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Summary

As part of a current worldwide effort to understand the physiology of human BAT (hBAT) and
whether its thermogenic activity can be manipulated to treat obesity, a workshop “Exploring the
Roles of Brown Fat in Humans” was convened at the National Institutes of Health on February
25-26, 2014. Presentations and discussion indicated that hBAT and its physiological roles are
highly complex and research is needed to understand the health impact of hBAT beyond
thermogenesis and body weight regulation, and to define its interactions with core physiological
processes like glucose homeostasis, cachexia, physical activity, bone structure, sleep and circadian
rhythms.

Introduction

More than sixty years of studies in rodent models have shown that the presence and
activation of brown adipose tissue (BAT) via cold stimulation or p3-adrenergic receptor
(AR) treatment provides significant health benefits for experimental animals (Harms and
Seale, 2013). Although observed many decades ago in cadaver tissues from winter outdoor
workers (Huttunen et al., 1981), it is only more recently that BAT has been consistently
detected in living adult humans (Nedergaard et al., 2007). This has led to a concerted effort
worldwide to understand the physiology of human BAT (hBAT) and to investigate whether
its thermogenic activity can be manipulated to treat metabolic disease. As part of this effort,
a workshop entitled “Exploring the Roles of Brown Fat in Humans” (http://
www.niddk.nih.gov/news/events-calendar/Pages/HumanBAT-2013.aspx) was convened at
the National Institutes of Health (NIH) by the National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK) on February 25-26, 2014. The meeting brought together 180
renowned investigators from around the world to discuss state-of-the-art technology for
monitoring hBAT mass and activity, to present recent discoveries in the cell biology and
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endocrine pathways associated with BAT, and to showcase clinical data of hBAT and its
implications in metabolic studies.

Much of the interest in hBAT has been driven by the hope that it represents a novel, easily
assessable target for the treatment of obesity (Bachman et al., 2002). There were several
widely held ideas about BAT that supported this concept, that now appear simplistic and
limiting given the emerging state of knowledge. First, the original evidence for functional
adult hBAT came from the detection of bilaterally symmetric patches of intense radio-
labeled glucose uptake in the neck and supraclavicular region in some oncology patients
during diagnostic 18F-fluorodeoxyglucose positron emission tomography/computed
tomography (18F-FDG PET/CT) scans that could be suppressed by warming the patient.
After confirmation in healthy adults, a positive 18F-FDG PET/CT scan quickly came to
define the presence of hBAT. Second, from rodent studies it was known that BAT is a form
of “good fat” in which uncoupling protein 1 (UCPL1) is activated in response to cold in order
to facilitate a high rate of fuel oxidation and heat production. Therefore, it seemed
appropriate to posit that the primary stimulus for hBAT activation is via cold temperature
sensing, and that its physiologic role is thermogenesis. Third, although abundant in newborn
babies and detectable upon cold stimulation with 18F-FDG PET/CT in some young lean
adults, hBAT appeared to be missing in obese and elderly people using this method of
detection. This lack of hBAT could perhaps underlie a state of metabolic efficiency that
supports excess fat deposition, and restoration and activation of hBAT through
pharmacologic or environmental means could then be a route to reduce obesity.

Presentations and discussion at the recent NIH hBAT workshop indicated that each of these
concepts is too simple to explain newer observations, and that additional research is needed
to elucidate the likely more complex physiological roles of hBAT. Research in humans is
still limited by the paucity of available noninvasive tools that can quantify the mass, activity,
and potential for activation of hBAT in all its forms, but efforts to develop such methods
that synergize with emerging biological information are quickly gaining momentum.

At the conclusion of the workshop, an engaging open-floor dialogue among the participants
was held. The following summary represents the principal concepts that arose from that
discussion and identifies unanswered questions, unmet needs, and some critical areas of
future research.

The Definition of Human BAT is Evolving

For the purposes of clarity, the term "BAT" will be used in this document to refer to any
region of fat that contains UCP1 positive adipocytes. Currently in adult humans, this
includes tissue in the neck, above the clavicles and along the spine that can be visualized
using 18F-FDG PET/CT. There are at least two known types of brown adipocytes in BAT as
well as white adipocytes in varying proportions. Data from multiple laboratories indicate
that in rodents, brown adipocytes derive from two distinct mesenchymal lineages. Brown
adipocytes found in the rodent interscapular and perirenal regions share an origin with
myocytes and are present constitutively from the embryonic period. These brown adipocytes
have been called “brown,” “classical,” or “constitutive”, and in this document the term
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“classical brown adipocyte” will be used. A second type of brown adipocyte arises in rodent
white adipose depots in response to stimuli such as sympathetic activity during cold
acclimation, chronic administration of B3-AR agonists, or exercise, and may share a
developmental origin with white adipocytes. These brown adipocytes have been called
“beige,” “brite,” (for “brown-like in white”), “inducible,” or “recruitable.” Presently, it is
not settled what the preferred nomenclature will be for this second type of brown adipocyte,
but they will be called “beige adipocytes” in this document. Both cell types are polygonal
with central nuclei, multilocular lipid droplets, a high mitochondrial content, and contain
UCP1, but each type has a distinct gene expression profile (Harms and Seale, 2013). Human
brown adipocytes from both lineages have been documented in biopsied fat from the human
neck, supraclavicular, and interscapular regions. As data continues to accrue, it seems likely
that most, if not all, adult humans have some mature brown adipocytes from both lineages,
and there may be several phenotypically distinct subtypes (Lee et al., 2011; Wu et al., 2012;
Sharp et al., 2012; Cypess et al., 2013; Jespersen et al., 2013).

A few more definitions are needed. All brown adipocytes can be “activated', meaning that
they have UCP1 that can be turned on in response to sympathetic stimuli such as cold,
resulting in heat production. Activation is proportional to a thermic challenge, such that
these tissues are partially activated even at ambient temperature (Cohen et al., 2014). In
addition, brown and beige adipocytes can be “induced' in rodents in response to sympathetic
stimuli, such that new adipocytes arise from tissue-resident stem/progenitor cells resulting in
an increase in the number of brown adipocytes. In humans, there is evidence accumulating
that hBAT tissues in the neck are plastic and can therefore be induced (Huttunen et al.,
1981; Blondin et al., 2014; Lee, Werner et al., 2014; Lee, Linderman et al., 2014; van der
Lans et al., 2013). In mice, this “browning' can also be observed in subcutaneous fat depots
(Young et al., 1984; Wu et al., 2012). It remains unknown whether humans, like rodents,
have the potential for appreciable induction of beige adipocyte mass in depots outside of the
neck, supraclavicular and thoracic depots noted in 18F-FDG PET/CT scans, although one
observation has been made in a patient treated with thyroid hormone (Skarulis et al., 2010).
If browned white fat is commonly found in people, it will be difficult to investigate all the
biological, behavioral and environmental triggers for such “subcutaneous inducible brown
adipose tissue' (siBAT) until non- or minimally-invasive means to measure its mass and
activity are developed. It will be important to determine if there is a correlation between the
presence of BAT and siBAT, and if their functions are distinct.

The present discussion is focused on the hBAT depots that can currently be detected, in
order to explore their mass and function in normal human health and disease, and to inform
efforts to target them therapeutically. Given the current early state of knowledge, it is likely
not crucial to develop technologies that can distinguish between human classical brown and
beige adipocytes. It is however very important to understand if hBAT, whether in the neck/
subclavicular regions or in subcutaneous white depots, can be induced to dramatically
increase the potential for therapeutic thermogenesis.
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18F-FDG-PET/CT is Informative but Not Sufficient

Central to gaining a better understanding of hBAT physiology is the proper application of
noninvasive whole-body imaging. While 18F-FDG-PET combined with CT has been
instrumental in advancing our understanding of hBAT over the past decade, it is becoming
apparent that this technique by itself provides an incomplete picture of h(BAT morphology
and metabolic activity, and could at times even be misleading. There are several well-
recognized limitations to 18F-FDG-PET/CT. First, while the Standard Uptake Value (SUV)
of the radiolabeled glucose analogue accurately reflects glucose uptake into metabolically
active tissues, when a tissue such as BAT is inactive or weakly activated, it remains largely
invisible. The intensity of the FDG-PET signal is a function of the extent of hBAT
activation, and individuals subjected to the same cold stimulus may not respond the same.
Second, even when PET time and activity curves are collected and calibrated using arterial
blood 18F-FDG specific activity, the resultant measure of glucose uptake is not necessarily a
quantitative reflection of hBAT thermogenesis. Although plasma glucose is taken up upon
hBAT activation, the initial substrate is believed to be endogenously derived fatty acids,
followed by a preference for circulating free fatty acids and triglycerides from chylomicrons
and VLDL. Therefore, glucose uptake measured by 18F-FDG-PET likely underestimates
BAT activity under physiologically meaningful conditions such as mild cold.

On the other hand, glucose uptake into BAT can potentially be increased by insulin without
accompanying increases in thermogenesis, local blood flow and UCP1 activation, and can
therefore be a poor measure of thermogenesis, particularly in post-prandial and disease
states (Orava et al., 2011). It should be emphasized that in addition to its role as a fuel for
oxidation, glucose is a substrate for other processes such as anaerobic glycolysis,
lipogenesis, and anaplerosis. These processes are not necessarily linked to thermogenesis,
and 18F-FDG-PET/CT is currently not able to distinguish among these different pathways of
glucose utilization. Thus, while it was agreed that 18F-FDG uptake as observed in 18F-
PET/CT images can indicate the presence of metabolically active hBAT (e.g. high
sensitivity), it is not a definitive imaging biomarker (e.g. low specificity) for hBAT presence
and thermogenesis.

Another recognized limitation of 18F-FDG-PET/CT that emerged from discussion among
workshop participants was the difficulty of quantifying BAT glucose uptake in the presence
of many confounding factors. For example, the PET SUV endpoint is affected by the
amount and rate of glucose uptake into other tissues and organs, the dosage administered,
the subject's weight and fat percentage, prandial state, radiotracer specific activity, partial
volume effects, and the glucose uptake kinetics in BAT. Estimates of SUV and activated
tissue volume are dependent on the specific parameters chosen for the experiment and
analysis, and can vary from one observer to another. One possible approach towards more
meaningful measurements is to employ quantitative dynamic PET methods combined with
modeling of the imaging data by graphical analysis.

Lastly, PET/CT is relatively expensive and involves significant exposure of a subject to
ionizing radiation beyond minimal risk, and therefore cannot be used in large-scale serial
studies, infants and children, and healthy cohorts. While 8F-FDG PET/CT has arguably
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advanced our understanding of hBAT physiology over the past decade, the modality alone
should not be considered a gold standard for characterizing hBAT properties, including
mass, thermogenesis, and the potential for activation.

Novel hBAT Detection Methods are Under Development

A variety of physiological, biochemical, and metabolic features of hBAT can be exploited to
provide signal contrast, and monitored with available imaging and biosensor methods (for
reviews, see Bauwens et al., 2014 and Hu and Kan, 2013). For example, magnetic resonance
imaging (MRI) and CT can measure fat fraction and thereby identify BAT, since the fat
content of brown adipocytes is different than that of lean muscle and lipid-rich white
adipocytes (Hamilton et al., 2011; Chen et al., 2013; Baba et al., 2010). hBAT is densely
permeated by capillaries and sympathetic neurons that participate in its unique function. The
change in blood flow that occurs upon cold-stimulated sympathetic activation can be imaged
using PET, MRI or ultrasound and may serve as a surrogate for tissue thermogenesis (Orava
etal., 2011; Khanna and Branca, 2012; Clerte et al., 2013). PET tracers have been produced
that can bind to the neurotransmitter norepinephrine transporter (Lin et al., 2012) or read the
changes in mitochondrial membrane potential that occur upon tissue activation (Madar et al.,
2011). A sampling of BAT detection methods was presented at the workshop, and Table 1
lists detection methods under development along with the biological feature of BAT that
each measures. Many were developed with support from RFA-DK10-002 in 2010, “Human
Brown Adipose Tissue: Methods for Measurement of Mass and Activity” (http://
grants.nih.gov/grants/guide/rfa-files/RFA-DK-10-002.html). A majority of these methods
are still in their infancy. Most of them have yet to be validated in people, remain cost
prohibitive, and have yet to reach widespread availability among the research community.

It will be highly advantageous to have a substantial menu of validated tools for the study of
hBAT. Some of these tools will detect properties that correlate with tissue mass but not its
activation state. Other methods will detect only activated tissue, while others will yield
information about both the mass and thermogenic activity of BAT. Some are quantitative
while others are extremely sensitive but cannot yield absolute values for mass or heat
production. It became apparent during workshop discussion that no single modality or
technique currently exists to comprehensively characterize BAT morphology and measure
its mass and activity, and a combination of techniques is likely to be more informative than
any single entity alone. Even within a single modality such as magnetic resonance, a suite of
complementary spectroscopy and imaging experiments sensitive to either tissue mass and
morphology (fat fraction) or function (blood flow) should be compiled to fully characterize
hBAT mass and metabolic activity. The emerging fusion modality of PET/MR is
progressively becoming available at research institutions worldwide and was acknowledged
at the workshop as a very promising multi-tool platform that can potentially provide a “one-
stop shop” for elucidating hBAT properties within a single examination.

It is hoped that tests intended for widespread use in the clinic, for large epidemiological
studies or for drug development will be inexpensive, non-invasive, and take advantage of
technology that is widely available. Measurements designed for use in free-living
individuals could yield important insight into tissue function. For example, although it is
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difficult to translate temperature into quantitative measures of thermogenesis, radiometers
that are sensitive to tissue temperature may offer the advantage of portability and home-
based usage. When coupled with telemetry, radiometers could be used to estimate hBAT
thermogenesis in large populations, to monitor the effects of climate and other
environmental stimuli, and to investigate circadian responses (Arunachalam et al., 2008;
Rodrigues et al., 2013). Ultimately, comparative studies will be needed to identify the
strengths, limitations, and cost-effectiveness of the most promising technologies. It is hoped
that researchers will soon be able to assemble suites of complimentary techniques that at a
minimum provide independent measures reflective of hBAT mass and activity, and that are
tailored for use in different experimental and clinical environments.

Standardized Protocols are Needed for hBAT Activation, Detection and

Reporting of Results

Workshop participants felt that additional concrete steps should be taken by the research
community to enhance the reproducibility, repeatability, accuracy, and precision of hBAT
measurements. In particular, there is an immediate need to develop minimum standards

for 18F-FDG-PET/CT data acquisition and operator-independent image analysis (for
instance, see Chen et al., 2013) so that the tissue volume and intensity of tracer uptake from
different laboratories can be compared (also suggested by Bauwens et al., 2014 and van der
Lans et al., 2014). Likewise, as each emerging method is developed and validated,
guidelines for parameters used, and minimum standards for data acquisition, analysis, and
literature reporting should be established. It was also noted that sharing of validated
experimental protocols in a common repository is one way that multi-institutional
collaboration and consensus can be stimulated. Since exposure of humans to cold
temperatures is likely to continue to be one way researchers maximally activate hBAT for
measurement of its volume, numerous times during the two day meeting there was a call to
standardize the cold-exposure protocols. The spectrum of existing valid approaches for cold
stimulation of people presently include the use of climate-controlled rooms, water-
circulating vests, and exposure of a limb to cold water. Some groups rely on exposure to a
fixed temperature while others use a personalized cooling protocol where a subject is cooled
to shivering, then warmed slightly (van der Lans, et al., 2014). Such differences in the
cooling goals likely affect the degree of BAT activation and therefore the ability to detect it,
and any quantitative measure of thermogenesis. This makes it difficult to compare measures
of hBAT volume or maximal activation potential among individuals or across populations,
and should be addressed. The alternative of using pharmacological agents to reliably activate
hBAT was discussed (Broeders et al., 2014). Hopefully as pharmacological agents and other
means that can easily, reliably and reproducibly activate hBAT become available, protocols
using these agents will also be standardized. While such minimal standards are needed to
compare data regarding hBAT incidence, volume and activation potential across laboratories
and populations, experimental parameters must ultimately be chosen to best answer the
specific research question under study (Chen et al., 2013).

The preceding discussion focused only on technologies for monitoring hBAT. There are
presently no approaches that can non-invasively differentiate between classical brown and
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beige adipocytes within hBAT, although molecular imaging with targeted cell-specific
probes may be a promising approach (Azhdarinia et al., 2013). More importantly, there are
no current means other than histology of biopsied fat tissue to unambiguously detect beige
fat cells that are induced in subcutaneous white fat depots. It seems unlikely that current
imaging approaches will be useful in the short term in subcutaneous fat depots, where the
ratio of brown to white adipocytes is likely to be very low under most circumstances.
Perhaps circulating plasma biomarkers (e.g. secreted adipokines or miRNASs) could be found
that reflect SiBAT or total brown adipose mass or activation. These challenges were
identified as critical unmet needs.

hBAT Thermogenesis can Directly Affect Energy Expenditure, but the

Potential to Impact Body Weight is Less Clear

There was considerable discussion regarding the possible health benefits of pharmacologic
or environmental activation of hBAT at the workshop. However, it remains to be seen
whether excess thermogenesis can be activated safely, and if the resultant increase in energy
expenditure is sufficient to affect weight or metabolic health. Estimates of potential maximal
thermogenesis of cold-induced hBAT lie between 25 and 400 kcal/day in lean people
(Muzik et al., 2013; Yoneshiro et al., 2011), but it has proven difficult to date to achieve
high levels of activation with cold in obese people using a number of different time courses
and cooling protocols (Orava et al., 2013). However, if brown fat cell mass in classical BAT
or subcutaneous white fat depots can be induced in people, as has been observed in rodents
(Schulz and Tseng, 2013), it may be possible to greatly increase the thermogenic potential of
whole body hBAT. This could then change the emphasis of obesity treatment research from
finding a safe means of activating existing hBAT, to inducing brown fat cell adipogenesis in
multiple fat depots, particularly using agents other than cold exposure (Kajimura and Saito,
2014; Bonet et al., 2012). However, even if increased hBAT mass and activation state were
achievable, the increase in energy expenditure is still likely to be less than that seen with
even moderately intense exercise programs, which in isolation have not been effective for
weight loss. Workshop participants speculated that, like exercise, sustained hBAT activation
may even trigger a homeostatic response to increase calorie intake (Cannon and Nedergaard,
2009). However, either sustained or transient increases in hBAT mass and/or activity could
potentially be used to protect against weight gain or help maintain weight loss, and prevent
metabolic diseases such as diabetes. Whether hBAT modulation is a good target for treating
obesity and preventing diabetes will require more research on large populations.

hBAT has Health Benefits Beyond its Important Role in Energy Balance and

Cold Tolerance

Several talks and poster presentations at the NIH hBAT workshop touched on a number of
physiological processes that appear to be regulated in some way by BAT. Beyond cold
tolerance, BAT likely plays a protective role in metabolic health unrelated to weight
modulation. These include potential involvement in regulating glucose homeostasis and
insulin resistance (reviewed by Peirce and Vidal-Puig, 2013), liver steatosis, blood lipids,
cardiovascular health and disease and immune system health. Beige fat cells appear to have
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an impact on white adipose tissue health; in mice, subcutaneous white adipose depots that
lack PRDM16 and therefore cannot increase brown adipocyte number contain higher levels
of fat, activated macrophages and inflammatory markers (Cohen et al., 2014). hBAT mass
and activity appear to be integrated with the health and function of bone in adults (Bredella
et al., 2014), and with skeletal muscle mass in babies, children, and adolescents (Ponrartana
etal., 2013). BAT is a primary source of heat in torpor/arousal transitions in hibernating
rodents (Hindle and Martin, 2014) and in recovery from sleep deprivation in mice
(Szentirmai and Kapas, 2014). Its role in circadian rhythms and sleep regulation in humans
has yet to be investigated. Lastly, rodent studies have shown that multiple peptides from
different organs induce the growth and activation of brown adipocytes, including FGF-21
from liver, atrial natriuretic peptide from heart, and irisin, myostatin, and TGF- from
skeletal muscle (Kajimura and Saito, 2014). In turn, BAT may secrete signaling factors that
communicate back to other tissues (Villarroya et al., 2013), again, suggesting that regulated
cross talk between a number of tissues and BAT is important for maintaining health.

More research is needed to understand the impact of hBAT beyond thermogenesis, and to
define the interactions between hBAT and several core physiological processes: prandial
states, anorexia, cachexia, physical activity, bone structure, sleep, circadian rhythms, and
aging. Prospective and longitudinal studies are necessary to address these fundamental
unknowns. Research on the basic biological properties of hBAT is in its infancy and many
questions remain to be asked, such as whether it has an endocrine role, and how it interacts
with other signaling tissues. Based on the results presented at the workshop, participants
were optimistic that strategies targeting hBAT induction and activation could help to prevent
weight gain, maintain weight loss, protect against the complications of obesity such as fatty
liver and cardiovascular disease, improve glucose homeostasis in diabetes, and enhance
overall metabolic, bone, and skeletal muscle health.

Conclusion

We are only beginning to understand the beneficial roles for adult hBAT. Our ability to
conduct experiments depends on finding a combination of validated, minimally invasive
technologies that can independently measure tissue mass and accurately quantitate
thermogenesis capacity. An impressive array of imaging and thermometry approaches are
emerging, and as they are validated these should be combined in order to provide a rich
picture of hBAT mass and function. To date it is not known whether human peripheral white
fat depots can be browned, and if so there will be a need for noninvasive measures that will
allow this siBAT to be studied. Due to the expected low brown-to-white adipocyte ratio, it is
likely that circulating molecules or other indirect biomarkers will be more useful than
imaging approaches to detect siBAT. It would be advantageous if researchers could agree on
a minimum set of guidelines regarding imaging data procurement, analysis and
interpretation, and for the experimental protocols for cold-stimulation of hBAT so that data
can be compared across laboratories and across populations. It remains to be seen whether
hBAT will be an effective target for weight loss, yet emerging data indicate that this tissue
plays many important roles in human health. Continued research on the cellular and
molecular properties of hBAT is needed to inform on its physiological functions and provide
additional strategies for manipulating its mass and activity. Finally, prospective longitudinal

Cell Metab. Author manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1dudsnuey Joyiny vd-HIN

Cypess et al.

Page 9

studies in human populations are needed to provide a complete picture of its incidence and
the environmental and physiological stimuli that regulate its activity.
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Abbreviations

BAT brown adipose tissue
hBAT human brown adipose tissue
AR b3-adrenergic receptor
18F.FDG PET/CT NIH, NIDDK, 18F-fluorodeoxyglucose positron emission
tomography/computed tomography
UCP1 uncoupling protein 1
SIBAT subcutaneous inducible brown adipose tissue
SUv Standard Uptake Value
MRI magnetic resonance imaging
References

Arunachalam K, Stauffer PR, Maccarini PF, Jacobsen S, Sterzer F. Characterization of a digital
microwave radiometry system for noninvasive thermometry using a temperature-controlled
homogeneous test load. Phys Med Biol. 2008; 53:3883-3901. [PubMed: 18591733]

Azhdarinia A, Daquinag AC, Tseng C, Ghosh SC, Ghosh P, Amaya-Manzanares F, Sevick-Muraca E,
Kolonin MG. A peptide probe for targeted brown adipose tissue imaging. Nat. Commun. 2013;
4:2472. doi: 10.1038/ncomms3472. [PubMed: 24045463]

Baba S, Jacene HA, Engles JM, Honda H, Wahl RLCT. Hounsfield units of brown adipose tissue
increase with activation: preclinical and clinical studies. J Nucl Med. 2010; 51:246-250. [PubMed:
20124047]

Bachman ES, Dhillon H, Zhang CY, Cinti S, Bianco AC, Kobilka BK, Lowell BB. BetaAR signaling
required for diet-induced thermogenesis and obesity resistance. Science. 2002; 297:843-845.
[PubMed: 12161655]

Bauwens M, Wierts R, van Royen B, Bucerius J, Backes W, Mottaghy F, Brans B. Molecular imaging
of brown adipose tissue in health and disease. Eur. J. Nucl. Med. Mol. Imaging. 2014; 41:776-791.
[PubMed: 24509875]

Blondin DP, Labbé SM, Christian Tingelstad H, Noll C, Kunach M, Phoenix S, Guérin B, Turcotte
EE, Carpentier AC, Richard D, et al. Increased brown adipose tissue oxidative capacity in cold-
acclimated humans. J Clin Endocrinol Metab. Jan 13.2014 jc20133901. [Epub ahead of print].

Bonet ML, Oliver P, Palou A. Pharmacological and nutritional agents promoting browning of white
adipose tissue. Biochim Biophys Acta. 2013; 1831:969-985. [PubMed: 23246573]

Branca, RT.; White, C.; Zhang, L. Detection of brown fat mass and activity by hyperpolarized xenon
MR. Proceedings of the 21st Annual Meeting ISMRM); Salt Lake City, Utah, USA. 2013. p. 404
Branca RT, Zhang L, Warren WS, Auerbach E, Khanna A, Degan S, Ugurbil K, Maronpot R. In vivo
noninvasive detection of Brown Adipose Tissue through intermolecular zero-quantum MRI. PLoS

One. 2013; 8(9):e74206. [PubMed: 24040203]

Cell Metab. Author manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1dudsnuey Joyiny vd-HIN

Cypess et al.

Page 10

Branca, RT.; Zhang, L.; White, C.; He, T. Detection of brown fat thermogenesis by hyperpolarized
Xenon gas MR. Proceedings of the 21st Annual Meeting ISMRM; Salt Lake City, Utah, USA.
2013.p. 814

Bredella MA, Gill CM, Rosen CJ, Klibanski A, Torriani M. Positive effects of brown adipose tissue on
femoral bone structure. Bone. 2014; 58:55-58. [PubMed: 24140784]

Broeders E, Bouvy ND, van Marken Lichtenbelt WD. Endogenous ways to stimulate brown adipose
tissue in humans. Ann. Med. 2014 Epub ahead of print. [PubMed: 24521443]

Cannon B, Nedergaard J. Thermogenesis challenges the adipostat hypothesis for body-weight control.
Proc. Nutr. Soc. 2009; 68:401-407. [PubMed: 19775494]

Chen KY, Brychta RJ, Linderman JD, Smith S, Courville A, Dieckmann W, Herscovitch P, Millo CM,
Remaley A, Lee P, Celi FS. Brown fat activation mediates cold-induced thermogenesis in adult
humans in response to a mild decrease in ambient temperature. J. Clin. Endocrinol. Metab. 2013;
98:E1218-E1223. [PubMed: 23780370]

Chen YC, Cypess AM, Chen YC, Palmer M, Kolodny G, Kahn CR, Kwong KK. Measurement of
human brown adipose tissue volume and activity using anatomic MR imaging and functional MR
imaging. J. Nucl. Med. 2013; 54:1584-1587. [PubMed: 23868958]

Clerte M, Baron DM, Brouckaert P, Ernande L, Raher MJ, Flynn AW, Picard MH, Bloch KD, Buys
ES, Scherrer-Crosbie M. Brown adipose tissue blood flow and mass in obesity: a contrast
ultrasound study in mice. J. Am. Soc. Echocardiogr. 2013; 26:1465-1473. [PubMed: 23993691]

Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson KJ, Lo JC, Zeng X, Ye L, Khandekar
MJ, et al. Ablation of PRDM16 and beige adipose causes metabolic dysfunction and a
subcutaneous to visceral fat switch. Cell. 2014; 156:304-316. [PubMed: 24439384]

Cypess AM, White AP, Vernochet C, Schulz TJ, Xue R, Sass CA, Huang TL, Roberts-Toler C,
Weiner LS, Sze C, et al. Anatomical localization, gene expression profiling and functional
characterization of adult human neck brown fat. Nat. Med. 2013; 19:635-639. [PubMed:
23603815]

Hamilton G, Smith D.L. Jr, Bydder M, Nayak KS, Hu HH. MR properties of brown and white adipose
tissues. J. Magn. Reson. Imaging. 2011; 34:468-473. [PubMed: 21780237]

Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. Nat Med.
2013; 19:1252-1263. [PubMed: 24100998]

Hindle AG, Martin SL. Intrinsic circannual regulation of brown adipose tissue form and function in
tune with hibernation. Am. J. Physiol. Endocrinol. Metab. 2014; 306:E284-E299. [PubMed:
24326419]

Hu HH, Chung SA, Nayak KS, Jackson HA, Gilsanz V. Differential computed tomographic
attenuation of metabolically active and inactive adipose tissues: preliminary findings. J. Comput.
Assist. Tomogr. 2011; 35:65-71. [PubMed: 21245691]

Hu HH, Kan HE. Quantitative proton MR techniques for measuring fat. NMR Biomed. 2013;
26:1609-1629. [PubMed: 24123229]

Huttunen J, Hirvonen J, Kinnula V. The Occurrence of Brown Adipose Tissue in Outdoor Workers.
Eur. J. Appl. Physiol. 1981; 46:339-345.

Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homge P, Loft A, de Jong J, Mathur N, Cannon B,
Nedergaard J, et al. A classical brown adipose tissue mMRNA signature partly overlaps with brite in
the supraclavicular region of adult humans. Cell Metab. 2013; 17:798-805. [PubMed: 23663743]

Kajimura S, Saito M. A new era in brown adipose tissue biology: molecular control of brown fat
development and energy homeostasis. Annu. Rev. Physiol. 2014; 76:225-49. [PubMed:
24188710]

Khanna A, Branca RT. Detecting brown adipose tissue activity with BOLD MRI in mice. Magn.
Reson. Med. 2012; 68:1285-1290. [PubMed: 22231619]

Lau AZ, Chen AP, Gu Y, Ladouceur-Wodzak M, Nayak KS, Cunningham CH. Noninvasive
identification and assessment of functional brown adipose tissue in rodents using hyperpolarized
13C imaging. Int J. Obes. (Lond). 2014; 38:126-131.

Lee P, Swarbrick MM, Zhao JT, Ho KKY. Inducible Brown Adipogenesis of Supraclavicular Fat in
Adult Humans. Endocrinology. 2011; 152:3597-3602. [PubMed: 21791556]

Cell Metab. Author manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1dudsnuey Joyiny vd-HIN

Cypess et al.

Page 11

Lee P, Werner CD, Kebebew E, Celi FS. Functional thermogenic beige adipogenesis is inducible in
human neck fat. Int. J. Obes. (Lond). 2014; 38:170-176.

Lee P, Linderman JD, Smith S, Brychta RJ, Wang J, Idelson C, Perron RM, Werner CD, Phan GQ,
Kammula US, et al. Irisin and FGF21 Are Cold-Induced Endocrine Activators of Brown Fat
Function in Humans. Cell Metab. 2014; 19:302-309. [PubMed: 24506871]

Lin SF, Fan X, Yeckel CW, Weinzimmer D, Mulnix T, Gallezot JD, Carson RE, Sherwin RS, Ding
YS. Ex vivo and in vivo evaluation of the norepinephrine transporter ligand [11C]MRB for brown
adipose tissue imaging. Nucl Med Biol. 2012; 39:1081-1086. [PubMed: 22595487]

Madar I, Isoda T, Finley P, Angle J, Wahl R. 18F-fluorobenzyl triphenyl phosphonium: a noninvasive
sensor of brown adipose tissue thermogenesis. J Nucl Med. 2011; 52:808-814. [PubMed:
21498536]

Mirbolooki MR, Upadhyay SK, Constantinescu CC, Pan ML, Mukherjee J. Adrenergic pathway
activation enhances brown adipose tissue metabolism: a [18F]FDG PET/CT study in mice. Nucl.
Med. Biol. 2014; 41:10-16. [PubMed: 24090673]

Muzik O, Mangner TJ, Leonard WR, Kumar A, Janisse J, Granneman JG. 150 PET measurement of
blood flow and oxygen consumption in cold-activated human brown fat. J. Nucl. Med. 2013;
54:523-531. [PubMed: 23362317]

Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for active brown adipose tissue in adult
humans. Am. J. Physiol. Endocrinol. Metab. 2007; 293:E444—E452. [PubMed: 17473055]

Orava J, Nuutila P, Lidell ME, Oikonen V, Noponen T, Viljanen T, Scheinin M, Taittonen M, Niemi
T, Enerback S, Virtanen KA. Different metabolic responses of human brown adipose tissue to
activation by cold and insulin. Cell Metab. 2011; 14:272-279. [PubMed: 21803297]

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. 2013; 21:2279-2287. [PubMed: 23554353]

Ouellet V, Labbe SM, Blondin DP, Phoenix S, Guerin B, Haman F, Turcotte EE, Richard D,
Carpentier AC. Brown adipose tissue oxidative metabolism contributes to energy expenditure
during actue cold exposure in humans. J. Clin. Invest. 2012; 122:545-552. [PubMed: 22269323]

Peirce V, Vidal-Puig A. Regulation of glucose homoeostasis by brown adipose tissue. Lancet Diabetes
Endocrinol. 2013; 1:353-360. [PubMed: 24622420]

Ponrartana S, Hu HH, Gilsanz V. On the relevance of brown adipose tissue in children. Ann. N 'Y
Acad. Sci. 2013; 1302:24-29. [PubMed: 23909713]

Rodrigues DB, Maccarini PF, Salahi S, Colebeck E, Topsakal E, Pereira PJ, Limao-Vieira P, Stauffer
PR. Numerical 3D modeling of heat transfer in human tissues for microwave radiometry
monitoring of brown fat metabolism. Proc. SPIE. 2013; 26:8584.

Schulz TJ, Tseng YH. Brown adipose tissue: development, metabolism and beyond. Biochem. J. 2013;
453:167-78. [PubMed: 23805974]

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. 2012; 7:49452. [PubMed: 23166672]

Skarulis MC, Celi FS, Mueller E, Zemskova M, Malek R, Hugendubler L, Cochran C, Solomon J,
Chen C, Gorden P. Thyroid hormone induced brown adipose tissue and amelioration of diabetes in
a patient with extreme insulin resistance. J. Clin. Endocrinol. Metab. 2010; 95:256-262. [PubMed:
19897683]

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. 2012; 161:892—-898. [PubMed:
22677567]

Szentirmai E, Kapas L. Intact brown adipose tissue thermogenesis is required for restorative sleep
responses after sleep loss. Eur. J. Neurosci. 2014; 39:984-998. [PubMed: 24372950]

van der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG, Vosselman MJ, Hansen J, Jérgensen JA,
Wu J, Mottaghy FM, et al. Cold acclimation recruits human brown fat and increases nonshivering
thermogenesis. J. Clin. Invest. 2013; 123:3395-3403. [PubMed: 23867626]

Cell Metab. Author manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1dudsnuey Joyiny vd-HIN

Cypess et al.

Page 12

van der Lans AA, 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. 2014 doi:10.1152/ajpregu.00021.2014. [Epub ahead of print].
[PubMed: 24871967]

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 magnetic resonance imaging and 2-deoxy-2-[18F]fluoro-D-gIucose positron emission
tomography. Invest. Radiol. 2013; 48:708-714. [PubMed: 23695084]

Villarroya J, Cereijo R, Villarroya F. An endocrine role for brown adipose tissue? Am. J. Physiol.
Endocrinol. Metab. 2013; 305:E567-E572. [PubMed: 23839524]

Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, Taittonen M, Laine J, Savisto
NJ, Enerbéck S, Nuutila P. Functional brown adipose tissue in healthy adults. N. Engl. J. Med.
2009; 360:1518-1525. [PubMed: 19357407]

Wu J, Bostro P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, Nuutila P,
Schaart G, et al. Beige Adipocytes Are a Distinct Type of Thermogenic Fat Cell in Mouse and
Human. Cell. 2012; 150:366-376.

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).
2011; 19:13-16.

Young P, Arch JR, Ashwell M. Brown adipose tissue in the parametrial fat pad of the mouse. FEBS
Lett. 1984; 167:10-14. [PubMed: 6698197]

Cell Metab. Author manuscript.



Cypess et al. Page 13

Cell Metab. Author manuscript.



Page 14

(1)
1102 uonelpes Buiziuo| 1VM ueyy

“[e 19 NHA'0T0Z 1Vvd Jo ainesy JUSJU09 1By 1aMO| Sey

. 6 |eubis anbiun 1v9 ‘(09 ey "6°3) (sHun plalsunoH) uonenuane Ael-x anssi ] 19
. le1s mgmmmHON © 10U JUdIU09 Je4 ABojoydiow 1vg jo SSeIN poylsw uoxig Amc_@w&_v HW JUSJUOI 1B} BNSSI |
[e 18 USYD4-TT0C 1V aAnoe aInseaw aAneIIuEnd uoresedss Jej-11em Hy JIys-[esisyd WEE 5

“[e 18 Uo)|IeH pue aAndeul (4IN)

’ 6 ysinbunsip uonelpel Buiziuol oN

Alipeas ouue)

uoneAnoe
1va Aq paroaye
“le19 Ul UolepifeA pajwi (adw (13N)
2102 "[eId UM 5 uoREIpe) BUIZIo| Alpiiw Ajuo [eubis SSeIl [9::]) sunsxogaiApsw-o [9::1-(S 's) 13d uieloud Jepiodsuen suriydauidsioN
19 annoeul L L
ui [euBis autjaseq ybiH
aAleIuENd
1vg anioe
Bis
1102 UOIEPIjEA paliWI] ut psonpaJ [eubl (dLug4)
“|e 19 Jepe S b 1VM uonaUN4 pue ssejy i 13d [enualod aueIquISW [eLIPUOYIONIA
I PEN 5 uoneipes buiziuo| 10 319SNW << 1 Vg wniuoydsoyd |Ausydu |Azuagoan]4-dg;
3AI0RUI :UOITRINWINIJR =
B1IPUOYI0}IW JaJRI | £
sisausBouwiiay} Jo m
LONEDI[eA paNWI ainseaw o>_HmH_“cmﬂO m
€102 19 8AndeUl Ul UoRBAGE Lyg uodn Z Z S
"I NZIN g opedn sauBiBoN asealoul [eubis abie uonoun4 Ogr PaAIdSUI WOy Ogr ZH paonpold Ajjeao 13d uoresidsal [eLIPUOYION N £
: sanssiy 2
uonelpes Buiziuol aAIoe A|eatjoqelsw a
ut Ajuo a[qIsIA £
uolyepifeA pspwi uoneAnde 1yg uodn W
2102 1\ aAndeul Ul asealoul [eubis abe 31e1908-01; @
“ejalelleno | evexdnejibibeN | Lva pareance Aq dn uohound PIoe 210ULI0pEIdaURIL-9-0I0N|d--gr-(S )T 134 peidn aeja0v 1o proe e ©
uoneipes buiziuoj aye1 A|pIAe sjusLiINN
uonezipsepuels
102 "[e 1 40 9E']
_v_OO_OQk___\/_U ,®OON w_wwcmeC.:wcu uoljeAnde |_|@<m Fm_wOn_D
‘e ;H_ﬂhm__m___ﬂhou m%eom_w_ \A_M_c Qr_:m% e uonaun4 2500n]6AX03POION|-dg; gl3d axerdn asoan|o
19 USUBLIA -L00T 19 aAndeul ul pue ajqejreAe A|ppIA
‘e 18 pJeebiapaN aeidn aqibiiBaN
uonelpel Buiziuoj
NOILONNS
10 SSVIN Lv4 d313NVHVYd d3dNSYIN
S3AON3IH343d SAON3ITIVHO S3dNLv3a4 INOINN :INIOdAN3 TVNOIS J0 SISvd ALITTVAOIN PUE | 398V L ONIOVINI
AUVINTEd

Cypess et al.

mA 1v9g) anssi] asodipy umoig uelinH 198190 01 SPOYISIA JO Alewiwing

Talqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript




Page 15

Cypess et al.

¢10¢
““]e 18 SPUOWAS
800Z "[e
19 WejeydeunIy
‘€102
“le1d m%m:uow_m

Lvd sapisaq
sanssiy Jay1o Aq
parelaual si JeaH
uolepIfeA pauwiT]
Aupigeyrene
psnwI

1509 MOJ ‘8AISBAUI-UON
Answsajal Aq paionuow
aq Ajrenualod ued
ey WialsAs ajqeseam
‘a1qeniod AlybiH

uonoun4

1\/g PareAIloe Woly

panIwWe yesy Bulelpes 109)9p SI0SUS 90eJINS

BuiBewi paesu)
Allawolpes aABMOIDIN

sisauaBouIay) BIA yeay seonpoud
19 pareAIioe - ainjesaduwia |

€10C “|e
19 BIULIRPLZY

suewny ul
pajepleA 184 10N
Anngerene
panwi

19 9A19e pue
annoeul 104 A11o1410ads
ybry enusiod

uonaun4 pue sse|n

wnijayiopus

JTe[naseA | /g 1oy aAo3|ss aqoud apndad

BuiBewi 82usdsaIoN|) paJeljul-eaN

Lvg 01 o1108ds
saqoJd Jejnasjow pajeblie ]

€102 "le 18
ualiooy UeAETOZ

uonEpIfeA pauwI

(11e) uoneanoe

“le1e :chmwNHON Sjuswiainseaw 1vg uodn mmcmsu
‘eoueIg Eocmu mwmm_ot_u _%cmv_w Algetoaiddy Ao._om_ﬁ_%%uecwﬁ_m,%_wﬁm_ ebkre-pooig Amwwmrm_v et
Ue euue : |1e) uoisnyiad pue - N "
P ) g Emwmmwmw:_dﬂ%_m MO[} POO|q 3NSSI3 [BI0] uonund 3]11UOSIAINQOSIAXOIBWO | 166 ‘Ogr H 4 sn MOl} poo|q pue Aiiejnosen 1vg
€102 "[e 19 ss3dAD : 1O 3INseaW 10311P s81qqngo.oIW d1uaboya 3
oz oo | ot |
“Ie Hmwmw_om uoRIpe) Buiziuoy | UOMEIPE) Burzivol oN
suewiny ui W
pajepl|eA 184 10N uonepIxo @
uoneziejodiadAy JeLpuoyo0IW m
. 10} papaau 10 S3Inseaw 19a11p B ajejoe| pue sjeuoquealq
$T0Z "1 19 ne wowdinba [erads sonss uonoun4 a1eAnIAd-T[D¢;] pazirejodiadAH (Adoasoudads pue Buibewr) YN 01 WSHjoqe1aW a1eAniAd 5
Au|ie|rene annae Ajjearjogelsw E]
|e12J3WwWod ut Ajuo 3|qISIA <
paywi Fe
[<5]
suewny ui =
€102 paiepifen 194 10N (Annnoe =
‘aH pue ayM CO_wMN_.._m_OQ‘_wﬁ_Z._ 1vd mwv ainmesadwa) (@)

‘Bueyz ‘eouelg
‘€10z “Bueyz pue
SUYM ,mocEm_m

10} papaau
juawdinba |eioads
Anigejrene
[e12J3WWod
paywi

anssi} 0] ANARISUSS
1vd you-pidi|
pasnyiad Ajybiy ui
SBAJ0SSIp seb uousXg;,

uonoun4 pue sseiN

BAINISUBS

ainjesadwa) s1 Aouanbaly soueU0Sal HIN

sef uouaXg,; paziiejodiadAy

(Adoosouoads pue Buibewi) YN

UOU9X 577

suewny ul

palepifeA 194 10N

uonezirejodiadAy
10y papaau

(Ananoe

AAINISUBS

€702 “[e 3@ awdinba [e1oads | 1vg '63) aimesadwal ainyesadwsay st Aouanbaiy 30UBUOS3I YIN suonoeIRUI
Bueyz “eouesg 6 awin uonisinboe anssi) 0] AlAISUSS SSBN $8|Nd3j0W Je) pue Jarem Jo Aywixold jenreds (Adoosondads) YN Je|ndsjow Jeslem Je|n|jadeau|
ejep Buo 1vg Joj anbjun jeubis - 9JU3J3Y09 Wnjuenb 048z Jejndsjowau|
Aujiqejrene
|e12J8WwWod
panwi
NOILONNS
10 SSVIN 1v4 d313NVEVd dFJNSYIN
0
RERINEREEEN] SAONITIVHO | SFHNLVYA4 IANOINN - INIOdANT VNOIS J0 SISvd ALITTYAOW pUe | 394V L ONIOVIAI
AdVINILd

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript




Page 16

Cypess et al.

200-0T-XA-v4Y 0} asuodsal ut AAIN Aq Uwvc:u_m

‘AydesBowoy paandwoa uoissiwa uojoyd ajbuls ;.om_n_m,.

‘punosenin 'sn,

‘AydesBowoy paindwod ”._.ou

‘a0ueu0sal oNjaubew RN

‘AydeiBowo) uoissiwa uonsod ”._.m_an

‘anss1) asodipe umolq : Lve,

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Cell Metab. Author manuscript.



