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Abstract

Introduction—Brown adipose tissue (BAT) plays a critical role in adaptive thermogenesis and is 

tightly regulated by the sympathetic nervous system (SNS). However, current BAT imaging 

modalities require cold stimulation and are often unreliable to detect BAT in the basal state, at 

room temperature (RT). We have shown previously that BAT can be detected in rodents under 

both RT and cold conditions with 11C-MRB ((S,S)-11C-O-methylreboxetine), a highly selective 

ligand for the norepinephrine transporter (NET). Here, we evaluate this novel approach for BAT 

detection in adult humans under RT conditions.

Methods—Ten healthy, Caucasian subjects (5 M: age 24.6±2.6, BMI 21.6±2.7 kg/m2; 5 F: age 

25.4±2.1, BMI 22.1±1.0 kg/m2) underwent 11C-MRB PET-CT imaging for cervical/

supraclavicular BAT under RT and cold-stimulated conditions (RPCM Cool vest; enthalpy 15°C) 

compared to 18F-FDG PET-CT imaging. Uptake of 11C-MRB, was quantified as the distribution 

© 2015 Published by Elsevier Inc.
†Corresponding author/requests for reprints: Yu-Shin Ding, 660 First Avenue, 4th Floor, New York, NY 10016, Phone: 
(212)263-6605, Fax: (212)263-7541, yu-shin.ding@nyumc.org (yushin.ding@nyu.edu).
*Contributed equally as first author to this work
**Contributed equally as senior author to this work

Author contributions
JJH and CWY contributed to study design, data collection, interpretation, and manuscript writing. JDG contributed to study design, 
data interpretation and manuscript editing. RBA contributed to data collection and manuscript editing. DE and DC contributed to data 
collection and manuscript editing. HG, MK, NN, YH contributed to study implementation. REC contributed to study design, data 
interpretation, and manuscript editing. RSS and YSD contributed to study idea and initiation, study design, data interpretation, and 
manuscript editing.

Clinical Trial Registration number: NCT 02038595

Disclosure summary: The authors report no disclosures or conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Metabolism. Author manuscript; available in PMC 2016 June 01.

Published in final edited form as:
Metabolism. 2015 June ; 64(6): 747–755. doi:10.1016/j.metabol.2015.03.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



volume ratio (DVR) using the occipital cortex as a low NET density reference region. Total body 

fat and lean body mass were assessed via bioelectrical impedance analysis.

Results—As expected, 18F-FDG uptake in BAT was difficult to identify at RT but easily 

detected with cold stimulation (p=0.01). In contrast, BAT 11C-MRB uptake (also normalized for 

muscle) was equally evident under both RT and cold conditions (BAT DVR: RT 1.0±0.3 vs. cold 

1.1±0.3, p=0.31; BAT/muscle DVR: RT 2.3±0.7 vs. cold 2.5±0.5, p=0.61). Importantly, BAT 

DVR and BAT/muscle DVR of 11C-MRB at RT correlated positively with core body temperature 

(r=0.76, p=0.05 and r=0.92, p=0.004, respectively), a relationship not observed with 18F-FDG 

(p=0.63). Furthermore, there were gender differences in 11C-MRB uptake in response to cold 

(p=0.03), which reflected significant differences in the change in 11C-MRB as a function of both 

body composition and body temperature.

Conclusions—Unlike 18F-FDG, the uptake of 11C-MRB in BAT offers a unique opportunity to 

investigate the role of BAT in humans under basal, room temperature conditions.
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1. INTRODUCTION

Brown adipose tissue (BAT) has reemerged over the last decade as a potential target for 

modulating human energy homeostasis. Although early histological evidence supported the 

presence of BAT in humans throughout all stages of life [1], BAT was, until recently, 

believed to have minimal biological impact in adult humans. With the advent of imaging 

modalities such as positron emission tomography coupled with CT (PET-CT) and selective 

tissue sampling to confirm the presence BAT, there is now undisputed evidence that 

functional BAT does exist into adulthood [1-3]. Furthermore, BAT likely plays a significant 

role in energy homeostasis and thermogenesis [2, 4]. However, current methodology to 

measure BAT has revealed limitations in our ability to assess the true magnitude of BAT’s 

role in energy homeostasis because most available methods to detect BAT require activation 

of BAT and are unreliable in assessing BAT under basal conditions despite evidence that 

BAT is tonically active and consumes oxygen on average 300% higher than subcutaneous 

white adipose tissue under basal conditions [5]. Thus, understanding the role of BAT in 

humans under normal daily conditions will be critical in determining its efficacy as a target 

for the treatment of diabetes and obesity.

Most recent studies investigating the potential of BAT in adaptive thermogenesis have 

focused on assessing the effects of BAT following activation (either using cold stimulation 

or pharmacotherapy) as a potential therapy for diabetes or obesity. Although these studies 

show that following acute activation, BAT may provide a means to improve glucose control 

[6, 7] as well as shift the total energy balance [8, 9] to favor weight loss, the extent to which 

BAT contributes to energy expenditure is unclear for humans. Studies estimating the 

potential impact of BAT in humans have estimated that BAT could contribute between 2-5% 

of basal metabolic rate [3, 9, 10]; however, these modest effects were calculated from 

estimates of quantity of cold-activated BAT, and there have been no standard methods to 
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reliably quantify BAT tissue in humans. Most importantly, these studies did not address the 

impact of basal BAT on human energy homeostasis despite strong evidence that BAT is 

tonically active [5, 11-13].

One reason that less attention has been focused on basal BAT is because the standard 

imaging modality for BAT, 18F-2-fluoro-deoxy-D-glucose (18F-FDG) PET-CT, largely 

requires cold stimulation in order to visualize BAT. While 18F-FDG is well-established for 

the study of acute BAT activation, it is unreliable when used to study human BAT in the 

room temperature, basal state. Studies using 18F-FDG to measure BAT under room-

temperature conditions have reported a prevalence of detectable BAT in less than 10% of 

subjects [14]. In one study of 17 subjects, histologically confirmed BAT was detected in all 

subjects; however,18F-FDG PET-CT scanning positively detected BAT in only 3 of these 

subjects [15]. In another study, 33 subjects had 5 repeated 18F-FDG scans and only 1 subject 

had reproducibly detectable BAT on all 5 scans at ambient conditions [16]. Even following 

cold stimulation, prevalence of BAT detected using 18F-FDG has been variable with rates 

ranging from 30-100% in adults [4, 17, 18]. These variable findings reflect our lack of 

understanding of all the factors that regulate BAT and also underscore the fact that 18F-FDG 

is only tracing one property of BAT, namely glucose uptake in BAT despite the fact that free 

fatty acids are the primary substrate for BAT [19]; thus, alternative and complimentary 

imaging modalities to 18F-FDG imaging are needed in order to comprehensively investigate 

the role of human BAT in its basal state as well as following acute activation.

Basal tone in BAT is tightly regulated by the sympathetic nervous system, beginning in the 

central thermoregulatory centers of the hypothalamus and extending to a dense network of 

postganglionic neurons [20]. Sympathetic tone has been shown to modulate many aspects of 

BAT physiology beyond its acute activation, including brown adipocyte differentiation, 

recruitment, and efficacy of BAT for thermogenesis [11-13]. In cell culture experiments 

with brown preadipocytes, norepinephrine promotes proliferation [11], furthermore, constant 

norepinephrine stimulation increases the amount of mitochondria in the brown adipocytes 

which increases their oxidative capacity [12]. Finally, basal SNS tone has been shown in rats 

to be necessary in order to achieve maximal stimulation of BAT [13].

SNS activity in BAT is mediated principally by the neurotransmitter, norepinephrine and 

relies on recycling of norepinephrine by the norepinephrine transporter (NET), which is 

present on all adrenergic neurons and is responsible for re-uptake and re-packaging of 

80-90% of synaptic norepinephrine [21]. Because of the critical importance of the 

sympathetic nervous system in both basal and activated BAT, we sought to non-invasively 

measure BAT SNS innervation by using 11C-MRB ((S,S)-11C-O-methylreboxetine), a highly 

selective ligand for the NET which has been well characterized in human and non-human 

primate CNS studies [22-26]. We hypothesized that 11C-MRB would be a novel and specific 

label for the degree of sympathetic innervation of BAT which would allow a unique 

assessment of BAT in its basal state. Our initial studies in a rodent model identified that 

NET could be a highly specific target for BAT [27], and we have shown that BAT can be 

detected in rodents under both room temperature and cold conditions. Furthermore, the 

uptake of 11C-MRB in BAT was completely abolished by the pretreatment with a NET 

inhibitor, demonstrating the ligand specific labeling of BAT [27]. In this study, we 
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compare 11C-MRB and 18F-FDG uptake in BAT through PET-CT scanning to address 

whether 11C-MRB can be used as a novel means of imaging basal BAT in humans under 

room temperature conditions. Furthermore, we take advantage of this mechanistically-driven 

BAT ligand to examine the relationships between gender and body temperature and body 

composition parameters on basal BAT.

2. MATERIALS AND METHODS

2.1. Participants

Young, healthy Caucasian participants were recruited through public advertisements in the 

greater New Haven area (Table 1). Exclusion criteria included any medical problems 

including diabetes mellitus; thyroid, cardiovascular, pulmonary disease; smoking and illicit 

drug use; use of any medications with the exception of hormonal contraception for women. 

The one female participant who was not receiving hormonal contraception underwent all 

scanning during the luteal phase of menstrual cycle. Subjects refrained from any grapefruit 

products, excessive physical activity beyond their normal routine or alcohol use for 3 days 

prior to and after each scan. The protocol (ClinTrials NCT 02038595) was approved by the 

Yale University Human Investigation and Radiation Safety Committees.

All subjects provided informed, written consent before participation in the study. Each 

subject underwent a physical exam, electrocardiogram, blood testing, and a urine toxicology 

screen. Baseline anthropometric measurements were obtained including height, weight and 

total body fat measured by bioelectrical impedance analysis (Tanita body composition 

analyzer, model TBF-300)).

2.2 Study Design

Subjects underwent PET-CT imaging using 11C-MRB as well as 18F-FDG under room 

temperature (RT) and mild cold stimulated conditions (RPCM Cool vest, Glacier Tek, Inc, 

USA; enthalpy rated at 15°C). Given the minimal information obtained from RT 18F-FDG 

scans based on our initial data, and in an effort to minimize radiation exposure for female 

subjects, a subset of 3 women did not undergo 18F-FDG PET-CT imaging at RT. Cold 

condition scans were performed while subjects wore a climate vest loaded with cold packs, 

whereas room temperature scans were conducted using the same climate vest loaded with 

RT packs, to avoid potential biases from changes in attenuation between the two conditions.

For 18F-FDG studies, subjects wore the climate vest for half an hour before 18F-FDG 

injection, during the 60-minute period between the injection, and during the 25-30 minute 

scan. For 11C-MRB PET-CT scans, the climate vest was placed on the subjects 30 min prior 

to intravenous 11C-MRB administration and remained on the subject for the duration of the 

120-125 minute dynamic scan. PET-CT scanning began with the administration of 11C-

MRB.

All scans were performed under fasting conditions. Studies performed at RT were always 

conducted in the morning and cold stimulated conditions were performed in the afternoon. 

This was necessary to avoid the potential physiological carryover of a prior cold condition in 

the case of two scans being carried out on the same day. 18F-FDG and 11C-MRB scans were 
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separated by at least 1 week and all subjects completed all scans within 4 weeks. Shivering 

was neither reported by study participants nor observed by research staff.

Vitals signs including tympanic body temperature (Braun PRO 4000, USA), blood pressure 

and heart rate were obtained during each scan immediately prior to and 30 minutes after 

wearing the vest. Body temperature at RT was missing for 1 male subject.

2.3. PET-CT Protocols
11C-MRB was synthesized at the Yale PET center based on procedures described previously 

[28]. The specific activity at the end of synthesis was 639 ± 319 MBq/nmol and the 

radiochemical purity was ≥ 99.4%. 18F-FDG was purchased from IBA Molecular (USA).

PET imaging was performed using the mCT PET/CT scanner (Siemens/CTI, USA). Subjects 

were in supine position with arms at their side. Five to six bed positions were used to scan 

from the head to the lower abdomen. Before each PET scan, a CT scan (2 mm slice 

thickness) was performed with the same number of bed positions for attenuation correction 

and to help delineate the BAT region of interest.

For 18F-FDG scans, one cycle through all bed positions was performed, with a 5-min 

acquisition for each bed position. For 11C-MRB scans, 13 (12, respectively) cycles through 

all 5 (6, respectively) bed positions were performed, with the following per bed acquisition 

times: 18 seconds for 2 cycles, 36 seconds for 3 cycles, 72 seconds for 3 cycles, 180 seconds 

for 3 cycles, 300 seconds for 2 (1, respectively) cycle(s). Images were reconstructed with an 

OSEM algorithm using point spread function and time-of-flight corrections. Images from 

different bed positions were combined to provide a whole body image with 363 (for 5 bed 

positions) or 425-426 (for 6 bed positions) transverse slices.

2.4. Co-registration

To correct for body motion during the 11C-MRB scans, each frame of the dynamic scan was 

co-registered to a reference sum image using a 12-parameter affine transforms followed by a 

nonlinear transformation grid. The transforms were estimated using the Bioimagesuite 

software (version 2.5; http://www.bioimagesuite.com) [29].

To co-register the two 11C-MRB scans and the two 18F-FDG scans together, a sum image (0 

to 120 min) was computed for each of the 11C-MRB scans, then the cold condition 11C-

MRB sum image and the two 18F-FDG static images were co-registered to the baseline 11C-

MRB sum image using a 12-parameter affine transforms followed by a nonlinear 

transformation, using the same software as for the motion correction of 11C-MRB scans.

2.5. Regions of Interest

Supraclavicular and cervical BAT ROIs were manually delineated by an American Board of 

Nuclear Medicine certified physician on cold 18F-FDG static images. CT images were 

visually examined to ensure that the attenuation coefficient corresponded to fat tissue using 

a HU window (-50 to -200 HU) to enhance contrast between fat and other non-fat soft tissue. 

Muscle ROIs were drawn on CT images in the deltoid muscle. Brain region of interest for 

the occipital cortex was taken from an MR template [30], which was co-registered with 
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the 11C-MRB scans using an early sum image (0-10 min post injection) and an affine (12 

parameters) transforms.

2.6. Analysis

For analysis of tracer uptake, mean SUV, rather than max SUV used for tumors, is reported 

given the relative homogeneity of the adipose tissue. SUV images were also used for 

visualization. Given the lack of standardized definitions of BAT, we chose an 18F-FDG 

SUV >1.5 and Hounsfield units (-200 to -50) as has been used by others [7, 31] to define 

BAT tissue. In contrast to 18F-FDG, 11C-MRB is a reversible, competitive tracer. Because 

the distribution volume ratio (DVR) is a more precise measurement of uptake for reversible 

tracers [32] such as 11C-MRB, we quantified regional 11C-MRB uptake as DVR, estimated 

via MRTM2 [25, 33] (t*=30 min) using the occipital cortex, a region with low NET density 

[25, 34], as the reference region. MRTM2 reduces the variability of MRTM [33] parameter 

estimates by fixing one of the three parameters, the parameter k2’, which is only related to 

the reference region time-activity curve, to a common value for all regions/voxels. In this 

study, the parameter k2’ was fixed to 0.021 min-1, based on previous brain studies. 

Furthermore, the tracer binding has been well-characterized in our previous brain studies in 

humans [22, 25, 26, 35] and uptake of metabolites of 11C-MRB was minimal in rodent BAT 

[27]. Muscle was also chosen as a peripheral reference, and a ratio of BAT-DVR to muscle-

DVR (BAT/muscle) was compared.

2.7. Statistical Analysis

Two-sided paired sample t-tests were used to compare 18F-FDG and 11C-MRB scans under 

room temperature and cold stimulated conditions. Two-sided independent sample t-tests 

were used assess gender differences. Correlations between variables were determined with a 

Pearson correlation coefficient. Data analysis was performed using SPSS software (version 

21.0, IBM). P values of less than 0.05 were considered statistically significant.

3. RESULTS

3.1 Subject Characteristics

As shown in Table 1, there were no differences in age or body mass index (BMI) between 

men and women. Compared to men, women had significantly higher fat mass and lower lean 

mass as measured by bioelectric impedance. There were no differences in baseline body 

temperature, resting heart rate, or systolic blood pressure between men and women. Men 

had slightly higher baseline diastolic blood pressure and mean arterial pressures compared to 

women.

3.2 11C-MRB and 18F-FDG BAT Labeling

Eight out of ten subjects had BAT detected on all three scans (cold 18F-FDG, RT 11C-MRB 

and cold 11C-MRB) (Figure 1). Furthermore, the 11C-MRB quantitative measures at RT and 

cold conditions were comparable (DVR: RT 1.0 ± 0.3 vs. cold 1.1 ± 0.3, p = 0.31; DVR 

(BAT/muscle): RT 2.3 ± 0.7 vs. cold 2.5 ± 0.5, p = 0.61; Figure 2). In contrast, BAT was 

difficult to identify for 18F-FDG at RT with significantly lower SUV at RT than with cold 

stimulation (RT 0.8 ± 0.3 vs. cold 3.2 ± 1.5, p = 0.01). The 2 subjects that did not have BAT 
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detected on all three scans were female. One subject had no visibly detected BAT on any 

scans. The other subject had no BAT detected on the cold 18F-FDG scan; however, BAT 

was both visually and quantitatively detected on the 11C-MRB cold and RT scans (DVR 1.1 

and 1.6, respectively) and in similar values to group means. There were no differences in 

body composition or physical exam between these two subjects and other subjects.

Overall, there were no differences in 18F-FDG uptake during the cold scan between men and 

women (men 3.4 ± 1.6 vs. women 2.9 ± 1.7, p = 0.7) or in 11C-MRB uptake both during the 

RT (men 0.9 ± 0.2 vs. women 1.1 ± 0.4, p = 0.7) and cold scans (men 1.2 ± 0.3 vs. women 

0.9 ± 0.2, p = 0.3) (Figure 2).

The relative ability of 18F-FDG and 11C-MRB to detect BAT located in additional, 

previously described depots throughout the body [1] was compared under both RT and cold 

conditions. Two ABNM certified physicians independently inspected the scans of all 

subjects for presence of BAT in the axillary, paraspinal, mediastinal, and suprarenal regions. 

For the paraspinal and mediastinal regions, visual inspection noted minimal 18F-FDG uptake 

at RT; however, cold 18F-FDG as well as RT and cold 11C-MRB scans detected BAT with 

similar frequencies. There was variability between the physicians in the ability to reliably 

distinguish BAT from nearby tissues particularly in the suprarenal, and to a lesser extent 

axillary, regions for both FDG and MRB scans.

3.3. 11C-MRB Uptake, Body Temperature, and Body Composition

Under fasting, morning, RT conditions, there was a positive correlation between baseline 

body temperature and baseline 11C-MRB uptake in BAT, which remained significant after 

normalization to muscle (BAT DVR: r = 0.76, p = 0.05; BAT/muscle DVR ratio r = 0.92, p 

= 0.004) (Figure 3A and B). This relationship was not observed with18F-FDG scanning.

There were no significant correlations between body temperature after cold stimulation with 

either 11C-MRB (p = 0.39) or 18F-FDG uptake (p = 0.63) after cold. However, the change in 

MRB uptake in response to cold (Figure 4) negatively correlated with body temperature 

after 30 minutes of cold exposure (r = -0.74, p = 0.01). This correlation was driven by 

differences between men and women, with men having significantly increased 11C-MRB 

uptake in response to cold (p = 0.03) and lower body temperatures compared to women who 

tended to have decreased MRB uptake in response to cold and also higher body 

temperatures after 30 minutes of cold exposure (Figure 4A and 4B). Furthermore, in a 

similar pattern, men also tended to have higher baseline mean arterial blood pressures which 

correlated positively with increased 11C-MRB uptake in response to cold (r = 0.81, p = 

0.02). There were no relationships between 11C-MRB uptake and heart rate or BMI. 

However, the magnitude of change in 11C-MRB BAT uptake in response to cold correlated 

negatively with percent body fat (r = -0.74, p = 0.04) and positively with lean mass (r = 

0.71, p = 0.05) (Figure 4C and D), which also showed a gender difference. There were no 

relationships between the change in 18F-FDG uptake in response to cold and body 

composition, BMI, body temperature, heart rate or blood pressure.
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4. DISCUSSION

By targeting the NET element of the sympathetic nervous system innervation of BAT, we 

provide the first evidence that 11C-MRB PET-CT imaging can label human BAT. This 

imaging modality, therefore, offers an alternative and complimentary approach to the 

standard 18F-FDG imaging which has been well validated to assess BAT following cold 

stimulation, but is unreliable when assessing basal BAT. Importantly, in this proof of 

concept study, we show that 11C-MRB is effective in labeling BAT under basal conditions 

and thus may provide an assessment of the individual’s tonically active BAT tissue.

Our findings in humans are consistent with our preclinical rodent studies showing 

intense 11C-MRB uptake in interscapular BAT detected under both room temperature and 

cold-exposed rats; in contrast, 18F-FDG in BAT was only detected in rats following cold 

stimulation [27]. Furthermore, even with cold stimulation there was not a dramatic increase 

in 11C-MRB uptake. This finding suggests that unlike other NE analogs [36, 37] which 

measure acute sympathetic activity, 11C-MRB, which targets the NET, has the potential to 

serve as a tracer for an intrinsic component of the SNS innervation of BAT. By targeting the 

SNS innervation of BAT tissue rather than the acute activation of BAT, we observed a 

positive relationship between basal body temperature and 11C-MRB uptake in BAT. 

Although interpretation of our data may be tempered by the small sample size, this 

preliminary evidence suggests that the degree of sympathetic innervation of BAT may play a 

significant role in the set-point for basal body temperature. Furthermore, these data provide 

evidence that basal BAT activity plays a role in helping to support energy expenditure 

during the resting state; e.g., room temperature.

In this study, one subject did not have any BAT detected on any scans. The true prevalence 

of BAT in the human population remains uncertain; however, our findings are consistent 

with reports in the literature. Lee et al have reported that roughly 5% of individuals (1 out of 

17) did not have histological evidence of BAT tissue obtained from supraclavicular biopsy 

[15]. In an autopsy study, Heaton showed that roughly 20% of subjects aged 20-30 years did 

not have BAT detected in the clavicular region [1]. However, BAT was present in many 

other depots in the body and decreased with age. These studies highlight the fact that many 

variables may play into the regulation of BAT in the human body. Furthermore, one female 

subject did not have any BAT identified on cold 18F-FDG scanning, but had BAT detected 

both visually and quantitatively on the 11C-MRB cold and RT scans in values similar to 

group means. One explanation for this is that 18F-FDG imaging, by assessing the degree of 

glucose consumption in BAT, may not reflect other factors that regulate BAT metabolic 

activity particularly because the primary substrate for BAT is free fatty acids [38]. Notably, 

when we included this subject in the analysis, the correlations we report persisted (11C-MRB 

BAT at RT correlated positively with body temp at RT (r = 0.78, p = 0.02) and 11C-MRB 

BAT uptake in response to cold correlated negatively with percent body fat (r = -0.68, p = 

0.04) and positively with lean mass (r = 0.80, p = 0.01)).

While reports in the literature have been conflicted regarding gender differences in BAT 

with evidence both for [2] and against any differences [39, 40], we observed that using 11C-

MRB, men and women in our study had different patterns of response to cold stimulation. 
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Compared to men, the women exhibited a smaller increase in 11C-MRB uptake in response 

to cold, which correlated with their higher body temperatures. Mechanistically, this smaller 

increase in uptake corresponds to greater local NE release to compete with the 11C-MRB 

NET binding and thus is interpreted as increased sympathetic stimulation. Importantly, 

although men and women had similar BMIs, they had very different lean body mass and 

percent body fat compositions, and thus more studies will be needed to delineate the specific 

factors influencing our findings, particularly whether these gender differences are driven 

simply by body composition, actual BAT mass, or in the varying factors that contribute to 

the total thermogenic potential of the BAT tissue.

To indirectly explore these factors influencing BAT, we capitalized on the fact that blood 

flow in BAT increases in response to cold stimulation [10, 41] and that, in rodents, 

immunohistochemical localization of NET in BAT is notable for dense staining of NET 

along capillary blood vessels and only mild staining along the plasma membrane of BAT 

cells themselves [42]. One advantage of using 11C-MRB may be the ability to calculate 

perfusion based on tracer kinetics. We estimate that blood flow at baseline was lower in men 

than women (data not shown). Although blood flow tended to increase in response to cold, 

blood flow in men never exceeded the blood flow in the women during cold stimulation. 

While our study was not designed to assess perfusion in BAT, this picture is consistent with 

data showing that men had less BAT activation overall in association with a lower body 

temperature after cold exposure.

Whether the presence and/or activity of BAT is altered by obesity remains uncertain. We 

saw no relationship between 11C-MRB uptake in BAT and BMI although our findings may 

have been limited by the small sample size and the fact that all of our subjects were normal 

weight. While there have been studies reporting lower prevalence of detectable BAT with 

increasing BMI and body fat [2, 4, 43, 44], it remains unclear whether these observations are 

driven by changes in cold-sensing seen in obesity [45] or a true decrease in BAT mass. 18F-

FDG studies reporting BAT is diminished in obesity [2, 4, 43, 44] may be limited by the fact 

that obese individuals have greater insulation and capacity to retain heat than lean 

individuals, thereby requiring greater cold stimulation to activate a BAT thermogenic 

response. Interestingly, obesity has been associated with decreased NET availability in brain 

regions important in energy homeostasis and temperature regulation [22]. 11C-MRB has 

been well validated for use in studying NET in the human brain [22, 25, 26, 35] because it 

readily crosses the blood-brain barrier. Given the clear evidence that BAT is under central 

SNS regulation, 11C-MRB has the potential to facilitate simultaneous assessment of the SNS 

activity both centrally and peripherally, e.g., in BAT.

Our proof of concept study does have some limitations including a small sample size and the 

relatively homogeneous subject population, which was young, relatively lean, and 

Caucasian. Additional studies will be needed to determine whether individuals of varying 

body mass, ethnicity, gender, or age will have different patterns of SNS innervation of BAT 

as assessed by 11C -MRB imaging. Also, we chose to compare the current standard imaging 

modality for BAT, 18F-FDG PET-CT scanning following cold stimulation, to 11C-MRB 

imaging rather than the more invasive, gold standard biopsy confirmation of BAT. Notably, 

in rodent studies comparing the % injected dose (ID) of 11C-MRB and 18F-FDG normalized 
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to grams of BAT tissue, we have shown previously that the %ID of 18 F-FDG was 

significantly less than the %ID of 11C-MRB under RT conditions [27]. Because 18F-FDG 

labeling is dependent on the glucose consumption rate of BAT, it has proven to be a less 

reliable label for BAT under RT conditions. MRB, in contrast, labels the degree of 

sympathetic innervation of BAT, which as seen in our figures, is independent of ambient 

temperature related stimuli and thus may allow for a more reliable labeling of BAT under 

tonic RT conditions.

With the growing clinical interest in harnessing the thermogenic properties of BAT for 

treatment of diabetes and obesity, understanding the mechanisms behind how BAT 

interplays with these metabolic diseases requires assessment of not only factors that activate 

existing BAT, but also the factors that regulate how much BAT is present in the body and 

how effective the BAT tissue is at thermogenesis. Thus, a complete determination of the 

thermogenic potential of human BAT requires not only assessment of BAT following acute 

stimulation, but also BAT in its basal state. Here, we show that 11C-MRB can be used to 

detect basal human BAT without cold stimulation. By directly assessing the degree of tonic 

sympathetic activity of BAT, this methodology offers unique advantages for further 

investigation into the factors beyond cold stimulation that may play an important role in the 

regulation of human BAT.
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Figure 1. 
BAT visualized using RT and cold 18F-FDG compared to RT and cold 11C-MRB in one 

representative male subject. 18F-FDG and 11C-MRB are scaled from SUV 0 (black) to SUV 

2 (white). 11C-MRB images are computed from the average of frames acquired between 40 

to 60 min post-injection.
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Figure 2. 
(A) 18F-FDG and (B) 11C-MRB uptake in supraclavicular BAT under room temperature 

(RT) and cold stimulated conditions; Change in (C) 18F-FDG and (D) 11C-MRB uptake of 

individual subjects in supraclavicular BAT between room temperature and cold stimulated 

conditions. RT FDG scans were not performed for 3 female subjects. * p<0.05, open 

markers = men; closed markers = women
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Figure 3. 
Relationship between (A) BAT 11C-MRB DVR at RT and (B) BAT:muscle 11C-MRB DVR 

with body temperature at RT (open circle = men; closed circle = women).
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Figure 4. 
Relationship between change in MRB uptake in response to cold and (A) body temperature 

after cold; (B) change in body temperature after cold; (C) percentage body fat; (D) lean body 

mass (open circle = men; closed circle = women).

Hwang et al. Page 17

Metabolism. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hwang et al. Page 18

Table 1

Characteristics of Study Participants

Group Male (n=5) Female (n=5) p

Age (years) 25.0 ± 2.3 24.6 ± 2.6 25.4 ± 2.1 0.61

BMI (kg/m2) 21.9 ± 2.0 21.6 ± 2.7 22.1 ± 1.0 0.73

Fat mass (kg) 12.1 ± 6.0 8.1 ± 5.2 16.3 ± 3.4 0.02

Body fat (%) 18.7 ± 9.8 10.6 ± 6.2 26.8 ± 3.9 0.001

Lean mass (kg) 56.1 ± 15.4 68.1 ± 12.7 44.0 ± 3.2 0.003

Temp during RT MRB (°C) 36.8 ± 0.1 36.6 ± 0.1 36.9 ± 0.1 0.28

Temp during Cold MRB (°C) 36.8 ± 0.2 36.5 ± 0.1 37.1 ± 0.1 0.09

Resting heart rate (bpm) 67 ± 12 63 ± 9 70 ± 14 0.38

Systolic BP (mm Hg) 109 ± 8 108 ± 5 109 ± 11 0.89

Diastolic BP (mm Hg) 65 ± 5 69 ± 6 62 ± 1 0.05

Mean arterial pressure 77 ± 7 82 ± 6 72 ± 5 0.01

p value for male:female differences
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