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van der Lans AJ, Wierts R, Vosselman MJ, Schrauwen P, Brans B, van
Marken Lichtenbelt WD. Cold-activated brown adipose tissue in human adults:
methodological issues. Am J Physiol Regul Integr Comp Physiol 307: R103—-R113,
2014. First published May 28, 2014; doi:10.1152/ajpregu.00021.2014.—The rele-
vance of functional brown adipose tissue (BAT) depots in human adults was
undisputedly proven approximately seven years ago. Here we give an overview of
all dedicated studies that were published on cold-induced BAT activity in adult
humans that appeared since then. Different cooling protocols and imaging tech-
niques to determine BAT activity are reviewed. BAT activation can be achieved by
means of air- or water-cooling protocols. The most promising approach is individ-
ualized cooling, during which subjects are studied at the lowest temperature for
nonshivering condition, probably revealing maximal nonshivering thermogenesis.
The highest BAT prevalence (i.e., close to 100%) is observed using the individu-
alized cooling protocol. Currently, the most widely used technique to study the
metabolic activity of BAT is deoxy-2-['8F]fluoro-p-glucose (['*F]FDG)-positron
emission tomography/computed tomography (PET/CT) imaging. Dynamic imaging
provides quantitative information about glucose uptake rates, whereas static imag-
ing reflects overall BAT glucose uptake, localization, and distribution. In general,
standardized uptake values (SUV) are used to quantify BAT activity. An accurate
determination of total BAT volume is hampered by the limited spatial resolution of
the PET image, leading to spillover. Different research groups use different SUV
threshold values, which make it difficult to directly compare BAT activity levels
between studies. Another issue is the comparison of ['®F]FDG uptake in BAT with
respect to other tissues or upon with baseline values. This comparison can be
performed by using the “fixed volume” methodology. Finally, the potential use of
other relatively noninvasive methods to quantify BAT, like magnetic resonance

imaging or thermography, is discussed.

brown adipose tissue; energy expenditure; PET/CT imaging; cooling; humans

BASED ON HISTOLOGICAL CRITERIA Heaton et al. (15) showed
already in 1972 that there is a wide distribution of brown
adipose tissue (BAT) in humans. In the field of nuclear med-
icine the presence of active BAT was shown by among others,
Cohade et al. (8); an evaluation of 359 positron emission
tomography/computed tomography (PET/CT) examinations,
after the administration of 2-deoxy-2-['®F]fluoro-p-glucose
(['8FIFDG) showed in 4% of all patients ['*F]FDG uptake in
fat tissue. This technique enables the study of metabolic active
tissues on a glucose substrate. This fat tissue was called
“USA-fat” of unknown etiology, which might cause confusion
with tumor and/or metastases. These findings indicated that
BAT is present in at least a significant fraction of human
adults; however, its physiological importance required further
investigation (30).

The relevance of BAT in human adults was eventually
demonstrated in 2009. Dedicated studies using cold exposure
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revealed active BAT depots in 46—100% of young healthy
subjects (38, 50, 55). This showed that BAT in human adults,
like in rodents and human infants, is linked to the cold-induced
metabolic response. Besides the visual data (PET/CT imaging),
the three groups confirmed the presence of BAT with positive
staining for uncoupling protein-1 (UCP1) in biopsies from the
supraclavicular region. UCP-1 is a hallmark of BAT as it
uncouples the electron transport chain and thereby heat is
produced (3). Since the discovery of the relevance of BAT
depots in human adults, at least 20 dedicated studies have
confirmed that human adults possess active BAT depots (Fig. 1
summarizes all dedicated studies on cold-activated BAT quan-
tified by PET/CT imaging in humans). Cold-induced human
BAT is usually found in the neck, in acromial-clavicular,
supraclavicular, para-aortic, axillary, paravertebral, and in peri-
renal depots (Fig. 2).

Based on cell-specific markers UCP1-positive cells from
human adipose tissue depots can be classified as “classical”
(42) or “inducible” (beige/brite) (44). Seale et al. (42) showed
in 2008 that “classical” BAT cells derive from a myf5+, a
muscle-like lineage, whereas “inducible” cells derive from a
myf5-cell lineage, a fat-like lineage (42). “Classical” BAT
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Summary diagram on human BAT studies
Cooling techniques
- Air cooling; BAT prevalence 60-96%*
- Air cooling with additional cooling; BAT prevalence 36-100% in lean and 31% in obese**
- Individualized cooling; 94-100% in lean and 50% in obese***
- Water cooling including shivering****
Influences
BAT activity
Influences Detected by
Subject characteristics
Body composition Tracers
- Gender ['8F]FDG to study glucose metabolism
- Age - [*0]JH,0 to study tissue perfusion
- Feeding status - [*%0]0, and [**0]CO to study total BAT oxidation
- Cold adaptation - [*8F]FTHA to study fat oxidation
- Others - [C]acetate to study tissue oxidative activity
* (3 studies; upper grey area); ** (12 studies; upper white area);
*** (5 studies; lowest grey area); **** (1 study; lowest white area)
Method of ling Method of scanning Subj BAT activity BAT prevalence Study
. 24 healthy subjects q
16 °C cool air for 2 hours [s'gla%I;DG WElEs @l 2 Lo G B Lty G2 AT \r\ﬁ‘Eerl\"//IlaZﬂ(()%g Hentenbeltetal
Set threshold (unpublished: 0.9 kBq) 10 lean BMI 23.2 + 1.2 kg/m Overweight 102 + 93 Bq (96%) (50) !
P! HUHNER] 15 overweight BMI 30.3 £ 4.2 kg/m®
Static 10 healthy subjects Vrieze et al.
16-18 °C cool air for 2 hours [*FIFDG Males only 2{2: ﬁl"e\q "fa2"7 6) ?6‘(’)2/1;) Al J Nucl Med, 2012
Threshold 2.0 SUV BMI 20-24 kg/m* g€ ©. : 9 (59)
Static 6 healthy subjects 12 of 16 BAT+ Schlogl et al
16 °C cool air for 2 hours ['*FIFDG Gender distribution unknown 2.9 £0.5 SUV mean (75%) J Clin Endocrin Metab, 2013
Threshold 2.0 SUV BMI 25.4 + 4.9 kg/m® ° (41)
17-19 °C cool air for 2 hours Dynamic 5 healthy subjects - X Virtanen et al.
Placing feet in ice water 5-9 °C, [*FIFDG Gender distribution unknown Nr‘:‘to'l’/‘:q'ifj:%%’ example; 12.2 25182‘?/ ?AT" NEJM, 2009
5 minutes Threshold not indicated BMI range unknown H 9 ° (55)
19 °C cool air for 2 hours Static 56 healthy subjects 19 of 56 BAT+ Saito et al.
Placing legs on an ice block, [‘BF]FDG 31 males and 25 females Not indicated (46%) Diabetes, 2009
4 minutes Greater than background BMI range 16.2 — 31.0 kg/m* ° (38)
19 °C cool air for 2 hours Static 13 healthy subjects . Yoneshiro et al.
Placing legs on an ice block, ["*FIFDG Males only gﬁas,a;osuuv max in ?422/1)3 BAT+ Obesity, 2011
4 minutes Greater than background All lean; BMI 20.0 # 2.0 kg/m” group ° (64)
19 °C cool air for 2 hours Static 162 healthy subjects . Yoneshiro et al.
Placing legs on an ice block, [*FIFDG 103 males and 59 females g gw mz :2 ggggg ggz ?L‘j/f; 62 BAT+ Obesity, 2011
4 minutes Threshold 2.0 SUV BMI 22.1 + 3.0 kg/m® © (66)
17 °C cool air for 2 hours Dynamic 27 healthy subjects 19 of 27 BAT+ Orava et al.
Placing feet in ice water 8 °C, ['®FIFDG and [°O]H,0 7 males and 20 females 9.1+ 5.1 pmol/min/100g (70%) Cell Metab, 2011
5 minutes Threshold 3.0 ymol/min/100g BMI range unknown ° (31)
19 °C cool air for 2 hours Static 18 healthy subjects 10 of 18 BAT+ Yoneshiro et al.
Placing legs on an ice block, ['*FIFDG Males only Not indicated (56%) Am J Clin Nutr, 2012
4 minutes Threshold 2.0 SUV BMI 18.7 — 24.3 kgim* ° (63)
o . . Static 10 healthy subjects Cypess et al.
20 °C cool air and cooling [*FIFDG 4 males and 6 females 6.2 SUV max 10 of 10 BAT+ PNAS USA. 2012
vest (14 °C) for 2 hours Threshold 2.0 SUV BMI 23.7 + 1.4 kg/m® (interpreted from figure) (100%) ©
D namic and static 14 healthy subjects . Muzik et al.
16 °C cool air with fans ['*FIFDG [*OJH.0 [*0]CO [°0]0, 5 males and 9 females 2‘3\72‘;‘” BAT+ group 5332/14 BAT* Front Endocrinol, 2012
Threshold 2.0 SUV BMI 19.1 — 27.4 kg/m® (36%) (27)
19 °C cool air for 2 hours Static 199 healthy subjects .
Placing legs on an ice block, ['*FIFDG 125 males and 74 females Not indicated ?‘?4?;)1 99 BAT+ L‘:Tspg%:; 32|b12
4 minutes Greater than background BMI 21.9 + 0.2 kg/m® ° ’
19 °C cool air for 2 hours Static 51 healthy subjects . Yoneshiro et al.
Placing legs on an ice block, ["*FIFDG Males only g':.rio'?oiuv mean in (25732;)51 BAT+ JClI, 2013
4 minutes Threshold 2.0 SUV BMI 22.0 + 0.4 kg/m® group © (65)
Dynamic and static 25 healthy subjects . Muzik et al.
15.5 °C cool air with fans [®*FIFDG [“O]Hzo [*ojco [*0]0, 10 males and 15 females 10.7 +3.9 SUV max in BAT+ ?322/2;5 BAT+ J Nucl Med, 2013
Threshold 2.0 SU BMI 23.4 + 3.5 kg/m’ group o (28)
17 °C cool air for 2 hours D namic 36 obese subjects . Orava et al.
Placing feet in ice water 8 °C, 5 ["*FIFDG and ["°*O]H,0 11 males and 25 females 2;3;12'{:(;?:;&02 ure) (13118;)36 BAT+ Diabetes 2013
minutes Threshold not indicated 34.0 + 4.1 kg/m” P 9 ° (32)
Individualized cooling protocol; Static 15 morbid obese subjects Vijgen et al.
air cooling with water cooling ['*FIFDG 2 males and 13 females fr-:nt;‘(t)-%giq& (3282/1)5 BAT+ PLoS ONE, 2011
(mattress) for 2 h (unpublished; 0.9 kBq) BMI > 35 kg/m® ge 9. i a (54)
Individualized cooling protocol; Static 10 healthy subjects 2.8 +3.9 before and 6.3 = 5 of 10 BAT+ Vijgen et al.
Air cooling with water cooling ['*FIFDG 2 males and 8 females 3.2 SUV max after in (50%) J Clin Endocrin Metab, 2012
(mattress) for 2 h Threshold 1.5 SUV BMI 29.8 + 4.2 kg/m® BAT+ group ° (53)
A R n ! Static 10 healthy subjects Vosselman et al.
E‘r";’;‘i"l’if]"gzgfr el (et [*FIFDG Males only . 891 + 1027 SUV total (110082/:)0 Ealk Diabetes, 2012
Threshold 1.5 SUV BMI 21.6 + 1.6 kg/m (58)
EdiVidT.a'iZ?d ;"ﬁ"“g protecol; [S‘é|a=t]||gDG ¢ h:ﬂ:z i'élby‘“'s 7.2 +2.1 SUV mean 6182‘2/3”" X(r)nsjetl:rlril: rr‘\uejttra,“éms
I cooling for Threshold 1.5 SUV BMI 22.4 + 2.1 kg/m® (100%) (57)
" B 5 . Dynamic and static 17 healthy subjects 14.1 £ 7.0 SUV max Van der Lans et al.
LT P e g Gretat (o6 8 males and 9 females 6.9 £ 3.0 pmol/min/100g e R JCl, 2013
9 i Threshold 1.5 SUV BMI21.6 +2.2 before cold acclimation @ (48)
Tube suit with 18 °C water flow D I_I‘]T‘:g'é ?gglﬁgxc[“c]aceme 6 hm}gi 2‘;}"“‘5 10.8 + 4.5 pmol/min 6 of 6 BAT+ S’é’f”zeé 192‘ al.
for 2,5h (subjects shivered) Y 5 (range 1.3 - 28.7) (100%) N
Threshold 1.0 SUV BMI 23.7 — 31.0 kg/m (33)

Fig. 1. All studies published since 2009 that studied cold-activated BAT in humans with PET/CT imaging are shown and the diagram summarizes the studies.
The use of an individualized cooling protocol to activate BAT is preferred due to the highest probability to detect BAT. The effect of body composition, gender,
age, feeding status, and cold adaptation are discussed in the paragraph individual variation.
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cells express high levels of UCP1 under basal conditions,
whereas clusters of “inducible” cells can only be recognized in
white adipose tissue (WAT) after stimulation (14). Their co-
expression of UCP1 makes it likely they both reveal the same
functional role in adaptive thermogenesis. For an extensive
review on the development and function of both “classical”” and
“inducible” fat, we refer to Harms and Seale (14). It is known
that human depots show a mixed composition of both “classi-
cal” and “inducible” cells (11, 20, 24). Current imaging tech-
niques cannot distinguish between the two BAT cell types.
Therefore, classification is currently only possible based on
biopsy material. Irrespective of their classification, only depots
with increased glucose uptake compared with surrounding
tissue are visualized with ['"®F]FDG-PET/CT imaging.
['8F]FDG is the most commonly used radiotracer to quantify
human BAT activity. But other tracers, like labeled fatty acids
(33) to study fatty acid metabolism or labeled water (31) to
study BAT perfusion, are used as well. To quantify human
BAT activity without the use of radioactive tracers, scanning
techniques like magnetic resonance imaging (MRI) (18, 51)
and thermography (23, 47) are also explored.

This article evaluates BAT activation protocols and scanning
techniques. First, different ways to activate BAT are discussed,
with the focus on cold exposure; air- and water-cooling tech-
niques are explained followed by the differences between
“fixed” and “individualized” cooling protocols. Second, static
and dynamic PET-imaging techniques are discussed. To com-
pare BAT activity with other tissues additional analyses meth-
ods on “detectable” BAT volume and the “fixed” volume are
discussed. Finally, the restrictions of ['*FJFDG-PET/CT-imag-
ing and potential alternative techniques are discussed.

BAT Activation

Cold exposure activates the sympathetic nervous system to
secrete norepinephrine (NE), which activates brown fat cells
(Fig. 3) (3). NE binds to the 33-receptor on the cell surface,
after which intracellular signaling cascades lead to the degra-
dation of triglycerides into free fatty acids (FFA) (5). FFA
interact with UCP1 and this leads to respiration uncoupled
from ATP synthesis (30). The energy from the combustion of
substrates is therefore directly released as heat. Mitochondria
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Fig. 2. Uptake of deoxy-2-['8F]fluoro-D-glucose (['*F]FDG)
in brown adipose tissue (BAT). Lefi: ['*F]FDG-positron elec-
tromagnetic tomography (PET) image of a subject showing
BAT activity. Arrows indicate depots where human BAT is
usually found. The dashed line indicates the site of the
transversal slide. Right: transversal computed tomography
(CT) (top), PET (middle), and PET/CT fusion (bottom) slices
of the supraclavicular region showing BAT activity.

in BAT oxidize apart from internal stored FFA, glucose and
FFA from the circulation. Besides cold, insulin might also
stimulate glucose metabolism in BAT. BAT is a highly insulin-
sensitive tissue, possibly due to a high expression of GLUT4
(3). Insulin infusion resulted in an increased glucose uptake in
BAT, comparable with uptake in skeletal muscle (31). How-
ever, no increased perfusion was found. This indicates that
insulin under these circumstances does not increase thermo-
genesis. Therefore, the authors state that insulin is not a
significant player in the NE-driven cold activation of BAT. On
the contrary, cold exposure decreases plasma insulin concen-
trations (31). The activation of BAT by cold and the uptake of
glucose and ['®F]FDG are schematically described in Fig. 3.

Tissues that take up glucose are visualized with ['8F]FDG-
PET imaging. ['8FIJFDG is a glucose analog, therefore,
['8F]JFDG-PET imaging provides information about glucose
uptake and phosphorylation. After phosphorylation by hexoki-
nase, FDG-6-phospate is trapped in the cell (Fig. 3). Radioac-
tivity values represent tracer uptake values. As illustrated in
Fig. 3, glucose uptake is increased in activated BAT and
therefore active BAT depots are visible as hotspots on the PET
image. Thus BAT activity values reported in several articles
represent glucose uptake values. The question remains if a
glucose tracer is an adequate tool to study BAT oxidation.
Recent work from Shabalina et al. (43) showed that “brite”
cells utilize glucose from the circulation for oxidation, con-
firming increased glucose metabolism in activated cells. How-
ever, the proportion of glucose oxidation to total BAT oxida-
tion is currently unknown in humans.

Mild cold exposure may induce nonshivering thermogenesis
(NST). Rodent studies revealed that BAT is the main contrib-
utor to nonshivering thermogenesis (3). Therefore, most stud-
ies investigate BAT in humans by cold activation. So far, cold
is the strongest and most widely tested activator of BAT in
humans, for other activators we refer to the review of Harms
and Seale (14). Since BAT is involved in NST, the studies
using cold exposure are most representative to obtain insight
on BAT prevalence and activation.

Retrospective studies showed that active BAT depots could
be detected in ~6% of adult population (10, 34). These studies
included images of patients that are scanned for diagnostic
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Fig. 3. BAT activation and thermogenesis.
Upon cold exposure brown fat cells are stim-
ulated via norepinephrine (NE) released
from the sympathetic nervous system. NE
binds to the (3-receptor and intracellular
signaling processes lead to degradation of
triglycerides (TG) into free fatty acids
(FFA). FFA interacts with uncoupling pro-
tein-1 (UCP1), which leads to respiration
uncoupled from ATP synthesis. All energy
from the combustion of substrate is therefore
directly released as heat. Besides intracellu-
lar FFA released from TG, mitochondria in
the brown fat cell also oxidize glucose and
FFAs from the circulation. Insulin also re-
sults in glucose and ['8F]FDG uptake via
GLUT4 activation, but no heat is produced.
Both ['8F]FDG and glucose are taken up by
members of the glucose transporter family
(GLUT). After phosphorylation by hexoki-
nase (HK), FDG-6-phospate cannot be fur-
ther metabolized and is trapped in the cell
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from Refs. 4, 5, 30, and 31.
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reasons in which no active cooling protocol is applied. Dedi-
cated studies that investigated human BAT using cooling
protocols reveal a BAT prevalence of 20-31% in morbidly
obese subjects (32, 53) and 40-100% (9, 27, 38, 50, 55, 58, 63,
64) in lean healthy subjects. Although the variation is still high,
these results indicate that the prevalence of BAT in humans is
much higher than previously appreciated. Besides individual
variation, group (e.g., age, gender), and differences in ethnic-
ity, the cooling protocols themselves may affect the probability
to detect BAT and thus its presence and activity, as described
below.

Shivering and nonshivering thermogenesis. Upon cold ex-
posure internal body temperature can be maintained by means
of increased heat production [shivering thermogenesis (ST)
and/or NST] by reducing heat loss via vasoconstriction in the
extremities or a combination of both (49). When assessing the
contribution of BAT to energy expenditure (EE; heat produc-
tion), it is necessary to distinguish between ST and NST.
Rodent studies revealed that ST is due to involuntary muscle
contractions, whereas for NST the extra heat is mainly pro-
duced in BAT. Whether this applies to humans is currently
unknown. NST is defined as the “thermogenesis that replaces
shivering” (3), which is totally UCP dependent (12). When
rodents are adapted to cold environmental temperatures, shiv-
ering gradually diminishes while EE remains elevated, illus-
trating the increased NST.

Human BAT metabolism should be studied in the absence of
shivering. Otherwise, active skeletal muscles (shivering is due
to muscle contractions) would take up the ['®F]FDG, leaving
less tracer available for other tissues. Moreover, no distinction
can be made between ST and NST. To this end, most studies
check the absence of shivering by visual inspection and/or a
subjective measure (by asking the subject), sometimes com-
bined with electromyography (EMG). However, not all re-

METHODOLOGICAL ISSUES IN HUMAN BROWN ADIPOSE TISSUE RESEARCH
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search groups use absence of shivering, as illustrated by
Ouellet et al. (33), who reported that 1.6 = 0.5% (range 1.1 to
2.4% of maximal voluntary contraction) shivering occurred,
which makes it difficult to distinguish NST from ST. However,
it should be noted that other studies have relied on subjective
measurements, and it is our personal experience that subjects
not always indicate shivering correctly. The use of EMG to
measure the onset of shivering is complicated by individual
variation in the muscles used for shivering. Therefore, we
advise the combination of asking subjects, visual inspection,
and EMG to check for the absence shivering during cooling
protocols where maximal NST is studied.

Individual variation. NST and BAT activity show a high
individual variability; this can partly be explained by the
following factors.

BODY COMPOSITION. A thicker subcutaneous fat layer results
in a higher insulation. As a consequence, obese subjects have
a later onset of shivering (54). Indeed, after a “fixed” cooling
protocol (16°C for 48 h) obese subjects show a blunted NST
(62). It is possible that the cold stimulus given in this protocol
was not enough to induce maximal NST in the obese subjects.
It is likely that the use of an individualized cooling protocol is
required to induce NST in obese subjects. Upon weight loss
environmental temperatures for maximal NST condition in-
creases, moreover an increased BAT activity was found (53),
and in this study an individualized cooling protocol was used.

GENDER. On average, lower temperatures are needed to
induce shivering in males compared with females. The higher
BAT prevalence in females reported in retrospective studies (2,
10, 36) can therefore be biased by indoor temperatures in
hospitals, which may be low enough to induce NST in females
but not in males. Indeed the thermoneutral zone, a range of
environmental temperatures that does not result in regulatory
changes in evaporative heat loss or changes in metabolic heat
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production, is in general higher for females compared with
males (22). Only a few dedicated studies investigated cold-
activated BAT activity in both females and males. Interest-
ingly, two studies showed similar levels of cold-activated BAT
for both sexes (9, 48). On the other hand, Orava et al. (32) and
Muzik et al. (27, 28) reported, after fixed cooling protocols (see
Fig. 1 for description of cooling protocols used), higher BAT
prevalence in females (Orava et al.: 87% females in BAT+
group, 58% females in BAT— group, Muzik et al.: BAT+
group 8F/IM, BAT— group 7F/8M). However, both groups
used a “fixed” cooling protocol, therefore, it is possible that the
cold stimulus in both studies was too mild for the male
subjects.

AGE. Based on ['®F]JFDG-PET/CT imaging there is only one
dedicated study that showed that elderly show a gradual de-
crease in BAT activity levels with increasing age (65).
Pfannenberg et al. (36) showed in a retrospective study that
BAT activity declines with increasing age. Both studies are in
line with a decline in cell-specific markers for BAT with
increasing age found in biopsy material (15, 67). A decrease in
BAT with increasing age is in line with the blunted or absence
of NST in elderly found in other studies that investigated
EEand not BAT activity (46, 52). With respect to the decreased
BAT activity in elderly, Nedergaard et al. (29) speculate that
ageing results in lower sex hormones levels, which might
lower BAT activity and favors expansion of WAT.

FEEDING STATUS. Because of the lower BAT activity found in
subjects with higher body mass index, it is suggested that BAT
is involved in body weight regulation. Normally, human BAT
is investigated in fasted subjects. Cold-exposed healthy male
subjects showed lower BAT activity in the fed state compared
with the fasted state (59). Intake of a high-caloric, high-
carbohydrate meal showed that BAT is active in the postpran-
dial phase; however, the contribution of BAT to diet-induced
thermogenesis requires further elucidation (57). No BAT acti-
vation was found upon a 24-h 200% overfeeding protocol (41).
However, it is possible that BAT activity was underestimated
due a diet-induced change in availability of the tracer. The
contribution of BAT on diet-induced thermogenesis and body
weight regulation remains further elucidation.

COLD ADAPTATION. Huttunen et al. (19) already showed in
1981 that necropsies taken from neck arteries and pericardium
have a higher occurrence of BAT in outdoor workers compared
with control subjects. Indeed, recent ['®F]FDG-PET studies
confirmed that cold acclimation increases BAT activity in
parallel with an increased NST (48, 60).

Besides the above-mentioned interindividual variations,
BAT presence and activity and NST vary within groups. This
is illustrated by the wide range in BAT activity and NST, both
in morbidly obese subjects and lean healthy men (33, 54) (BAT
activity: 0-54.5 kBq, EE: 35.5-51.1 J/s and 1.3-28.7
pwmol-min~ 1100 g~ !, EE 2.3—4.6 kcal/min, respectively). The
reason for this variation is unclear yet possible explanations
could be the degree of cold adaptation or genetic variation in
for example UCP-1 (66). Besides the above-mentioned indi-
vidual differences, the cooling protocols themselves have an
influence on NST and BAT activity levels found, as described
below.

Fixed cooling protocols. The first studies on cold-activated
BAT in human adults used “fixed” cooling protocols to activate
BAT. Cold exposure consisted of placing subjects in an envi-
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ronmental temperature of 16°C for 2 h (50) or a slightly higher
environmental temperature (19°C) with leg cooling in ice
water (38, 55, 64). BAT prevalence in these studies ranged
from 46% to 100%. Other groups used in addition air fans (28)
or a cooling vest (9). The use of “fixed” cooling protocols with
an ambient temperature below 17°C results in highest proba-
bility to detect BAT in lean subjects. The probability to detect
active BAT depots is decreased when subjects are placed in an
ambient temperature of 19-20°C. In those cases additional air
fans did not increase the probability (28), whereas the use of a
cooling vest resulted in 100% BAT detection (9).

Individualized cooling protocols. When using a fixed low
temperature protocol an obese subject will experience less
intensive cold than a lean subject. This is due to extra subcu-
taneous adipose tissue and lower surface-to-volume ratio,
which results in a higher insulation (39). This was confirmed in
pilot experiments where obese subjects had a lower onset
temperature of shivering (54). From that moment on our
research group uses individualized cooling protocols. Subjects
are cooled until shivering and then temperature is set slightly
(1-2°C) above the temperature that causes the onset of shiv-
ering. With this protocol BAT activity is measured during
maximal nonshivering thermogenesis, most likely representing
maximal BAT activity. We found that by means of an individ-
ualized cooling protocol the probability to detect BAT is nearly
100% (94-100%) in lean young subjects (48, 57, 58).

Air versus water cooling. BAT activation can be achieved by
means of air cooling (cold room or tent) and/or water cooling
(water-perfused suit). The latter has the advantage that it is
suitable for simultaneous cooling and imaging inside the
PET/CT scanner. Absolute temperatures for both thermoneu-
tral and mild cold condition differ between both techniques
because of the differences in thermal properties of the media.
For example, environmental temperature for a thermoneutral
measurement in healthy young men (dressed in sweatpants,
T-shirt, and socks; 0.58 clothing-insulation value) positioned
on an air-permeable stretcher was 24.3 = 0.2°C, whereas when
wrapped in a water-perfused suit thermoneutral condition was
obtained with a suit temperature (average of inlet and outlet) of
30.0 = 2.3°C. Stable nonshivering conditions were reached
with an environmental temperature of 14.3 = 1.1°C during air
cooling, whereas the average suit temperature was 24.6 =*
0.9°C. Nevertheless, these apparent different temperatures re-
sult in similar metabolic conditions, which is explained by the
greater conductive heat loss during water cooling. When using
individualized cooling protocols, both air- and water-cooling
protocols result in high BAT detection (94—100%) in lean
subjects (48, 57, 58).

In summary, temperatures for both thermoneutral and mild
cold conditions differ among people and also depend on the
cooling method used. This might result in differences in BAT
activation and thus in the BAT activity values found. To study
subjects in similar metabolic conditions (maximal NST), we
advise the use of individualized cooling protocols. When obese
subjects are studied, air cooling down to 9°C is not sufficient to
reach maximal NST conditions (54). Therefore, for obese
subjects we recommend the use of water-cooling protocols.
Moreover it is important, when the contribution of BAT on
NST is investigated, to avoid ST completely. In Fig. 1 all
dedicated studies on cold-activated BAT by means of PET/CT
imaging are summarized.
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BAT Measurements

Nowadays, the assessment of ['®F]JFDG uptake is the most
commonly used method to visualize BAT activity in human
adults. As indicated in Fig. 3, ['®F]FDG cannot be metabolized
after phosphorylation by hexokinase and is therefore trapped
inside the cell (30). Visualization of ['8F]FDG uptake therefore
provides a measure of glucose uptake in the depots.

Static imaging. During static imaging protocols, subjects are
exposed to (mild) cold for 1-2 h before ['®F]FDG administra-
tion. ['8F]JFDG has a physical half-life of 110 min and is
quickly taken up by tissues. Since tissues take up most of the
tracer within 45 min, tracer administration is 1 h before the
PET/CT scan. After injection subjects are exposed to cold for
another hour. Subsequently, subjects are transported toward
and positioned inside the PET/CT scanner. Imaging starts with
a low-dose CT scan of the region of interest followed by a PET
scan of the same region. The CT scan provides anatomical
information, whereas with the PET scan tracer uptake sites are
visualized (Fig. 2 visualizes a CT, a PET, and a fused PET/CT
image of the supraclavicular region, showing ['®F]FDG up-
take). The overall amount of ['®F]FDG accumulation in BAT
can be expressed in Becquerel (Bq) or in standardized uptake
values (SUV). The latter normalizes measured activity levels
for body weight and the injected dose and is therefore recom-
mended. SUV can be expressed in SUV mean (averaged
activity values), SUV max (activity hotspot within the tissue),
and/or SUV total (SUV mean times volume of the tissue). The
use of SUV total is not recommended, because a ratio (SUV
mean) is multiplied by a volume (an “exact value”).

Dynamic imaging. In contrast to static imaging protocols,
where cooling, tracer administration, and uptake take place
before the PET/CT scan, during dynamic scanning tracer
administration is performed at start of PET acquisition. During
dynamic acquisition, tracer distribution is obtained as a func-
tion of time, which results in time-activity curves (TACs).
Therefore, cold stimulation is required during the actual scan.
This can be achieved by cooling with a water-perfused suit (33,
48). Another reported method used to cool subjects during the
scan is placement of the leg in ice water (31, 32, 55). The first
method ensures whole body cooling that strictly regulates skin
temperatures. It can be speculated that leg cooling results in
less intense cold stimulation since only local body parts are
actively cooled and that this might result in less BAT activa-
tion. This is consistent with the lower BAT prevalence (70%)
reported by Orava et al. (31) compared with the higher BAT
prevalence found by van der Lans et al. and Ouellet et al., 94%
and 100%, respectively (33, 48). From the TACs, a quantitative
measure of glucose uptake rate (expressed in wmol-min~!-100
¢~ 1) can be determined using Patlak curve fitting (35) using a
lumped constant of 1.14 (56). The lumped constant accounts
for the difference between ['8F]JFDG and glucose with respect
to tissue uptake and phosphorylation kinetics. Our research
group performed both a dynamic and static PET scan in 16
young, healthy volunteers and we found a good correlation
between glucose uptake rates and SUV mean values (Fig. 4,
R?> = 0.77; P < 0.001). BAT activity values obtained with
static imaging (expressed in SUV) provide semiquantitative
information on activity levels and represent overall tracer
accumulation. A decreased total BAT activity can be observed
when BAT activity decreases or when tracer availability is
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Fig. 4. Correlation between glucose uptake rate in supraclavicular depot and
standardized uptake values (SUV) mean. A significant correlation was found
between cold-activated BAT activity values obtained by means of dynamic
scanning (glucose uptake rate) and static scanning (SUV mean). 16 young,
healthy subjects were included, of which were 8 females and 8 males, age 23 * 3.2
yr, and body mass index 21.6 = 2.2. Data was obtained from BAT-positive
subjects before cold acclimation (48).

affected due to competitive tracer uptake by other tissue. For
example, after a meal, ~80% of glucose is taken up by muscle
tissue (45). This influences ['®F]FDG uptake in BAT and other
tissues. Our research group showed a decreased ['|F]JFDG
uptake in the brain, which is anticipated to have a constant
metabolism after a meal (57). By means of dynamic imaging a
quantification of glucose uptake can be obtained due to the use
of an arterial input function. This means that changes in tracer
availability do not affect glucose metabolic rate values (21).
So, depending on the research question, either a dynamic or a
static scanning protocol should be performed, or both.

Thresholds. To quantify BAT activity, accurate segmenta-
tion of BAT depots is essential. When a tracer is distributed
homogeneously in a certain volume, a SUV of 1.0 is found.
Since glucose metabolism is increased in metabolic active
BAT, tracer uptake is elevated (SUV > 1.0) compared with
surrounding tissue. Tissues that take up relatively high levels
of glucose have high SUVs, e.g., brain has a SUV of >5.0 (57).
WAT (38), which is relatively metabolic inactive, has a SUV
< 0.5 (58). Maximal SUV values for BAT range from 3.0 to
28.0 (59, 64). Therefore, BAT segmentation on ['8F]FDG-PET
images is often performed using SUV thresholding techniques.
Our research group uses a SUV threshold of 1.5 (58), whereas
other research groups use SUV values of 1.0 SUV (33) or 2.0
SUV (9, 28, 48, 59, 63). Obviously, with a lower threshold
more activity and volume is included and assigned to BAT, in
part, explaining the different outcomes between different re-
search groups.

Not only SUV thresholding provides information on BAT
activity, CT Hounsfield units (HU) might give additional
information. The HU of a certain tissue is defined as the
difference in attenuation coefficient of this tissue normalized to
water. Water has a HU of 0. Tissues denser than water have a
positive HU and tissues less dense than water have a negative

AJP-Regul Integr Comp Physiol - doi:10.1152/ajpregu.00021.2014 - www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.145.147) on June 21, 2021.



METHODOLOGICAL ISSUES IN HUMAN BROWN ADIPOSE TISSUE RESEARCH

HU. Ahmadi et al. (1) found that based on CT HU a distinction
between BAT and WAT can be made. Voxels with HU —10 to
—87 can be assessed as BAT, whereas voxels with HU —88 to
—190 can be quantified as WAT. However, Ouellet et al. (33)
showed that cold exposure increases HU of active BAT,
indicating that active BAT oxidizes internally stored fatty
acids. If HU can be used to assess BAT activity, the technique
of Ahmadi et al. needs validation with PET imaging.

BAT volume and activity. Despite the large number of
dedicated studies investigating cold-activated BAT in humans,
BAT volume levels are reported in only four studies. This is
possibly due to the many difficulties concerning volume de-
termination, which are discussed in this section. van Marken
Lichtenbelt et al. (50) report an average BAT volume of 130 =
98 ml in lean subjects and 77 = 69 ml in overweight/obese
subjects. Another study from our research group found an
increase of BAT volume from 14 *= 22 to 85 * 84 ml after
gastric bypass-induced weight loss in obese subjects (53).
Ouellet et al. (33) found an average BAT volume of 168 = 56
ml, with a range of 31 to 329 ml. Ouellet et al. used both a SUV
threshold (as mentioned above), in combination with a CT
threshold. The latter ensures inclusion of fat tissue only. Values
within —200 and —10 HU on the CT scan represent fat tissue.
A much higher BAT volume is reported by van der Lans et al.
[“detectable” BAT volume 665 % 451 ml (48)]; in this study
BAT volume determination was PET based (only SUV thresh-
old was used, CT HU were only used to verify the presence of
fat tissue at the location of increased ['®F]FDG uptake). Be-
cause of the limited spatial resolution of the PET image,
spillover of the PET signal from the high active BAT regions
into the surrounding tissue occurs. Therefore, defining BAT
regions based on an absolute, fixed SUV threshold only results
in relatively large BAT volumes, this is visualized in Fig. 5.
Thresholding based on SUV only can lead to BAT volume
overestimation, whereas thresholding based on SUV and HU
can on the other hand lead to an underestimation of total BAT
activity. It is evident that when both information on BAT
activity and BAT volume are needed, different analyzing
techniques need to be used. We suggest the use of a SUV-
based threshold technique to study total BAT activity. How-
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ever, when BAT volume is needed the use of HU is an
alternative (1). Additionally, the use of MRI can provide
additional information on BAT anatomy (see Alternative Im-
aging Techniques).

In summary, based on both a SUV and a HU threshold, total
BAT activity is underestimated, whereas based on an absolute,
fixed SUV threshold, only BAT volume is overestimated. This
only accounts when above-mentioned SUV thresholds (1.0-
2.0 SUV) are used. Therefore, accurate determination of hu-
man BAT volume requires further investigation.

Fixed volume methodology. Upon an intervention, subjects
are scanned repeatedly, and therefore comparisons need to
be made between BAT activity values before and after the
intervention. When a thresholding technique is used, prob-
lems arise when volumes of interest change. For example,
“detectable” BAT volume after intervention increases due to
addition of areas at the border of the region of interest with
SUV values now reaching levels just above the threshold.
Therefore, total BAT activity will increase only slightly,
whereas volume changes can be relatively large. As a result
BAT activity values expressed per volume (pmol-
min~'-100 g~ !) remain equal or can even decrease. To
overcome this issue, we propose the use of a methodology
using fixed volumes. In the BAT depot confirmed as brown
fat tissue based on both CT and PET images, a box with
fixed dimensions (8 X 8 X 8 = 152 mm?) is centered at
SUV max location of the PET image (57), without applying
a threshold. In our opinion, when compared with SUV max,
this technique is less affected by artifacts present in the
image, since the SUV max value is based on the value of a
single voxel. For example, cold acclimation significantly
increased BAT activity (48); however, with the “threshold”
technique no increase in glucose uptake rate for total supra-
clavicular BAT was found [before: 6.9 £ 3.0; after: 7.6 £
2.5 pmol-min~'-100 g~ (P > 0.05) (48)]. On the contrary,
using the “fixed volume” methodology a significant increase
in glucose uptake rate was found [before: 22.5 = 12.5; after:
33.5 + 16.8 pmol-min~'-100 g~ ! (P < 0.05)]. The “fixed
volume” methodology can also be used to compare activity
values between different tissues (e.g., white adipose tissue,

Fig. 5. Transversal PET/CT fusion (top) and
CT (bottom) slices of the supraclavicular
(left) and paravertebral (right) region dem-
onstrating ['*F]JFDG uptake. Volumes of In-
terest drawn are PET based (threshold 1.5
SUV), visually demonstrating that PET-
based “detectable” BAT volume overesti-
mates true activate BAT volume.
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liver, brain, skeletal muscle) (57). For these tissues, the
location of the “fixed volume” can be chosen using anatom-
ical information based on the CT image.

In summary, both dynamic and static imaging can be used to
study BAT activity in humans. When BAT volume is PET
based using a threshold of 1.5 SUV, BAT volume will in
general be overestimated, and based on both PET and CT
imaging, total BAT activity will be underestimated. The “fixed
volume” method is proposed to compare tissue activity values
upon an intervention and to compare activity values between
different tissues.

Alternative Imaging Techniques

By means of ['8F]JFDG-PET/CT imaging, tissue glucose
uptake (rate) is measured. However, this tracer does not pro-
vide information about glucose oxidation or glycogen storage
or brake down. With respect to the oxidative metabolism of
active BAT, internal stores of fatty acids are likely important,
which are also not measured by the glucose tracer. It is well
known that BAT oxidizes fatty acids as well. A study in
animals showed that fatty acid oxidation amounts to 90% of
total oxidation (25). Thus studying BAT activity with a glucose
tracer does not provide information on total BAT oxidative
metabolism. The relative contribution of glucose and fat oxi-
dation on total BAT oxidative metabolism is currently un-
known in humans. In that perspective, fatty acid tracers provide
important additional information. Ouellet et al. (33) used the
fatty acid tracer ['®F]THA (['®F]fluoro-thiaheptadecanoic acid)
to study fat oxidation and [''Clacetate to determine tissue
oxidative activity. The results were compared with ['*FIFDG
scans to study fat and glucose oxidation in cold-activated
human BAT (33). The fatty acid tracers cannot identify the
contribution of oxidation of internal stored fats, so the actual
relative contribution of glucose and fatty acids on total BAT
oxidation still awaits further investigation. The tracers
['30]CO and ['50]O; provide information on total BAT oxi-
dation (obtained via oxygen consumption), and with the tracer
['S0O]H,O additional information on BAT perfusion is ob-
tained, therefore, Muzik et al. (27, 28) compared these tracers
with ['"®F]FDG scans. These studies showed that at least part of
the glucose transported into BAT undergoes oxidative metab-
olism. The labeled water tracer ['°O]H,O was also used by
Orava et al. to define BAT perfusion (31, 32). These studies
showed that upon cold exposure BAT perfusion doubles and
that cold-stimulated glucose uptake rate and perfusion are
correlated. Moreover, cold-activated BAT perfusion correlated
with total energy expenditure. This confirms that BAT is
highly vascularized and that BAT plays a role in human
metabolism.

Nowadays, the labeled glucose tracer ['®F]FDG is the most
commonly used tracer to study BAT in human adults. Addi-
tional information on fatty acid and total BAT oxidation is
obtained by the use of fatty acid and labeled oxygen tracers. It
is currently unknown which proportion of total BAT oxidation
is derived from glucose combustion. Therefore, further mech-
anistic studies on BAT oxidation are warranted.

All above-mentioned studies used radioactive tracers to
investigate BAT in humans. Because of the ionizing radiation,
the number of scans for each participant is limited. There is an
urgent need for a technique that investigates BAT without
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radiation penalty. In that perspective, several research groups
explored the feasibility of MRI for BAT quantification. BAT
has higher mitochondrial content, multiple intracellular lipid
droplets, and a greater vascularization than WAT. This results
in different magnetic properties of BAT and WAT. These
differences can be used by several MRI-scanning techniques to
distinguish BAT from WAT. Mice studies revealed fat/water-
signal differences (17, 24, 51) and different relaxation times (6,
13). Moreover, functional MRI techniques can potentially be
used to study blood perfusion (40) differences. All above-
mentioned studies support the capability of MRI to detect and
anatomically characterize human BAT in vivo. Hu et al. (18)
identified BAT in a human infant by means of chemical-shift
MRI and Holstila et al. (16) used DUAL spectral presaturation
inversion recovery (SPIR) MR to identify BAT in three adult
humans. Our research group explored the feasibility of MRI to
study BAT in 11 human adults, and we showed a lower fat
fraction in BAT depots compared with subcutaneous WAT
depots (62.5 £ 7 vs. 81.5 £ 5.4%, P < 0.05). Additionally,
dynamic T2*-imaging revealed signal fluctuations that were
sensitive to BAT activation (51). The results so far are prom-
ising but need further development before they can be applied.

The main function of BAT is heat production. Therefore,
measuring the temperature in BAT could be a valid method to
define whether it is active or not. BAT temperature can be
assessed by placing temperature probes into BAT (7, 26) or by
thermography of the skin overlaying BAT depots (61). Be-
cause of practical considerations, the first method is difficult to
implement in humans. The use of infrared thermography was
explored by several research groups (23, 37, 47). All showed a
larger increase at BAT sites (supraclavicular, neck, and upper
back) compared with non-BAT sites (mediastinum) upon cold
stimulation (23, 47) or after ephedrine injection (37) in human
adults. Therefore, the authors state that thermal imaging can be
used to quantify thermogenesis in BAT regions. However, it
should be noted that this technique measures skin temperature
and not heat production in BAT. The heat produced in BAT is
used to maintain core body temperature. Consequently, most of
the produced heat will be transported by perfusion to core body
sites. Some of the heat might nevertheless be transported
toward the skin. The question is whether the change in supra-
clavicular skin temperature due to this heat leak is representa-
tive for BAT heat production. Symonds et al. (47) performed
pilot experiments and no increase in supraclavicular skin tem-
perature was found at higher environmental temperatures. In
that perspective, thermography could potentially be used to
show BAT activity in a qualitative way.

Another noninvasive method to measure BAT thermogene-
sis could be the use of near-infrared spectroscopy to measure
regional blood oxygen saturation. Light from the near-infrared
spectrum penetrates through several centimeters tissue and
thereby oxygenated hemoglobin can be measured noninva-
sively (28). A significant correlation between blood oxygen
saturation of BAT compared with muscle (not of BAT com-
pared with abdominal WAT) and metabolic rate of oxygen
fluxes (obtained by dynamic PET scanning) was found only in
subjects with activated BAT. Therefore, the authors suggest
that near-infrared spectroscopy can be used in subjects with
activated BAT to measure oxidative metabolism noninvasively
(28). However, no correlation was reported with the absolute
blood oxygen saturation in BAT, only the correlation with the
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ratio of BAT to muscle is reported. Thus the ratio of BAT to
muscle oxygen saturation might be used as an alternative
method of BAT thermogenesis.

In summary, the use of labeled fatty acid, acetate, and
oxygen tracers provide additional information to measure ac-
tivity, metabolic pathways, and perfusion of BAT. The use of
MRI and thermography is currently explored in humans. These
techniques show promising results, however, further develop-
ment is needed to quantify human BAT metabolism.

In conclusion, the discovery of the relevance of BAT in
human adults approximately seven years ago has forced re-
search into the activators of BAT due to its promising effects
on obesity and chronic diseases like Type 2 diabetes. The
strongest physiological activator of BAT in humans is cold
exposure. Males and females, but also lean and obese experi-
ence, a “fixed” cold environment differently. Therefore, when
cold-activated BAT is studied the use of individualized cooling
protocols is recommended. This is underscored by the fact that
highest BAT prevalence is reported after the use of individu-
alized cooling protocols that maximize NST. It is expected that
standardization of cooling protocols to activate BAT by the
different research groups might eliminate differences in BAT
prevalence and activity observed between these groups. Be-
sides differences due to cooling protocols, measurement and
analysis methods are also different. This is illustrated by the
different SUV thresholds used for BAT segmentation (ranging
from 1.0 to 2.0 SUV), resulting in variation in BAT activity
and volume values reported. Thresholding based on SUV only
leads BAT volume overestimation, whereas thresholding based
on SUV and HU results in total BAT activity underestimation.
Both dynamic and static ['®F]FDG imaging can be used to
quantify BAT presence, activity, and distribution. By means of
the “fixed volume” methodology, SUV values before and after
an intervention can be compared. Additionally, this methodol-
ogy can be used to compare activity values between different
tissues. A major drawback of ['®F][FDG-PET/CT imaging is
that ionizing radiation is involved. The use of noninvasive
methods like MRI and thermography is currently explored.
Further studies are warranted to investigate techniques that can
study the presence, activity, and distribution of BAT in adult
humans relatively noninvasively.

Perspectives and Significance

There is an urgent need for standardization of BAT activat-
ing protocols and analyzing techniques. Based on the above-
mentioned studies, we advise the use of individualized cooling
protocols to activate BAT and to maximally activate BAT in all
subjects. In particular, when obese subjects are studied, the use
of water cooling is recommended. To compare BAT activity
values using ['®F]FDG-PET/CT imaging between the different
research groups, the same threshold values and analyzing
techniques should be used. Therefore, we propose that all
researchers studying BAT in humans report the results based
on the using a threshold of 1.5 SUV. Besides using a threshold
of 1.5 SUV, every research group, of course, can add their own
BAT analyses. This would be beneficial to compare activity
values between the several research groups investigating hu-
man BAT. To compare activity values upon an intervention
and between different tissues we recommend the use of the
“fixed volume” technique.

Review
R111

GRANTS

This work is financed by The Netherlands Organization for Scientific
Research (TOP 91209037 to W. D. van Marken Lichtenbelt) and by the EU
FP7 project DIABAT (HEALTH-F2-2011-278373 to W. D. van Marken
Lichtenbelt).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: A.A.v.d.L. prepared figures; A.A.v.d.L. and W.D.v.M.L.
drafted manuscript; A.A.v.d.L., RW., MJ.V,, P.S,, B.B,, and W.D.v.M.L. edited
and revised manuscript; A.A.v.d.L., RW., M.J.V.,P.S., B.B., and W.D.v.M.L.
approved final version of manuscript.

REFERENCES

1. Ahmadi N, Hajsadeghi F, Conneely M, Mingos M, Arora R, Budoff
M, Ebrahimi R. Accurate detection of metabolically active “brown” and
“white” adipose tissues with computed tomography. Acad Radiol 20:
1443-1447, 2013.

2. Au-Yong IT, Thorn N, Ganatra R, Perkins AC, Symonds ME. Brown
adipose tissue and seasonal variation in humans. Diabetes 58: 2583-2587, 2009.

3. Cannon B, Nedergaard J. Brown adipose tissue: function and physio-
logical significance. Physiol Rev 84: 277-359, 2004.

4. Cannon B, Nedergaard J. Nonshivering thermogenesis and its adequate
measurement in metabolic studies. J Exp Biol 214: 242-253.

5. Celi FS. Brown adipose tissue—when it pays to be inefficient. N Engl J
Med 360: 1553-1556, 2009.

6. Chen YI, Cypess AM, Sass CA, Brownell AL, Jokivarsi KT, Kahn CR,
Kwong KK. Anatomical and functional assessment of brown adipose
tissue by magnetic resonance imaging. Obesity (Silver Spring) 20: 1519—
1526, 2012.

7. Christoffolete MA, Linardi CC, de Jesus L, Ebina KN, Carvalho SD,
Ribeiro MO, Rabelo R, Curcio C, Martins L, Kimura ET, Bianco AC.
Mice with targeted disruption of the Dio2 gene have cold-induced overexpression
of the uncoupling protein 1 gene but fail to increase brown adipose tissue
lipogenesis and adaptive thermogenesis. Diabetes 53: 577-584, 2004.

8. Cohade C, Osman M, Pannu HK, Wahl RL. Uptake in supraclavicular
area fat (“USA-Fat”): description on 18F-FDG PET/CT. J Nucl Med 44:
170-176, 2003.

9. Cypess AM, Chen YC, Sze C, Wang K, English J, Chan O, Holman
AR, Tal I, Palmer MR, Kolodny GM, Kahn CR. Cold but not sympa-
thomimetics activates human brown adipose tissue in vivo. Proc Natl
Acad Sci USA 109: 10001-10005.

10. Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB,
Kuo FC, Palmer EL, Tseng YH, Doria A, Kolodny GM, Kahn CR.
Identification and importance of brown adipose tissue in adult humans. N
Engl J Med 360: 1509-1517, 2009.

11. Cypess AM, White AP, Vernochet C, Schulz TJ, Xue R, Sass CA,
Huang TL, Roberts-Toler C, Weiner LS, Sze C, Chacko AT, Des-
champs LN, Herder LM, Truchan N, Glasgow AL, Holman AR,
Gavrila A, Hasselgren PO, Mori MA, Molla M, Tseng YH. Anatomical
localization, gene expression profiling and functional characterization of
adult human neck brown fat. Nat Med 19: 635-639, 2013.

12. Golozoubova V, Hohtola E, Matthias A, Jacobsson A, Cannon B,
Nedergaard J. Only UCP1 can mediate adaptive nonshivering thermo-
genesis in the cold. FASEB J 15: 2048-2050, 2001.

13. Hamilton G, Smith DL Jr, Bydder M, Nayak KS, Hu HH. MR
properties of brown and white adipose tissues. J Magn Reson Imaging 34:
468473, 2011.

14. Harms M, Seale P. Brown and beige fat: development, function and
therapeutic potential. Nat Med 19: 1252-1263, 2013.

15. Heaton JM. The distribution of brown adipose tissue in the human. J Anat
112: 35-39, 1972.

16. Holstila M, Virtanen KA, Gronroos TJ, Laine J, Lepomaki V, Sau-
navaara J, Lisinen I, Komu M, Hannukainen JC, Nuutila P, Parkkola
R, Borra RJ. Measurement of brown adipose tissue mass using a novel
dual-echo magnetic resonance imaging approach: a validation study.
Metabolism 62: 1189-1198, 2013.

17. Hu HH, Smith DL Jr, Nayak KS, Goran MI, Nagy TR. Identification
of brown adipose tissue in mice with fat-water IDEAL-MRI. J Magn
Reson Imaging 31: 1195-1202, 2010.

AJP-Regul Integr Comp Physiol - doi:10.1152/ajpregu.00021.2014 - www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.145.147) on June 21, 2021.



Review

R112

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

31.

32.

33.

34.

35.

36.

38.

39.

Hu HH, Tovar JP, Pavlova Z, Smith ML, Gilsanz V. Unequivocal
identification of brown adipose tissue in a human infant. J Magn Reson
Imaging 35: 938-942, 2012.

Huttunen P, Hirvonen J, Kinnula V. The occurrence of brown adipose tissue in
outdoor workers. Eur J Appl Physiol Occup Physiol 46: 339-345, 1981.
Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homoe P, Loft A, de
Jong J, Mathur N, Cannon B, Nedergaard J, Pedersen BK, Moller K,
Scheele C. A classical brown adipose tissue mRNA signature partly
overlaps with brite in the supraclavicular region of adult humans. Cell
Metab 17: 798-805, 2013.

Keyes JW Jr. SUV: standard uptake or silly useless value? J Nucl Med
36: 1836-1839, 1995.

Kingma B, Frijns A, van Marken Lichtenbelt W. The thermoneutral
zone: implications for metabolic studies. Front Biosci (Elite Ed) 4:
1975-1985, 2012.

Lee P, Ho KK, Greenfield JR. Hot fat in a cool man: infrared thermog-
raphy and brown adipose tissue. Diabetes Obes Metab 13: 92-93, 2011.
Lidell ME, Betz MJ, Leinhard OD, Heglind M, Elander L, Slawik M,
Mussack T, Nilsson D, Romu T, Nuutila P, Virtanen KA, Beuschlein
F, Persson A, Borga M, Enerback S. Evidence for two types of brown
adipose tissue in humans. Nat Med 19: 631-634, 2013.

Ma SW, Foster DO. Uptake of glucose and release of fatty acids and
glycerol by rat brown adipose tissue in vivo. Can J Physiol Pharmacol 64:
609-614, 1986.

Masamoto Y, Kawabata F, Fushiki T. Intragastric administration of
TRPV1, TRPV3, TRPMS, and TRPAI agonists modulates autonomic
thermoregulation in different manners in mice. Biosci Biotechnol Biochem
73: 1021-1027, 2009.

Muzik O, Mangner TJ, Granneman JG. Assessment of oxidative
metabolism in brown fat using PET imaging. Front Endocrinol (Laus-
anne) 3: 15, 2012.

Muzik O, Mangner TJ, Leonard WR, Kumar A, Janisse J, Granne-
man JG. 150 PET Measurement of Blood flow and oxygen consumption
in cold-acivated human brown fat. J Nucl Med 54: 1-9, 2013.
Nedergaard J, Bengtsson T, Cannon B. Three years with adult human
brown adipose tissue. Ann NY Acad Sci 1212: E20-E36, 2010.

. Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active

brown adipose tissue in adult humans. Am J Physiol Endocrinol Metab
293: E444-E452, 2007.

Orava J, Nuutila P, Lidell ME, Oikonen V, Noponen T, Viljanen T,
Scheinin M, Taittonen M, Niemi T, Enerback S, Virtanen KA. Dif-
ferent metabolic responses of human brown adipose tissue to activation by
cold and insulin. Cell Metab 14: 272-279, 2011.

Orava J, Nuutila P, Noponen T, Parkkola R, Viljanen T, Enerback S,
Rissanen A, Pietilainen KH, Virtanen KA. Blunted metabolic responses
to cold and insulin stimulation in brown adipose tissue of obese humans.
Obesity (Silver Spring) 21: 2279-2287, 2013.

Ouellet V, Labbe SM, Blondin DP, Phoenix S, Guerin B, Haman F,
Turcotte EE, Richard D, Carpentier AC. Brown adipose tissue oxida-
tive metabolism contributes to energy expenditure during acute cold
exposure in humans. J Clin Invest 122: 545-552, 2012.

Ouellet V, Routhier-Labadie A, Bellemare W, Lakhal-Chaieb L,
Turcotte E, Carpentier AC, Richard D. Outdoor temperature, age, sex,
body mass index, and diabetic status determine the prevalence, mass, and
glucose-uptake activity of 18F-FDG-detected BAT in humans. J Clin
Endocrinol Metab 96: 192-199, 2011.

Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of
blood-to-brain transfer constants from multiple-time uptake data. J Cereb
Blood Flow Metab 3: 1-7, 1983.

Pfannenberg C, Werner MK, Ripkens S, Stef I, Deckert A, Schmadl
M, Reimold M, Haring HU, Claussen CD, Stefan N. Impact of age on
the relationships of brown adipose tissue with sex and adiposity in
humans. Diabetes 59: 1789-1793, 2010.

. Rothwell NJ, Stock MJ. A role for brown adipose tissue in diet-induced

thermogenesis. Obes Res 5: 650-656, 1997.

Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe K, Yoneshiro
T, Nio-Kobayashi J, Iwanaga T, Miyagawa M, Kameya T, Nakada K,
Kawai Y, Tsujisaki M. High incidence of metabolically active brown
adipose tissue in healthy adult humans: effects of cold exposure and
adiposity. Diabetes 58: 1526—1531, 2009.

Savastano DM, Gorbach AM, Eden HS, Brady SM, Reynolds JC,
Yanovski JA. Adiposity and human regional body temperature. Am J Clin
Nutr 90: 1124-1131, 2009.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

METHODOLOGICAL ISSUES IN HUMAN BROWN ADIPOSE TISSUE RESEARCH

Sbarbati A, Cavallini I, Marzola P, Nicolato E, Osculati F. Contrast-
enhanced MRI of brown adipose tissue after pharmacological stimulation.
Magn Reson Med 55: 715-718, 2006.

Schlogl M, Piaggi P, Thiyyagura P, Reiman EM, Chen K, Lutrin C,
Krakoff J, Thearle MS. Overfeeding over 24 hours does not activate
brown adipose tissue in humans. J Clin Endocrinol Metab 98: E1956—
E1960, 2013.

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, Scime A,
Devarakonda S, Conroe HM, Erdjument-Bromage H, Tempst P,
Rudnicki MA, Beier DR, Spiegelman BM. PRDM16 controls a brown
fat/skeletal muscle switch. Nature 454: 961-967, 2008.

Shabalina IG, Petrovic N, de Jong JM, Kalinovich AV, Cannon B,
Nedergaard J. UCP! in brite/beige adipose tissue mitochondria is func-
tionally thermogenic. Cell Rep 5: 1196-1203, 2013.

Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, Hu H,
Wang L, Pavlova Z, Gilsanz V, Kajimura S. Human BAT possesses
molecular signatures that resemble beige/brite cells. PLos One 7: €49452,
2012.

Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, Shulman
RG. Quantitation of muscle glycogen synthesis in normal subjects and
subjects with non-insulin-dependent diabetes by 13C nuclear magnetic
resonance spectroscopy. N Engl J Med 322: 223-228, 1990.

Smolander J. Effect of cold exposure on older humans. Int J Sports Med
23: 86-92, 2002.

Symonds ME, Henderson K, Elvidge L, Bosman C, Sharkey D,
Perkins AC, Budge H. Thermal imaging to assess age-related changes of
skin temperature within the supraclavicular region co-locating with brown
adipose tissue in healthy children. J Pediatr 161: 892-898, 2012.

van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vossel-
man MJ, Hansen J, Jorgensen JA, Wu J, Mottaghy FM, Schrauwen P,
van Marken Lichtenbelt WD. Cold acclimation recruits human brown
fat and increases nonshivering thermogenesis. J Clin Invest 123: 3395—
3403, 2013.

van Marken Lichtenbelt WD, Schrauwen P, van De Kerckhove S,
Westerterp-Plantenga MS. Individual variation in body temperature and
energy expenditure in response to mild cold. Am J Physiol Endocrinol
Metab 282: E1077-E1083, 2002.

van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM,
Drossaerts JM, Kemerink GJ, Bouvy ND, Schrauwen P, Teule GJ.
Cold-activated brown adipose tissue in healthy men. N Engl J Med 360:
1500-1508, 2009.

van Rooijen BD, van der Lans AA, Brans B, Wildberger JE, Mottaghy
FM, Schrauwen P, Backes WH, van Marken Lichtenbelt WD. Imaging
cold-activated brown adipose tissue using dynamic T2*-weighted mag-
netic resonance imaging and 2-deoxy-2-[18F]fluoro-p-glucose positron
emission tomography. Invest Radiol 48: 708714, 2013.

Van Someren EJ, Raymann R]J, Scherder EJ, Daanen HA, Swaab DF.
Circadian and age-related modulation of thermoreception and temperature
regulation: mechanisms and functional implications. Ageing Res Rev 1:
721-778, 2002.

Vijgen GH, Bouvy ND, Teule GJ, Brans B, Hoeks J, Schrauwen P, van
Marken Lichtenbelt WD. Increase in brown adipose tissue activity after
weight loss in morbidly obese subjects. J Clin Endocrinol Metab 97:
E1229-E1233, 2012.

Vijgen GH, Bouvy ND, Teule GJ, Brans B, Schrauwen P, van Marken
Lichtenbelt WD. Brown adipose tissue in morbidly obese subjects. PLos
One 6: €17247, 2011.

Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi
T, Taittonen M, Laine J, Savisto NJ, Enerback S, Nuutila P. Functional
brown adipose tissue in healthy adults. N Engl J Med 360: 15181525,
2009.

Virtanen KA, Peltoniemi P, Marjamaki P, Asola M, Strindberg L,
Parkkola R, Huupponen R, Knuuti J, Lonnroth P, Nuutila P. Human
adipose tissue glucose uptake determined using [(18)F]-fluoro-deoxy-
glucose ([(18)FJFDG) and PET in combination with microdialysis. Dia-
betologia 44: 2171-2179, 2001.

Vosselman MJ, Brans B, van der Lans AA, Wierts R, van Baak MA,
Mottaghy FM, Schrauwen P, van Marken Lichtenbelt WD. Brown
adipose tissue activity after a high-calorie meal in humans. Am J Clin Nutr
98: 57-64, 2013.

Vosselman MJ, van der Lans AA, Brans B, Wierts R, van Baak MA,
Schrauwen P, van Marken Lichtenbelt WD. Systemic beta-adrenergic
stimulation of thermogenesis is not accompanied by brown adipose tissue
activity in humans. Diabetes 61: 3106-3113, 2012.

AJP-Regul Integr Comp Physiol - doi:10.1152/ajpregu.00021.2014 - www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.145.147) on June 21, 2021.



59.

60.

61.

62.

63.

METHODOLOGICAL ISSUES IN HUMAN BROWN ADIPOSE TISSUE RESEARCH

Vrieze A, Schopman JE, Admiraal WM, Soeters MR, Nieuwdorp M,
Verberne HJ, Holleman F. Fasting and postprandial activity of brown
adipose tissue in healthy men. J Nucl Med 53: 1407-1410, 2012.
Vybiral S, Lesna I, Jansky L, Zeman V. Thermoregulation in winter
swimmers and physiological significance of human catecholamine ther-
mogenesis. Exp Physiol 85: 321-326, 2000.

Whittle AJ, Carobbio S, Martins L, Slawik M, Hondares E, Vazquez
MJ, Morgan D, Csikasz RI, Gallego R, Rodriguez-Cuenca S, Dale M,
Virtue S, Villarroya F, Cannon B, Rahmouni K, Lopez M, Vidal-Puig
A. BMPSB increases brown adipose tissue thermogenesis through both
central and peripheral actions. Cell 149: 871-885, 2012.

Wijers SL, Saris WH, van Marken Lichtenbelt WD. Cold-induced
adaptive thermogenesis in lean and obese. Obesity (Silver Spring) 18:
1092-1099, 2010.

Yoneshiro T, Aita S, Kawai Y, Iwanaga T, Saito M. Nonpungent capsaicin
analogs (capsinoids) increase energy expenditure through the activation of brown
adipose tissue in humans. Am J Clin Nutr 95: 845-850, 2012.

64.

65.

66.

67.

Review
R113

Yoneshiro T, Aita S, Matsushita M, Kameya T, Nakada K, Kawai
Y, Saito M. Brown adipose tissue, whole-body energy expenditure,
and thermogenesis in healthy adult men. Obesity (Silver Spring) 19:
13-16, 2011.

Yoneshiro T, Aita S, Matsushita M, Okamatsu-Ogura Y, Kameya T,
Kawai Y, Miyagawa M, Tsujisaki M, Saito M. Age-related decrease in
cold-activated brown adipose tissue and accumulation of body fat in
healthy humans. Obesity (Silver Spring) 19: 1755-1760, 2011.
Yoneshiro T, Ogawa T, Okamoto N, Matsushita M, Aita S, Kameya T,
Kawai Y, Iwanaga T, Saito M. Impact of UCPI and beta3AR gene
polymorphisms on age-related changes in brown adipose tissue and
adiposity in humans. Int J Obes (Lond) 37: 993-998, 2013.

Zingaretti MC, Crosta F, Vitali A, Guerrieri M, Frontini A,
Cannon B, Nedergaard J, Cinti S. The presence of UCPI demon-
strates that metabolically active adipose tissue in the neck of adult
humans truly represents brown adipose tissue. FASEB J 23: 3113-
3120, 2009.

AJP-Regul Integr Comp Physiol - doi:10.1152/ajpregu.00021.2014 - www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.145.147) on June 21, 2021.



