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Brown adipose tissue function is accompanied by cerebral
activation in lean but not in obese humans
Janne Orava1, Lauri Nummenmaa1,2,3, Tommi Noponen4, Tapio Viljanen1, Riitta Parkkola1,5, Pirjo Nuutila1,6 and Kirsi A Virtanen1,7

Brown adipose tissue (BAT) is able to generate heat and dissipate energy in response to cold exposure in mammals. It has recently
been acknowledged that adult humans also have functional BAT, whose metabolic activity is reduced in obesity. In healthy humans,
the cerebral mechanisms that putatively control BAT function are unclear. By using positron emission tomography (PET), we
showed that cold-induced BAT activation is associated with glucose metabolism in the cerebellum, thalamus, and cingulate,
temporoparietal, lateral frontal, and occipital cortices in lean participants, whereas no such associations were found under warm
control conditions. The cold-induced increase in cerebral glucose metabolism was more robust in lean than obese participants.
Cerebral glucose metabolism was not associated with skeletal muscle or white adipose tissue glucose uptake under warm or cold
conditions. In conclusion, BAT metabolism was accompanied by the activation of specific cerebral regions, and this shows an
uncharacterized role that the brain plays in the regulation of BAT function. In obese participants, the cold-induced response in
cerebral activity was attenuated that provides a clue for obesity-induced impairment in BAT metabolism.
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INTRODUCTION
Mammalian adipose tissue comprises white and brown adipocytes.
White adipose tissue (WAT) functions as an energy storage reservoir,
whereas brown adipose tissue (BAT) is thermogenetic. In a cold
environment, this thermogenicity is a response to sympathetic
nervous system stimulation.1 This is part of facultative thermogenesis
that is regulated by the central nervous system.2 The debate of the
existence of functional BAT in adult humans was elucidated by
advances in molecular imaging, and conclusive evidence of func-
tional BAT in healthy humans was confirmed with biopsies.3,4 Human
BAT is highly insulin sensitive and less active in obese humans, but
the cause of the reduced BAT capacity, in obesity, is not clear.5–7

The role of central nervous system in regulating human BAT and
the effect of cold exposure on cerebral glucose metabolism are
largely unclear and the relationship of BAT metabolism with brain
function remains to be determined.8,9 There exists no prospective
studies on cerebral BAT-controlling mechanisms with healthy
participants and cold exposure. During cold exposure, the cerebral
cortex is suggested to have an inhibitory influence on brain auto-
nomic centers that control general sympathetic responses.10

The regional glucose metabolic rate (GMR) reflects focal neural
activity.11 By using positron emission tomography (PET) with
2-deoxy-2-[18F]fluoro-D-glucose (FDG) as a glucose analogue
tracer, we elucidated the interactions of cerebral GMR with BAT
GMR in 24 healthy lean and 17 obese adult humans during cold
exposure. Because BAT is hypometabolic in obesity and could

result from a central nervous system dysfunction, obese humans
were studied.12 As a control, eight lean and seven obese
participants underwent treatment under warm conditions. The
kinetic modeling of FDG-PET, used in this study, offers a precise
determination of metabolic activity, because it provides an
accurate metabolic uptake rate of glucose independently of the
size of the participant, plasma glucose concentration, and
administered dose and plasma clearance of FDG.

We hypothesized that cold activation of BAT could be linked to
altered brain activity in healthy humans and that cold exposure
affects cerebral glucose uptake. Our secondary aim was to charact-
erize brain activation patterns during cold exposure and to test
whether cold-induced cerebral GMR responses differ between
lean and obese humans.

MATERIALS AND METHODS
Study Participants
The participants were 24 lean (body mass index 18.5–24.9 kg/m2) and 17
obese (body mass index Z25.0 kg/m2) individuals. All participants were
screened for medical history and metabolic status, as assessed on the basis
of routine laboratory tests, 2-hour oral glucose tolerance test, electro-
cardiograms, and measured blood pressure. All participants were
nondiabetic and euthyroid. The study protocol was approved by the
Ethics committee of the hospital district of Southwest Finland, and the
study was conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants.
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Study Design
Positron emission tomography imaging was performed after overnight
fasting. All participants were studied under cold conditions, and eight lean
and seven obese participants were also studied under warm control
conditions. On the cold exposure day, the participants spent 2 hours
wearing light clothing in a room with an ambient temperature of 17 1C
before PET imaging. During PET imaging, the cold exposure was induced
by intermittent immersion (5 minutes in/5 minutes out) of the right foot in
water at a temperature of 8 1C. Interindividual variation in the insulating
subcutaneous adipose tissue is minimal in this region. The foot was always
placed in the water by investigators order minimize excess skeletal muscle
(SM) activity. The PET imaging during warm control conditions was
performed similarly, except no cold exposure was applied. The participants
were covered with blanket, preventing sensation of cold.

Positron Emission Tomography Acquisition
In accordance with the standard manufacturing procedure of Turku PET
Centre, FDG was synthesized.13 Antecubital venous catheters were inserted
in both arms, one for the injection of the PET tracer and the other for blood
sampling. The PET scanning began from the cervical region. A 185-MBq
bolus of FDG was administered intravenously, and a dynamic emission
scan with variable frame lengths (1! 1 minute, 6! 0.5 minutes,
1! 1 minute, 3! 5 minutes, 2! 10 minutes) was started simultaneously
to measure GMR in the supraclavicular BAT, subcutaneous white adipose
tissue (SCWAT), and SM in the cervical region. Next, dynamic scans with
constant frame lengths (5! 3 minutes) were performed in lower thoracic
and abdominal regions to measure GMR in visceral adipose tissue (VAT).
A dynamic brain scan with constant frame lengths (5! 3 minutes) was
started B90 minutes after the injection of FDG. For emission data
acquisition, GE Discovery VCT (General Electric Medical Systems,
Milwaukee, WI, USA) and ECAT EXACT HRþ scanners (Siemens/CTI,
Knoxville, TN, USA) were used. The PET data were corrected for photon
attenuation, physical decay, dead time, scatter, and random coincidences,
and PET images were reconstructed with a matrix size of 128! 128 using
iterative reconstructions.

Quantification of Glucose Uptake in Brown Adipose Tissue,
Subcutaneous White Adipose Tissue, Visceral Adipose Tissue, and
Skeletal Muscle
The regions of interests for supraclavicular BAT, SCWAT, SM, and VAT were
manually outlined. The regions of interests were drawn on transaxial
planes on both lateral aspects of deltoid muscle and supraclavicular
adipose tissue to define metabolic rates in SM and BAT, respectively.
Cervical SCWAT was outlined posteriorly in the midline, and VAT at the
level of the umbilicus. Vinci 2.54.0 software (Max-Planck Institute, Cologne,
Germany) was applied in the image analysis. Subsequently, regional FDG
time-activity curves were generated.

Image-derived input functions were created by drawing regions of
interests in the aorta, after which whole-blood time-activity curves were
generated.14 In order to determine the plasma time-activity curves of FDG,
rather than image-derived whole-blood time-activity curves, a conversion
taking account of measured hematocrit values and continuing
accumulation of FDG into red blood cells was applied.15 The ratio of
FDG concentration in red blood cells to concentration in plasma was
assumed to rise monotonically with a slope of 0.0012/minute.15 To extend
the plasma FDG image-derived input functions to the brain scan, the aortic
plasma image-derived input functions were extrapolated by fitting line to
the natural logarithm of all aortic tracer concentrations against time. After
adjusting for given FDG dose and lean body mass, the areas under the
curve of the FDG input functions were similar for the lean and obese
participants under warm (0.16±0.02 versus 0.15±0.02 min kg/cm3,
lean versus obese, P¼ 0.66) as well as cold (0.16±0.02 versus
0.16±0.03 min kg/cm3, lean versus obese, P¼ 0.87) conditions.

After uptake into a cell, FDG is phosphorylated but not further
metabolized and thereby trapped.16 The GMR was determined using the
model of Patlak.17 A lumped constant value of 1.14 was used for adipose
tissue, 1.20 for SM, and 0.52 for brain tissue.18–20

Voxel-Based and Regional Mapping of Cerebral Glucose Uptake
Voxel-based mapping of cerebral GMR was performed with SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/). Parametric GMR images were calculated voxel
by voxel. First, dynamic brain PET images were summed, and normalized
into MNI standard space; subsequently, these parameters were applied to

the parametric GMR images. Spatially normalized GMR images were
smoothed with 12-mm full width at half-maximum Gaussian kernel. The
data were analyzed with random effects models contrasting GMR in (1)
warm versus cold conditions; and (2) for lean versus obese participants,
separately in warm and cold conditions. To quantify the relationship
between GMR in the brain and BAT, we also regressed cerebral GMR with
BAT GMR separately for warm and cold conditions. Age was introduced as a
nuisance covariate for all between-participant comparisons. A statistical
threshold of Po0.05 with false discovery rate correction at cluster level was
applied in all analyses. To quantify regional GMR values, we generated
regions of interests in frontal cortex, parietal cortex, temporal cortex,
occipital cortex, limbic lobe, pons, sublobar regions, hypothalamus, and
cerebellum using the WFU Pickatlas tool.21 Subsequently, participant-wise
GMR values were computed for each region. Glucose uptake in the brain
and BAT were determined during the same PET imaging session order
avoid differences in the imaging conditions and to minimize radiation dose.

Anthropometry, Blood Pressure, and Heart Rate
Fasting weight was measured barefoot and in light underwear to the
nearest 0.1 kg using a digital scale (Seca, Hamburg, Germany). Height was
measured using a stadiometer to the nearest 0.1 cm (Seca). Waist
circumference was measured midway between the anterior superior iliac
spine and the lower rib margin, and hip circumference at the level of the
greater trochanters. Fat percentage was assessed in a fasting state after
voiding using a bioimpedance method (Omron BF400, Omron Healthcare,
Kyoto, Japan). Blood pressure and heart rate were measured using
an electronic sphygmomanometer (Omron 711 Automatic IS, Omron
Healthcare).

Blood Measurements and Oral Glucose Tolerance Test
Plasma glucose was determined with a glucose oxidase method (Analox
GM9 Analyzer; Analox Instruments, London, UK). Fasting plasma glucose
was always o7.0 mmol/l during screening and PET imaging. Glycosylated
hemoglobin was determined using high-performance liquid chromato-
graphy (Variant II, Bio-Rad Laboratories, Hercules, CA, USA). Plasma insulin,

Table 1. Characteristics of participants

Lean
participants

(n¼ 24)

Obese
participants

(n¼ 17)

P valuea

lean versus
obese

Proportion of males
(ratio, %)

5/24, 21% 5/17, 29% 0.53b

Age (years) 39±10 40±9 0.80
Body mass index, BMI
(kg/m2)

22±2 33±6 o0.001

Weight (kg) 64±9 92±15 o0.001
Waist circumference (cm) 75±7 103±15 o0.001
Hip circumference (cm) 90±6 111±14 o0.001
Fat percentage (%) 27±6 40±10 o0.001
Blood HbA1c (%) 5.3±0.3 5.5±0.3 0.01
Plasma total cholesterol
(mmol/l)

4.8±0.7 4.8±0.9 0.82

Plasma HDL cholesterol
(mmol/l)

1.9±0.4 1.4±0.3 o0.001

Plasma LDL cholesterol
(mmol/l)

2.5±0.6 2.7±0.8 0.42

Plasma triglycerides
(mmol/l)

0.8±0.3 1.5±1.0 0.01

Plasma TSH (mU/l) 2.6±1.7 2.5±1.0 0.88
Plasma free T4 (pmol/l) 14.7±2.3 15.8±2.4 0.13
Plasma free T3 (pmol/l) 4.7±0.6 5.0±0.5 0.03

HbA1c, glycosylated hemoglobin; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; TSH, thyroid-stimulating hormone; T4, free plasma
thyroxin; T3, free plasma triiodothyronin. The basic characteristics of the
participants are shown. The participants were divided into two groups:
lean (BMI 18.5–24.9 kg/m2) and obese (BMIZ25.0 kg/m2). Data are
mean±s.d. aP values are from two-tailed unpaired t-tests. bP values are
from two-tailed unpaired t-tests except P value of gender difference that
was calculated using w2 test.
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thyroid-stimulating hormone, free plasma thyroxin (free T4), and free
plasma triiodothyronin (free T3) concentrations were measured using the
electrochemiluminescence immunoassay technique (Modular E180 auto-
matic analyser; Roche Diagnostics GmbH, Mannheim, Germany). Plasma
total cholesterol, high-density lipoprotein cholesterol, and triglycerides
were determined photometrically (Modular P800, Roche Diagnostics). The
concentration of plasma low-density lipoprotein was calculated using the
Friedewald equation.22 The concentration of norepinephrine in EDTA
plasma was determined with high-performance liquid chromatography
with coulometric electrochemical detection (Coulochem 5100A; ESA,
Bedford, MA, USA) in 27 participants.23

A 2-hour oral glucose tolerance test (75 g glucose) was performed after
overnight fasting in a separate session. Venous blood samples for the
determination of plasma glucose and insulin at 0, 15, 30, 45, 60, 90, and
120 minutes were obtained.

Statistical Analyses
Data were analyzed using mixed models analysis of variance and t-tests.
Results are expressed as means±s.d. Two-tailed P value of o0.05 was
considered significant in analysis of variance and t-tests, and two-tailed
P value of o0.01 was considered significant in correlation analyses.
The following variables were log10-transformed before statistical testing:
BAT GMR, plasma thyroid-stimulating hormone, and free plasma tree T4.
Statistical analyses were performed using SPSS 20.0.0.24

RESULTS
In addition to the weight-related anthropometrics, lean and obese
subjects were different in terms of blood glycosylated hemoglobin

and plasma concentrations of high-density lipoprotein cholesterol,
triglycerides, and free T3 (Table 1).

The BAT GMR and cerebral GMRs were measured during the
same PET imaging session. Subsequently, statistical parametric
mapping analysis revealed that BAT GMR was positively associated
with GMR of cerebellum, thalamus, temporoparietal, lateral frontal,
and cingulate cortices under cold conditions in the lean
participants (Figure 1A), but no significant connections existed
during warm conditions.

In the obese participants, however, no significant associations
could be found between glucose metabolism in BAT and brain
during cold (Figure 1B) or warm conditions.

The GMR was also measured in SCWAT, VAT, and SM. Unlike
BAT, we could not establish any associations between their
metabolism and the cerebral GMR during cold (Table 2) or warm
(Table 3) conditions. Furthermore, no associations were found
between cerebral GMR and blood pressure or plasma concentra-
tions of free thyroxin, free triiodothyronin, lactate, and norepi-
nephrine (Supplementary Tables S1 and S2).

We also compared brain GMR measurements during warm and
cold conditions. Cerebral glucose metabolism increased uniformly
in the neocortex, in subcortical regions, and the cerebellum
(Figure 2A) during cold exposure. The highest cold-driven GMR
elevation was observed in the parietal and frontal lobes. The GMR
was not altered in the limbic system, the pons, and the
hypothalamus (Figure 2B). No lateralization of cerebral glucose
metabolism could be found during cold exposure.

In the obese participants, it was found that the cold-
induced increment in the cerebral GMR was blunted significantly

Figure 1. Relationship of glucose metabolic rates between the brain and brown adipose tissue (BAT). (A) Brain regions of lean participants
whose glucose metabolic rate (GMR) was associated significantly with BAT and GMR during cold conditions. (B) The scatterplots illustrate the
relationship between mean cortical cerebral GMR and BAT GMR under cold conditions. The Pearson’s correlation coefficients were 0.474
(P¼ 0.019) and 0.032 (P¼ 0.903) in lean and obese participants, respectively.

Table 2. Correlations between cerebral glucose metabolic rates and other measurements in lean and obese participants during cold conditions

Brain region GMR BAT GMR SCWAT GMR SM GMR VAT GMR HR

FRO 0.378 (0.015) 0.332 (0.034) $ 0.033 (0.839) 0.010 (0.951) 0.342 (0.029)
PAR 0.362 (0.020) 0.301 (0.056) $ 0.078 (0.628) 0.059 (0.714) 0.352 (0.024)
TEM 0.401 (0.009) 0.269 (0.089) $ 0.020 (0.900) 0.066 (0.683) 0.333 (0.033)
OCC 0.436 (0.004) 0.254 (0.109) $ 0.144 (0.370) $ 0.006 (0.972) 0.377 (0.015)
LIM 0.391 (0.011) 0.246 (0.121) $ 0.009 (0.956) 0.045 (0.782) 0.305 (0.052)
PON 0.298 (0.058) 0.087 (0.589) 0.104 (0.516) 0.118 (0.463) 0.274 (0.083)
SLO 0.413 (0.007) 0.267 (0.092) 0.039 (0.809) $ 0.008 (0.959) 0.341 (0.029)
HYP 0.282 (0.074) 0.078 (0.628) $ 0.054 (0.739) 0.020 (0.902) 0.206 (0.197)
CER 0.456 (0.003) 0.212 (0.184) $ 0.087 (0.591) 0.025 (0.877) 0.399 (0.010)
GLO 0.411 (0.008) 0.293 (0.063) $ 0.044 (0.785) 0.029 (0.860) 0.360 (0.021)

BAT, brown adipose tissue; CER, cerebellum; FRO, frontal lobe; GLO; mean cortex; GMR, glucose metabolic rate; HR, heart rate, HYP, hypothalamus; LIM, limbic
lobe; OCC, occipital lobe; PAR, parietal lobe; PONS, pons; SCWAT, subcutaneous white adipose tissue; SLO, sublobar regions; SM, skeletal muscle; TEM, temporal
lobe; VAT, visceral adipose tissue. Pearson’s correlation coefficients are given first, and the corresponding P values are shown below in parenthesis. Correlations
that are significant at the 0.01 level (two-tailed) appear in boldface.
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(Figures 2C and D), whereas no differences between lean and
obese participants were observed during warm conditions
(Figures 3A and B).

DISCUSSION
Studies have previously suggested that no significant differences
exist in the resting brain glucose metabolism between lean and
obese healthy humans. Here, we show for the first time that lean
and obese humans (Table 1) are different in their cold-induced
cerebral glucose uptake capacity (Figures 2C and D); however, as
expected, no significant differences were found under warm
conditions (Figures 3A and B). However, earlier observations
indicate different cerebral glucose uptake responses to insulin

stimulation between lean and obese humans.25 Taken together,
cerebral glucose uptake seems to be affected by obesity at least
under certain physiologic conditions.

The close relationship between the metabolism of specific
cerebral regions and BAT function in the lean participants shows
that BAT thermogenesis involves diverse and intense neural
activation in the brain. The physiologic central mechanisms of BAT
activation in humans during cold exposure have not been clarified
before. It has previously been found in a group mainly consisting
of cancer patients that BAT activity is associated with hyperme-
tabolism in the right inferior parietal lobule and hypometabolic
regions in the left insula and right cerebellum.8 Conversely,
humans with active BAT have previously been found to have
lower activity in the inferior parietal lobule, limbic system, and

Figure 2. Cerebral glucose metabolic rates in lean and obese participants during cold conditions. (A) Brain regions showing increased glucose
metabolic rate (GMR) as response to cold exposure in all lean and obese participants. (B) Regional cerebral GMRs in all lean and obese
participants during warm and cold conditions. (C) Brain regions showing increased GMR in lean versus obese participants during cold
exposure. (D) Regional cold-induced cerebral GMRs of lean and obese participants. Results are expressed as means±s.d. *Po0.05, **Po0.01,
***Po0.001. CER, cerebellum; FRO, frontal lobe; GLO, mean cortex; HYP, hypothalamus; LIM, limbic lobe; OCC, occipital lobe; PAR, parietal lobe;
PONS, pons; SLO, sublobar regions; TEM, temporal lobe.

Table 3. Correlations between cerebral glucose uptake rates and other measurements during warm conditions

Brain region GMR BAT GMR SCWAT GMR SM GMR VAT GMR HR

FRO $ 0.428 (0.111) $ 0.110 (0.696) $ 0.249 (0.370) 0.109 (0.700) 0.282 (0.308)
PAR $ 0.422 (0.117) $ 0.224 (0.423) $ 0.436 (0.105) $ 0.086 (0.760) 0.251 (0.368)
TEM $ 0.375 (0.168) $ 0.137 (0.625) $ 0.269 (0.332) 0.087 (0.759) 0.093 (0.742)
OCC $ 0.292 (0.291) $ 0.250 (0.369) $ 0.532 (0.041) $ 0.136 (0.630) 0.103 (0.716)
LIM $ 0.331 (0.229) $ 0.144 (0.610) $ 0.338 (0.217) $ 0.015 (0.958) 0.305 (0.269)
PON $ 0.465 (0.081) $ 0.105 (0.708) $ 0.382 (0.160) $ 0.029 (0.917) 0.269 (0.332)
SLO $ 0.496 (0.060) $ 0.110 (0.695) $ 0.080 (0.777) 0.179 (0.522) 0.159 (0.572)
HYP $ 0.336 (0.220) $ 0.231 (0.407) $ 0.597 (0.019) $ 0.270 (0.331) 0.83 (0.023)
CER $ 0.529 (0.042) $ 0.157 (0.576) $ 0.388 (0.153) 0.017 (0.953) 0.220 (0.430)
GLO $ 0.433 (0.107) $ 0.156 (0.579) $ 0.325 (0.237) 0.046 (0.871) 0.223 (0.424)

BAT, brown adipose tissue; CER, cerebellum; FRO, frontal lobe; GLO; mean cortex; GMR, glucose metabolic rate; HR, heart rate, HYP, hypothalamus; LIM, limbic
lobe; OCC, occipital lobe; PAR, parietal lobe; PONS, pons; SCWAT, subcutaneous white adipose tissue; SLO, sublobar regions; SM, skeletal muscle; TEM, temporal
lobe; VAT, visceral adipose tissue. Pearson’s correlation coefficients are given first, and the corresponding P values are shown below in parenthesis.
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frontal lobe, and higher activity in the precuneus, compared with
humans without BAT activation.9 No cold exposure was applied in
those studies.

The positive association of BAT metabolism with the cingulate
cortex that was found may be related to the regulation of the
sympathetic response.26 Increased activity was also detected in
the cerebellum. The cerebellum processes sensory input that
might explain its activity in conjunction with cold exposure.27 The
cerebellum is involved in the coordination of sympathetic and
parasympathetic information and lesions have fundamental
impact on autonomic functions, especially in the regulation of
the cardiovascular system.28 In concert with the latter notion, we
found a significant association with the heart rate and cerebellar
GMR during cold exposure (Table 2). Increased cerebellum
metabolic activity associates with hyperthermia. This suggests it
has a thermoregulatory function.29 Here, we show an additional
role for the cerebellum in the regulation of BAT function.

It is challenging to measure both BAT and brain glucose uptake
during the same imaging session, but in our view, it would have
been inconclusive to try to establish a connection between BAT
activity and cerebral function, if the BAT and brain measurements
had been carried out in different PET imaging sessions. However,
the brain and BAT measurements were not performed exactly at
the same time, causing minor uncertainty in the interpretation of
the results. Ideally, brain measurements should have been carried
out first followed by the cervical region BAT scan.

In accordance with prior studies, we observed that cold
exposure elicited activation of the somatosensory cortex.30,31

Cerebral glucose uptake was not lateralized under cold conditions,
although cold exposure was applied on the right lower extremity.
This was probably because of the robust nature of the cold
exposure that caused diverse physiologic changes, including
sensory activation, stimulation of BAT, and change in the heart
rate. Increased cold-induced cerebellar FDG activity was found in
one study investigating cold-induced glucose metabolism.10 In
contrast to this study, we did not detect decreased metabolism in
either insula during cold exposure. The reason for this discrepancy
could stem from the fact that in study participants, cold exposure
and quantification of FDG-PET data differed considerably.

Based on animal experiments, the neural pathways from the
thermoreceptors to hypothalamus and subsequent efferent route
to BAT are well characterized. The preoptic area in the
hypothalamus has an essential role in activating BAT sympathetic
preganglionic neurons.32 The hypothalamus has a key role in
controlling BAT function and body temperature.33 We did not
detect change in the glucose metabolism of hypothalamus by
cold exposure (Figure 2B). We did not observe an association
between BAT and the hypothalamic GMR (Table 2). However, it
was found that GMR in the hypothalamus was higher in lean than

in obese participants during cold exposure (Figure 2D), implying
that the hypothalamus was less active in obese humans. This can
be interpreted that the obese participants were able to defend
their core body temperature with less involvement of the
hypothalamic nuclei as compared with the lean participants.
Nevertheless, these results should be interpreted with caution
because the hypothalamus comprises multiple nuclei that reside
in a small area and have versatile functions.34

In conclusion, BAT metabolic activity is accompanied by the
activation of specific cerebral regions in healthy lean humans,
showing a role for neuronal modulation of human BAT
metabolism. Furthermore, the cold-induced response in cerebral
activity is attenuated in obese humans, suggesting for a
mechanism for impaired BAT activation. Future studies on human
BAT should focus more on the central BAT-controlling mechan-
isms because better understanding of the central nervous system
process could provide novel approaches to stimulate BAT
thermogenic activity and combat obesity.
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19 Peltoniemi P, Lönnroth P, Laine H, Oikonen V, Tolvanen T, Grönroos T et al.
Lumped constant for [(18)F]fluorodeoxyglucose in skeletal muscles of
obese and nonobese humans. Am J Physiol Endocrinol Metab 2000; 279:
E1122–E1130.

20 Reivich M, Alavi A, Wolf A, Fowler J, Russell J, Arnett C et al. Glucose metabolic rate
kinetic model parameter determination in humans: the lumped constants and
rate constants for [18F]fluorodeoxyglucose and [11C]deoxyglucose. J Cereb Blood
Flow Metab 1985; 5: 179–192.

21 Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for neu-
roanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neuroimage 2003; 19: 1233–1239.

22 Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentration of
low-density lipoprotein cholesterol in plasma, without use of the preparative
ultracentrifuge. Clin Chem 1972; 18: 499–502.

23 Scheinin M, Karhuvaara S, Ojala-Karlsson P, Kallio A, Koulu M. Plasma 3,4-di-
hydroxyphenylglycol (DHPG) and 3-methoxy-4-hydroxyphenylglycol (MHPG)
are insensitive indicators of alpha 2-adrenoceptor mediated regulation of
norepinephrine release in healthy human volunteers. Life Sci 1991; 49: 75–84.

24 IBM Corp. Released IBM SPSS Statistics for Windows, Version 20.0. IBM Corp:
Armonk, NY, 2011.

25 Hirvonen J, Virtanen KA, Nummenmaa L, Hannukainen JC, Honka MJ, Bucci M et
al. Effects of insulin on brain glucose metabolism in impaired glucose tolerance.
Diabetes 2011; 60: 443–447.

26 Critchley HD, Mathias CJ, Josephs O, O’Doherty J, Zanini S, Dewar BK et al. Human
cingulate cortex and autonomic control: converging neuroimaging and clinical
evidence. Brain 2003; 126: 2139–2152.

27 Gao JH, Parsons LM, Bower JM, Xiong J, Li J, Fox PT. Cerebellum implicated in
sensory acquisition and discrimination rather than motor control. Science 1996;
272: 545–547.

28 Lutherer LO, Lutherer BC, Dormer KJ, Janssen HF, Barnes CD. Bilateral lesions of
the fastigial nucleus prevent the recovery of blood pressure following hypoten-
sion induced by hemorrhage or administration of endotoxin. Brain Res 1983; 269:
251–257.

29 Nunneley SA, Martin CC, Slauson JW, Hearon CM, Nickerson LD, Mason PA.
Changes in regional cerebral metabolism during systemic hyperthermia in
humans. J Appl Physiol 2002; 92: 846–851.

30 Egan GF, Johnson J, Farrell M, McAllen R, Zamarripa F, McKinley MJ et al. Cortical,
thalamic, and hypothalamic responses to cooling and warming the skin in awake
humans: a positron-emission tomography study. Proc Natl Acad Sci USA 2005; 102:
5262–5267.

31 Tracey I, Becerra L, Chang I, Breiter H, Jenkins L, Borsook D et al. Noxious hot and
cold stimulation produce common patterns of brain activation in humans: a
functional magnetic resonance imaging study. Neurosci Lett 2000; 288: 159–162.

32 Nakamura K, Morrison SF. Preoptic mechanism for cold-defensive responses to
skin cooling. J Physiol 2008; 586: 2611–2620.

33 Morrison SF, Madden CJ, Tupone D. Central control of brown adipose tissue
thermogenesis. Front Endocrinol (Lausanne) 2012; 3: 1–19.

34 Toni R, Malaguti A, Benfenati F, Martini L. The human hypothalamus: a morpho-
functional perspective. J Endocrinol Invest 2004; 27: 73–94.

Supplementary Information accompanies the paper on the Journal of Cerebral Blood Flow & Metabolism website (http://
www.nature.com/jcbfm)

Brain activation with human brown adipose tissue function
J Orava et al

6

Journal of Cerebral Blood Flow & Metabolism (2014), 1 – 6 & 2014 ISCBFM

http://www.nature.com/jcbfm
http://www.nature.com/jcbfm

	title_link
	Introduction
	Materials and Methods
	Study Participants
	Study Design
	Positron Emission Tomography Acquisition
	Quantification of Glucose Uptake in Brown Adipose Tissue, Subcutaneous White Adipose Tissue, Visceral Adipose Tissue, and Skeletal Muscle
	Voxel-Based and Regional Mapping of Cerebral Glucose Uptake
	Anthropometry, Blood Pressure, and Heart Rate
	Blood Measurements and Oral Glucose Tolerance Test

	Table 1 
	Statistical Analyses

	Results
	Figure™1Relationship of glucose metabolic rates between the brain and brown adipose tissue (BAT). (A) Brain regions of lean participants whose glucose metabolic rate (GMR) was associated significantly with BAT and GMR during cold conditions. (B) The scatt
	Table 2 
	Discussion
	Figure™2Cerebral glucose metabolic rates in lean and obese participants during cold conditions. (A) Brain regions showing increased glucose metabolic rate (GMR) as response to cold exposure in all lean and obese participants. (B) Regional cerebral GMRs in
	Table 3 
	A5
	A6
	ACKNOWLEDGEMENTS
	A7
	Figure™3Cerebral glucose metabolic rates in lean and obese participants during warm conditions. (A, B) No significant differences between lean and obese participants could be found during warm conditions, as assessed by statistical parametric mapping (SPM


