00

8
0.

42
−

0.
34

3
0.

23
6

−
0.

26
5

0.
03

7
0.

16
 

D
ia

st
ol

ic
 B

Pa 
(m

m
H

g)
0.

01
8

0.
02

0
0.

13
7

−
0.

00
4

0.
37

−
0.

04
7

0.
18

2
−

0.
04

0
−

0.
02

2
0.

80
−

0.
27

0
0.

16
7

−
0.

29
3

−
0.

05
3

0.
12

 
CM

R 
sc

or
e

0.
00

2
0.

00
2

0.
17

1
0.

00
6

0.
27

0.
00

9
0.

02
0

0.
07

0
−

0.
01

9
0.

65
−

0.
06

4
0.

01
6

−
0.

59
6

0.
33

2
0.

00
1

 
AL

Ta  
0.

00
4

0.
00

2
0.

27
0

0.
05

1
0.

07
0.

02
0

0.
02

2
0.

14
2

−
0.

00
3

0.
35

−
0.

05
9

0.
02

3
−

0.
42

5
0.

15
3

0.
02

 
G

G
Ta  

0.
00

5
0.

00
2

0.
38

1
0.

12
5

0.
01

0.
02

9
0.

01
7

0.
24

9
0.

04
0

0.
10

−
0.

02
9

0.
02

0
−

0.
25

7
0.

03
4

0.
16

 
AL

P 
(U

/L
)

0.
08

8
0.

03
6

0.
34

6
0.

09
9

0.
02

0.
59

1
0.

34
0

0.
25

6
0.

04
4

0.
09

−
0.

12
8

0.
37

6
−

0.
06

3
−

0.
03

0
0.

74
 

FL
I

0.
00

5
0.

00
2

0.
34

8
0.

10
1

0.
02

0.
01

8
0.

01
8

0.
15

2
0

0.
32

−
0.

06
9

0.
01

6
−

0.
61

8
0.

36
0

<
0.

00
1

W
om

en
 (n

 =
 8

6)
†

 
G

lu
co

se
 (m

g/
dL

)
0.

01
4

0.
01

2
0.

12
3

0.
00

3
0.

20
0.

03
1

0.
07

4
0.

04
5

−
0.

01
0

0.
68

0.
03

5
0.

07
4

0.
05

9
−

0.
01

2
0.

64
 

In
su

lin
 (u

IU
/m

L)
0.

00
4

0.
00

8
0.

05
8

−
0.

00
9

0.
60

0.
02

3
0.

05
1

0.
04

8
−

0.
01

0
0.

66
−

0.
06

5
0.

04
5

−
0.

17
8

0.
01

6
0.

15
 

H
O

M
A-

IR
0.

00
1

0.
00

2
0.

06
1

−
0.

00
8

0.
57

0.
00

5
0.

01
3

0.
04

3
−

0.
01

0
0.

69
−

0.
01

5
0.

01
1

−
0.

15
9

0.
01

0
0.

20
 

H
O

M
A-
β

0.
01

8
0.

09
5

0.
02

1
−

0.
01

1
0.

85
0.

29
4

0.
57

8
0.

05
5

−
0.

00
9

0.
61

−
0.

92
2

0.
50

2
−

0.
22

4
0.

03
5

0.
07

 
To

ta
l c

ho
le

st
er

ol
 (m

g/
dL

)
−

0.
09

0.
09

1
−

0.
15

9
0.

01
4

0.
14

-0
.5

43
0.

37
1

−
0.

15
8

0.
01

3
0.

15
0.

40
3

0.
35

9
0.

13
9

0.
00

4
0.

27
 

LD
L-

C 
(m

g/
dL

)
−

0.
07

0.
04

9
−

0.
15

3
0.

01
2

0.
16

−
0.

38
7

0.
30

3
−

0.
13

8
0.

00
7

0.
20

0.
24

4
0.

26
5

0.
11

4
−

0.
00

2
0.

36
 

H
D

L-
C 

(m
g/

dL
)

−
0.

00
9

0.
02

1
−

0.
04

7
−

0.
01

0
0.

67
−

0.
05

6
0.

12
9

−
0.

04
7

−
0.

01
0

0.
66

0.
21

0
0.

12
4

0.
20

7
0.

02
8

0.
10

 
To

ta
l c

ho
le

st
er

ol
/H

D
L-

C
−

0.
00

2
0.

00
1

−
0.

14
8

0.
01

0
0.

17
−

0.
00

9
0.

00
7

−
0.

13
2

0.
00

6
0.

22
−

0.
00

5
0.

00
6

−
0.

10
7

−
0.

00
4

0.
39

 
LD

L-
C/

H
D

L-
C

−
0.

00
1

0.
00

1
−

0.
13

6
0.

00
7

0.
21

−
0.

00
7

0.
00

7
−

0.
11

6
0.

00
2

0.
29

−
0.

00
3

0.
00

6
−

0.
07

3
−

0.
01

0
0.

56
 

Tr
ia

cy
lg

ly
ce

ro
ls

 
−

0.
00

2
0.

00
2

−
0.

14
9

0.
01

0
0.

17
−

0.
01

2
0.

01
1

−
0.

12
0

0.
00

3
0.

27
−

0.
00

5
0.

01
1

−
0.

05
9

−
0.

47
1

0.
64

 
H

om
oc

ys
te

in
e 

(µ
m

ol
/L

)
−

0.
00

5
0.

00
5

−
0.

10
2

−
0.

00
1

0.
35

−
0.

01
3

0.
03

1
−

0.
04

5
−

0.
01

0
0.

68
0.

04
1

0.
03

0
0.

16
6

0.
01

2
0.

18
 

Sy
st

ol
ic

 B
P 

(m
m

H
g)

−
0.

00
2

0.
19

0
−

0.
01

2
−

0.
01

2
0.

92
0.

05
1

0.
11

7
0.

04
8

−
0.

01
0

0.
66

0.
04

1
0.

11
2

0.
04

7
−

0.
01

4
0.

71
 

D
ia

st
ol

ic
 B

Pa 
(m

m
H

g)
0.

00
2

0.
01

3
0.

01
5

−
0.

01
2

0.
89

0.
02

6
0.

08
0

0.
03

6
−

0.
01

1
0.

74
−

0.
00

9
0.

06
8

−
0.

01
7

−
0.

01
6

0.
89

 
CM

R 
sc

or
e

0.
00

1
0.

00
2

0.
06

5
−

0.
00

8
0.

56
0

0.
01

3
−

0.
00

4
−

0.
01

2
0.

97
−

0.
01

2
0.

01
0

−
0.

15
1

0.
00

7
0.

24
 

AL
Ta  

0
0.

00
2

0.
00

5
-0

.0
12

0.
96

0.
00

1
0.

01
0

0.
01

1
0.

01
2

0.
92

−
0.

00
2

0.
00

9
−

0.
02

5
−

0.
01

5
0.

84
 

G
G

Ta
−

0.
00

1
0.

00
2

−
0.

08
0

−
0.

00
5

0.
46

−
0.

01
6

0.
01

0
−

0.
16

9
0.

01
7

0.
12

−
0.

00
4

0.
00

9
−

0.
05

4
−

0.
01

3
0.

67
 

AL
P 

(U
/L

)
0.

02
2

0.
03

6
−

0.
06

8
−

0.
00

7
0.

53
−

0.
40

3
0.

21
3

-0
.2

02
0.

02
9

0.
06

−
0.

44
5

0.
20

7
−

0.
26

0
0.

05
3

0.
03

 
FL

I
0

0.
00

2
0.

01
0

−
0.

01
2

0.
93

−
0.

01
7

0.
01

1
−

0.
16

2
0.

01
4

0.
14

−
0.

02
2

0.
00

9
−

0.
29

6
0.

07
3

0.
02

O
ut

co
m

es
 w

ith
 th

e 
su

pe
rs

cr
ip

t a  h
ad

 o
ne

 m
is

si
ng

 s
ub

je
ct

; *
n 

= 
31

 fo
r 

BA
T 

m
ea

n 
ra

di
od

en
si

ty
; † n

 =
 6

6 
fo

r 
BA

T 
m

ea
n 

ra
di

od
en

si
ty

. S
ig

ni
fic

an
t r

el
at

io
ns

hi
ps

 (P
≤

0.
05

) a
re

 s
ho

w
n 

in
 b

ol
d.

AL
P,

 a
lk

al
in

e 
ph

os
ph

at
as

e;
 A

LT
, a

la
ni

ne
 a

m
in

ot
ra

ns
fe

ra
se

; B
AT

, b
ro

w
n 

ad
ip

os
e 

tis
su

e;
 G

G
T,

 g
am

m
a-

gl
ut

am
yl

 tr
an

sf
er

as
e;

 H
O

M
A-

IR
, h

om
eo

st
at

ic
 m

od
el

 a
ss

es
sm

en
t o

f i
ns

ul
in

 r
es

is
ta

nc
e;

 H
O

M
A-
β,

 
ho

m
eo

st
at

ic
 m

od
el

 o
f β

-c
el

l f
un

ct
io

n;
 S

U
V,

 s
ta

nd
ar

di
ze

d 
up

ta
ke

 v
al

ue
.

D
ow

nloaded from
 https://academ

ic.oup.com
/ejendo/article/187/1/171/6972056 by U

niversiteit Leiden - LU
M

C
 user on 24 February 2023

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:1 176Original Research F M Acosta and others Brown adipose tissue and 

cardiometabolic risk

https://eje.bioscientifica.com

Ta
bl

e 
2 

As
so

ci
at

io
ns

 s
ho

w
n 

by
 B

AT
 v

ol
um

e,
 S

U
V p

ea
k, 

an
d 

m
ea

n 
ra

di
od

en
si

ty
 w

ith
 in

fla
m

m
at

or
y 

m
ar

ke
rs

 in
 y

ou
ng

 m
en

 a
nd

 w
om

en
. T

he
 n

on
-s

ta
nd

ar
di

ze
d 

re
gr

es
si

on
 

co
effi

ci
en

t (
B)

, s
.e.

, s
ta

nd
ar

di
ze

d 
re

gr
es

si
on

 c
oe

ffi
ci

en
t (
β)

, a
dj

us
te

d 
R2  (

Ad
j. 

R2 )
 a

nd
 P

 v
al

ue
s 

ar
e 

pr
ov

id
ed

. A
 s

ub
tle

 v
ar

ia
tio

n 
of

 w
in

so
ri

zi
ng

 w
as

 p
er

fo
rm

ed
 o

n 
th

e 
ex

tr
em

e 
ou

tli
er

s 
of

 o
ut

co
m

e 
re

su
lts

, a
nd

 s
om

e 
va

ri
ab

le
s 

w
er

e 
tr

an
sf

or
m

ed
 u

si
ng

 B
ox

-C
ox

 tr
an

sf
or

m
at

io
ns

 (s
ee

 S
up

pl
em

en
ta

ry
 A

pp
en

di
x 

B)
. T

ra
ns

fo
rm

ed
 v

ar
ia

bl
es

 a
re

 
un

itl
es

s.
 S

im
ila

r 
re

su
lts

 w
er

e 
ob

se
rv

ed
 w

ith
 o

ut
lie

rs
 c

or
re

ct
ed

 a
nd

 u
nc

or
re

ct
ed

, e
xc

ep
t f

or
 th

e 
as

so
ci

at
io

n 
of

 B
AT

 v
ol

um
e 

w
ith

 a
di

po
ne

ct
in

 le
ve

ls
 –

 w
hi

ch
 w

as
 s

ig
ni

fic
an

t 
(P

 <
 0

.0
5)

 –
 a

nd
 o

f B
AT

 m
ea

n 
ra

di
od

en
si

ty
 w

ith
 IL

-1
0 

le
ve

ls
 (w

hi
ch

 w
as

 n
on

-s
ig

ni
fic

an
t; 

P 
>

 0
.0

5)
 w

he
n 

ou
tli

er
s 

w
er

e 
no

t c
or

re
ct

ed
 in

 w
om

en
.

BA
T 

vo
lu

m
e

BA
T 

SU
V p

ea
k

BA
T 

m
ea

n 
ra

di
od

en
si

ty
B

s.e
.

β
Ad

j. 
R2

P
B

s.e
.

β
Ad

j. 
R2

P
B

s.e
.

β
Ad

j. 
R2

P

M
en

, n
  =

 4
5*

 
C-

re
ac

tiv
e 

pr
ot

ei
n

0.
00

3
0.

00
2

0.
21

6
0.

02
4

0.
15

0.
02

5
0.

01
8

0.
20

3
0.

01
9

0.
18

−
0.

02
9

0.
01

9
−

0.
28

0
0.

04
6

0.
13

 
IL

-2
a  (

pg
/m

L)
 

−
0.

00
4

0.
00

4
−

0.
20

1
0.

01
5

0.
22

−
0.

05
3

0.
02

9
−

0.
28

4
0.

05
6

0.
08

−
0.

02
7

0.
03

0
−

0.
18

4
−

0.
00

8
0.

38
 

IL
-4

a  
−

0.
00

2
0.

00
3

−
0.

12
6

−
0.

01
1

0.
44

−
0.

01
9

0.
02

3
−

0.
13

6
-0

.0
08

0.
41

−
0.

03
1

0.
02

6
−

0.
23

8
0.

01
6

0.
25

 
IL

-6
a  (

pg
/m

L)
−

0.
00

3
0.

00
5

−
0.

09
1

−
0.

01
8

0.
58

−
0.

01
9

0.
03

8
−

0.
08

0
−

0.
02

0
0.

63
−

0.
03

5
0.

04
0

−
0.

17
7

−
0.

01
1

0.
40

 
IL

-7
a  

−
0.

00
1

0.
00

3
−

0.
03

4
−

0.
02

6
0.

83
−

0.
01

0
0.

02
2

−
0.

07
5

−
0.

02
1

0.
65

−
0.

02
6

0.
02

3
−

0.
22

8
0.

01
1

0.
27

 
IL

-8
a  

−
0.

00
3

0.
00

3
−

0.
18

3
0.

00
7

0.
27

−
0.

02
9

0.
02

4
−

0.
19

8
0.

01
3

0.
23

−
0.

03
3

0.
02

6
−

0.
26

0
0.

02
7

0.
21

 
IL

-1
0a  (

pg
/m

L)
−

0.
00

6
0.

00
6

−
0.

16
6

0.
00

1
0.

31
−

0.
04

1
0.

04
8

−
0.

13
9

−
0.

00
7

0.
40

0.
00

1
0.

05
3

0.
00

3
−

0.
04

3
0.

99
 

IL
-1

7a
a  (

pg
/m

L)
−

0.
00

5
0.

00
5

−
0.

15
3

−
0.

00
3

0.
35

−
0.

08
7

0.
04

4
−

0.
30

7
0.

07
0

0.
06

−
0.

03
9

0.
05

5
−

0.
14

6
−

0.
02

1
0.

49
 

IF
N
ɣa

 (p
g/

m
L)

−
0.

01
6

0.
01

3
−

0.
18

7
0.

00
9

0.
25

−
0.

11
8

0.
11

3
−

0.
17

0
0.

00
3

0.
30

0.
03

1
0.

12
0

0.
05

4
−

0.
04

0
0.

80
 

TN
Fα

a  (
pg

/m
L)

−
0.

00
3

0.
00

2
−

0.
22

6
0.

02
6

0.
17

−
0.

01
6

0.
01

5
−

0.
16

7
0.

00
2

0.
31

0.
00

6
0.

01
4

0.
08

5
−

0.
03

6
0.

69
 

Co
m

pl
em

en
t 3

 (m
g/

dL
)

0.
16

7
0.

05
3

0.
43

4
0.

17
0

0.
00

3
1.

15
9

0.
50

6
0.

33
0

0.
08

8
0.

03
−

1.
14

5
0.

50
9

−
0.

38
5

0.
11

9
0.

03
 

Co
m

pl
em

en
t 4

 (m
g/

dL
)

0.
02

1
0.

02
2

0.
14

6
−

0.
00

1
0.

34
0.

25
8

0.
19

7
0.

19
5

0.
01

6
0.

20
0.

02
9

0.
20

8
0.

02
6

−
0.

03
4

0.
89

 
Β2

-m
ic

ro
gl

ob
ul

in
 

(m
g/

L)
0

0
0.

04
1

−
0.

02
2

0.
79

0.
00

3
0.

00
4

0.
10

6
−

0.
01

2
0.

49
0.

00
6

0.
00

5
0.

24
3

0.
02

6
0.

19

 
Ad

ip
on

ec
tin

b  (
m

g/
L)

0.
00

5
0.

01
2

0.
06

8
−

0.
01

9
0.

66
0.

09
6

0.
11

1
0.

13
2

−
0.

00
6

0.
39

0.
28

5
0.

10
8

0.
44

5
0.

16
9

0.
01

 
Le

pt
in

c  (
µg

/L
)

0.
00

6
0.

01
1

0.
10

1
−

0.
01

8
0.

55
0.

09
4

0.
09

8
0.

16
0

−
0.

00
2

0.
34

−
0.

01
9

0.
11

2
−

0.
03

6
−

0.
04

2
0.

87
W

om
en

, n
  =

 8
6†

 
C-

re
ac

tiv
e 

pr
ot

ei
n

0.
00

5
0.

00
2

0.
23

0
0.

04
1

0.
03

0.
01

6
0.

01
3

0.
13

5
0.

00
6

0.
22

−
0.

02
4

0.
01

2
−

0.
23

7
0.

04
1

0.
05

 
IL

-2
a  (

pg
/m

L)
 

0.
00

2
0.

00
3

0.
08

2
−

0.
00

8
0.

50
0.

02
0

0.
01

8
0.

13
7

0.
00

4
0.

26
0.

01
7

0.
01

9
0.

12
1

−
0.

00
4

0.
38

 
IL

-4
a

0.
00

2
0.

00
2

0.
09

3
−

0.
00

5
0.

43
0.

01
2

0.
01

3
0.

11
7

−
0.

00
1

0.
34

0.
00

9
0.

01
3

0.
09

2
−

0.
01

1
0.

51
 

IL
-6

a  (
pg

/m
L)

0.
00

1
0.

00
4

0.
02

4
−

0.
01

4
0.

84
0.

01
3

0.
02

2
0.

06
8

−
0.

01
0

0.
58

−
0.

01
2

0.
02

4
−

0.
06

9
−

0.
01

4
0.

62
 

IL
-7

a  
0.

00
1

0.
00

2
0.

08
0

−
0.

00
8

0.
51

0.
02

4
0.

01
2

0.
22

5
0.

03
7

0.
06

0.
02

2
0.

01
3

0.
22

5
0.

03
2

0.
10

 
IL

-8
a  

0
0.

00
2

0.
01

0
−

0.
01

5
0.

94
0.

00
8

0.
01

3
0.

07
7

−
0.

00
9

0.
53

0.
00

2
0.

01
4

0.
02

0
−

0.
01

9
0.

88
 

IL
-1

0a  (
pg

/m
L)

0.
00

4
0.

00
6

0.
08

2
−

0.
00

8
0.

50
0.

04
6

0.
03

5
0.

15
6

0.
01

0
0.

20
0.

09
6

0.
03

7
0.

33
4

0.
09

5
0.

01
 

IL
-1

7a
a  (

pg
/m

L)
0.

00
1

0.
00

4
0.

01
8

−
0.

01
4

0.
88

0.
00

8
0.

02
7

0.
03

7
−

0.
01

3
0.

76
0.

02
5

0.
03

0
0.

11
7

−
0.

00
5

0.
40

 
IF

N
ɣa

 (p
g/

m
L)

0.
00

7
0.

01
1

0.
07

8
−

0.
00

9
0.

52
0.

03
3

0.
07

1
0.

05
6

−
0.

01
1

0.
64

0.
10

5
0.

07
7

0.
18

5
0.

01
6

0.
18

 
TN

Fα
a  (

pg
/m

L)
−

0.
00

1
0.

00
2

−
0.

09
2

−
0.

00
6

0.
45

−
0.

00
6

0.
01

1
−

0.
06

1
−

0.
01

1
0.

62
0.

00
8

0.
01

1
0.

09
9

−
0.

00
9

0.
48

 
Co

m
pl

em
en

t 3
 (m

g/
dL

)
0.

04
3

0.
04

3
0.

10
9

0
0.

32
−

0.
06

2
0.

26
6

−
0.

02
5

−
0.

01
1

0.
82

−
0.

51
9

0.
25

5
−

0.
24

6
0.

04
6

0.
05

 
Co

m
pl

em
en

t 4
 (m

g/
dL

)
0.

02
3

0.
01

6
0.

15
4

0.
01

2
0.

16
0.

09
0

0.
09

9
0.

09
8

−
0.

00
2

0.
37

−
0.

07
7

0.
09

8
−

0.
09

8
−

0.
00

6
0.

43
 
Β2

-m
ic

ro
gl

ob
ul

in
 

(m
g/

L)
0

0
0.

09
0

−
0.

00
4

0.
41

−
0.

00
1

0.
00

3
−

0.
04

3
−

0.
01

0
0.

69
0.

00
2

0.
00

3
0.

08
7

−
0.

00
8

0.
49

 
Ad

ip
on

ec
tin

b  (
m

g/
L)

0.
02

3
0.

01
5

0.
17

0
0.

01
7

0.
13

0.
07

0
0.

09
0

0.
08

6
−

0.
00

5
0.

44
0.

11
3

0.
08

6
0.

16
5

0.
01

1
0.

20
 

Le
pt

in
c  (

µg
/L

)
0

0.
00

8
0.

00
2

−
0.

01
3

0.
98

−
0.

03
7

0.
04

8
−

0.
08

8
−

0.
00

5
0.

44
0.

04
3

0.
05

3
0.

10
6

−
0.

00
6

0.
42

So
m

e 
sp

ec
ifi

c 
ou

tc
om

es
 h

ad
 m

is
si

ng
 d

at
a 

fo
r 

m
en

: a 6
 m

is
si

ng
 s

ub
je

ct
s,

 b 1
 m

is
si

ng
 s

ub
je

ct
s,

 c 8
 m

is
si

ng
 s

ub
je

ct
s;

 a
nd

 fo
r 

w
om

en
: a 1

6 
m

is
si

ng
 s

ub
je

ct
s,

 b 4
 m

is
si

ng
 s

ub
je

ct
s,

 c 7
 m

is
si

ng
 s

ub
je

ct
s.

 *
n 

= 
31

 
fo

r 
BA

T 
m

ea
n 

ra
di

od
en

si
ty

; † n
 =

 6
6 

fo
r 

BA
T 

m
ea

n 
ra

di
od

en
si

ty
. S

ig
ni

fic
an

t r
el

at
io

ns
hi

ps
 (P

≤
0.

05
) a

re
 s

ho
w

n 
in

 b
ol

d.
BA

T,
 b

ro
w

n 
ad

ip
os

e 
tis

su
e;

 IF
N
γ,

 in
te

rf
er

on
-g

am
m

a;
 IL

, i
nt

er
le

uk
in

; S
U

V,
 s

ta
nd

ar
di

ze
d 

up
ta

ke
 v

al
ue

; T
N

Fα
, t

um
or

 n
ec

ro
si

s 
fa

ct
or

-a
lp

ha
.

D
ow

nloaded from
 https://academ

ic.oup.com
/ejendo/article/187/1/171/6972056 by U

niversiteit Leiden - LU
M

C
 user on 24 February 2023

https://eje.bioscientifica.com


Eu
ro

pe
an

 Jo
ur

na
l o

f E
nd

oc
ri

no
lo

gy
187:1 177Original Research F M Acosta and others Brown adipose tissue and 

cardiometabolic risk

https://eje.bioscientifica.com

Results

A total of 131 subjects (86 women) were included 
in this study (see flow chart, Supplementary Fig. 2). 
Supplementary Table 1 shows the main characteristics of 
the study subjects.

A larger BAT volume and lower BAT mean 
radiodensity are related to increased 
cardiometabolic risk, especially in young men

In men, but not women, BAT volume was positively 
associated with the homocysteine, GGT and ALP 
activities, and the FLI (all P ≤ 0.02, Table 1). In men, BAT 
mean radiodensity was positively related to the HDL-C 
concentrations and inversely related to the glucose and 
insulin concentrations, HOMA-IR, HOMA-B, TC/HDL-C 
and LDL-C/HDL-C, to the CMR score, and the FLI (all 
P ≤ 0.02).

In women, BAT mean radiodensity was negatively 
related to the ALP activity and the FLI (all P ≤ 0.03). Figure 
1 shows the scatter plots for the associations between the 
BAT variables and the CMR score and FLI, both in terms of 
subject sex and body weight.

When all these analyses were repeated adjusting 
for BMI, or for the BMI and PET-CT scan date (data not 
shown), the association between BAT volume and the 
HDL-C concentration became significant (P = 0.01), and 
the associations between BAT mean radiodensity and the 
CMR markers became non-significant (all P > 0.05) – except 
for the HDL-C concentration in men. After adjusting 
for multiplicity, all associations were non-significant in 
women (all P > 0.05), as were the associations between BAT 
mean radiodensity and most of the CMR markers in men, 
although its associations with the insulin levels, HOMA-IR, 
CMR score, and the FLI remained significant (all P ≤ 0.01).

BAT variables are not related to 
inflammatory markers

In men, BAT volume and SUVpeak were positively related 
to the C3 concentration; BAT mean radiodensity was 
negatively related to the C3 concentration and positively 
to the adiponectin concentrations (all P ≤ 0.03, Table 
2). In women, BAT volume was positively associated 
with the C-reactive protein concentration, whereas BAT 
mean radiodensity was negatively related to it and the 
C3 concentration, but positively related to the IL-10 
concentration. When these analyses were adjusted for 
BMI, or for BMI and the PET-CT scan date, the associations 

between BAT mean radiodensity and adiponectin (in men) 
and C3 (in women) became non-significant (P > 0.05, data 
not shown). After adjusting for multiplicity, all associations 
became non-significant (P > 0.05).

Body weight influenced the relationship shown by 
BAT variables with cardiometabolic risk and 
inflammatory markers

The relationship shown by the BAT variables with the CMR 
and inflammatory markers were also examined in men and 
women according to their body weight (see Fig. 2); BMI has 
previously been reported to influence these variables (27) 
(see Supplementary Table 2).

In men, BAT volume was positively related to the total 
cholesterol, LDL-C, and homocysteine concentrations in 
the overweight group (r = 0.56–0.65, all P < 0.06), and to 
the HDL-C (r = 0.7, P = 0.008) in the obesity group. Further, 
in men with obesity, BAT mean radiodensity was inversely 
related to the glucose and insulin concentrations, and 
the HOMA-IR and HOMA-B scores (r = −0.61 to −0.75, 
all P < 0.09), and positively related to HDL-C (r = 0.54, 
P ≤ 0.09). However, none of these associations was observed 
in women (all P > 0.05). Similarly, heterogeneous patterns 
were observed for the associations between BAT variables 
and inflammatory markers. Supplementary Figures 3 and 
4 show the scatter plots for all the significant relationships 
detected. It should be noted that the PET-CT scan date was 
similar across all groups (all P > 0.05, see Supplementary 
Fig. 5).

Sensitivity analyses important for the interpretation 
of the current results are provided in the Supplementary 
Appendix C.

Discussion

This study examines the relationships shown by BAT 
volume, SUVpeak, and mean radiodensity with the CMR 
and inflammatory markers for the largest cohort of young 
adults in which BAT 18F-FDG uptake has been assessed 
following individualized cold exposure, and strictly 
adhering to current methodological recommendations. 
The young age of the subjects likely prevents the 18F-FDG 
results from being biased by age-induced BAT dysfunction. 
In contrast to that reported in previous studies, the present 
findings suggest that a higher BAT volume and a lower 
BAT mean radiodensity are associated with increased 
CMR, especially in young men. Body weight greatly 
influenced all the associations shown by BAT volume 
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Figure 1
Scatter plots for linear regressions involving BAT volume, SUVpeak ,or mean radiodensity against the cardiometabolic risk (CMR) 
score and the fatty liver index, in young men and women (Table 2). B: non-standardized regression coefficient, s.e., β: standardized 
regression coefficient, and Adj. R2: adjusted R squared are provided. The CMR score and fatty liver index were winsorized and 
transformed. The sample size for men was 45 (except for BAT mean radiodensity, n  = 31) and for women 86 (except for BAT mean 
radiodensity, n  = 66). BAT, brown adipose tissue; CMR, cardiometabolic risk; SUV, standardized uptake value. A full colour version 
of this figure is available at https​://do​i.org​/10.1​530/E​JE-22​-0130​.
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and mean radiodensity with the CMR markers – being 
these associations driven by the results for the overweight 
and obese subjects. BAT variables were not related to 
inflammatory marker concentrations. These findings call 
into question the results reported in previous retrospective 
studies performed at thermoneutrality and provide new 
insight into the role of BAT in cardiometabolic health.

Recent studies in adult humans have suggested that a 
larger BAT volume/prevalence (assessed by static 18F-FDG-
PET-CT) or a lower supraclavicular fat fraction (assessed 
by MRI), either in warm (8, 13) or cold conditions (10, 

29), are related to better cardiometabolic health. In 
contrast, the present results suggest that a larger BAT 
volume is related to an increase in several markers of CMR, 
especially in men. The lack of prior evidence regarding 
how BAT volume relates to CMR in men and women 
precludes any comparison. However, it is well known 
that men preferentially accumulate fat in the upper body 
adipose depots (e.g. VAT), whereas premenopausal women 
accumulate fat mainly in the gluteofemoral depots; this 
prompts the regularly observed higher CMR in men (30). 
It might therefore be speculated that in men with elevated 

Figure 2
Associations shown by BAT volume, SUVpeak, and mean radiodensity with cardiometabolic risk and inflammatory markers in young 
men and women, according to the subject body weight. The heat map shows the strength of the Pearson correlations; the darker 
the colour of the square, the stronger the correlation is (the dark red colour represents a Pearson coefficient of 1, and the dark 
blue colour represents a negative Pearson coefficient of −1). The Pearson correlation coefficient is provided for those associations 
with a P value of ≤0.1 and is shown in bold for significant associations of P ≤ 0.05. A subtle variation of winsorizing was performed 
on the extreme outliers of outcome results, and some variables were transformed using Box–Cox transformations 
(Supplementary Appendix B). Some specific outcomes had some missing data for men: 1 missing subject for systolic and diastolic 
blood pressure, adiponectin, 6 for IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-17a, IFN, TNFα, and 8 for leptin; and for women: 1 missing for 
systolic and diastolic blood pressure, ALT, GGT, 3 for FLI, 4 for adiponectin, 7 for leptin, and 16 for IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, 
IL-17a, IFN, and TNFα. ALP, alkaline phosphatase; ALT, alanine aminotransferase; BAT, brown adipose tissue; GGT, gamma-
glutamyl transferase; HOMA-IR, homeostatic model assessment of insulin resistance; HOMA-β, homeostatic model of β-cell 
function; IFNγ, interferon-gamma; IL, interleukin; SUV, standardized uptake value; TC, total cholesterol; TNFα, tumor necrosis 
factor-alpha. A full colour version of this figure is available at https​://do​i.org​/10.1​530/E​JE-22​-0130​.
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CMR markers, BAT could be recruited to help maintain 
metabolic homeostasis. This hypothesis is in line with 
the classic studies of Rothwell and Stock (31), showing 
that obesity induced in mice by cafeteria or high-fat diets 
is accompanied by an increase in BAT mass. Accordingly, 
men with a higher overall and central adiposity have a 
larger cold-activated BAT volume (27), and young men 
with obesity have a larger BAT volume compared to their 
normal-weight peers (in the present work, 85% were PET+, 
see Supplementary Fig. 6). Another possibility to consider 
is that in states of metabolic disruption, such as obesity, 
excess energy could lead to increased lipid storage and 
expansion of BAT (as well as of other tissues) – although 
this would be probably accompanied by a decreased BAT 
metabolic activity, and this does not appear to be the case 
in the current study.

The discrepancies between the present and previous 
studies (10, 11, 12, 13) cannot be explained by a single 
factor. For example, in a cohort like ours, the young 
age of our subjects and the low prevalence of insulin 
resistance – both factors related to impaired BAT 18F-
FDG uptake (32) – are less likely to bias the 18F-FDG 
related measures than when examining older or diseased 
populations. In addition, most previous studies have 
involved a small sample size, preventing confounders (e.g. 
environmental temperature, age, lifestyle behaviours), 
or the influence of sex being taken into account. In 
addition, the methodological approach has varied greatly 
across studies. For instance, few studies exposed subjects 
to cooling before performing a BAT 18F-FDG-PET-CT 
scan, an oversight likely to render a large proportion of 
the functional BAT undetectable, biasing the results. 
Moreover, many studies did not follow the international 
BARCIST recommendations for measuring and analysing 
BAT 18F-FDG variables (14).

Should future studies show that BAT recruitment is 
important for metabolic homeostasis in humans, the 
underlying mechanisms will need to be investigated. 
It has been argued that BAT may contribute directly to 
the prevention of obesity and the reduction of CMR by 
increasing daily energy expenditure and systemic glucose 
and non-esterified fatty acid (NEFA) turnover – although 
so far the indications are that this is unlikely (3, 5, 33). 
However, rodent experiments show that BAT may also act 
through indirect mechanisms or via the release of different 
immunometabolic factors, modulating whole-body 
metabolism (4, 6, 7). For instance, when exposed to cold, 
murine BAT generates small HDL particles, accelerating 
HDL turnover and reducing cholesterol transport to the 

liver (34). Paradoxically, in the present work, subjects with 
a larger BAT volume had higher levels of HDL-C (when 
adjusted for BMI or BMI plus the PET-CT scan date), even 
though BAT volume was positively related to CMR markers. 
Future studies are needed to ascertain the significance 
of this finding, but it may support an indirect role for 
BAT in the regulation of human metabolism (conserved 
even in states of metabolic disruption). Certainly, it has 
been shown that brown fat-secreted factor neuregulin 4 
preserves metabolic homeostasis via the attenuation of 
hepatic lipogenesis (35), and positive associations between 
BAT volume with activities of hepatic enzymes, and with 
the FLI (a proxy of hepatic steatosis (23)), are shown in the 
present work. This may support the importance of a BAT–
liver axis for maintaining metabolic homeostasis.

The present findings also show that men with a higher 
CMR had a lower BAT mean radiodensity. Indeed, systemic 
markers/scores of insulin resistance, insulin secretion 
dysfunction, dyslipidemia, and hepatic dysfunction were 
related to lower BAT mean radiodensity in men, and those 
men with metabolic syndrome had a lower BAT mean 
radiodensity (Supplementary Fig. 7). Accordingly, we 
recently reported that overall and central adiposity were 
moderately related to lower BAT mean radiodensity in 
men, and weakly related to this in women (27). It is known 
that in obesity, lipids tend to accumulate in ectopic depots, 
promoting lipotoxic effects such as insulin resistance or 
inflammation, which lead to tissue dysfunction (36) – and 
this may also be the case with human BAT. Indeed, BAT 
glucose and NEFA uptake and perfusion are reduced in 
subjects with obesity compared to their lean counterparts 
in warm and cold conditions (15, 37). In addition, the 
correlation between BAT mean radiodensity and the FLI 
may indicate that ectopic lipid accumulation in both 
tissues occurs (in parallel) in obesity or states of metabolic 
disruption.

A recent study (8) reported that PET+ subjects (i.e. 
with detectable BAT) had better cardiometabolic health 
than those who were PET−, with more pronounced effects 
in patients with overweight or obesity. It is noteworthy, 
however, that 18F-FDG PET-CT scans were performed in 
warm conditions, and most subjects were qualitatively 
classified as having BAT or not. In addition, that work 
contained many old and/or diseased persons, some of 
whom were insulin resistant (i.e. had impaired BAT 18F-
FDG uptake (32)), which limited the conclusions that 
could be drawn on the moderating role of body weight on 
the relationships observed. The present work, however, 
reveals that associations shown by BAT volume and BAT 
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mean radiodensity with CMR markers occur in men with 
overweight/obesity. This suggests that the contribution of 
the BAT to metabolic regulation might be more significant 
in states of metabolic disruption, such as obesity.

Limitations of the study

The present results should be interpreted with caution; the 
cross-sectional study design precludes the establishment of 
causal relationships. Further, the sample was composed of 
young, relatively healthy men and women; this could have 
masked or weakened the associations of the BAT variables 
with the CMR and inflammatory profiles. Although the 
use of the shivering threshold as the end point of the 
personalized cold exposure is widely used in the field, it 
could have affected the thermal stress to which each subject 
was submitted, introducing differences in BAT variables 
results (38). BAT 18F-FDG uptake was quantified using the 
most commonly employed technique and following current 
recommendations (14). However, static 18F-FDG-PET-CT 
scans suffer several limitations that may prevent a fully 
accurate estimation of cold-induced BAT metabolic activity 
(39). Finally, the multiplicity and sensitivity analyses 
should be considered when interpreting the present results.

In conclusion, the present results suggest that a 
larger BAT volume and a lower BAT mean radiodensity are 
associated with an increased CMR, especially in young men. 
Body weight greatly influences the associations between 
BAT variables and CMR – associations observed only in the 
overweight and obese groups. BAT variables were not related 
to inflammatory markers. Future studies should investigate 
whether these findings are replicated in other populations, 
and in longitudinal studies, and determine the underlying 
mechanisms linking BAT and cardiometabolic health.
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