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Context:Metabolic imaging studying brown adipose tissue (BAT) physiology has increased, in which
computed tomography (CT) is commonly used as an anatomical reference for metabolic positron
emission tomography (PET) imaging. However, the capacity of CT to providemetabolic information
has been underexploited.

Objective: To evaluate whether CT radiodensity of BAT could noninvasively estimate underlying
tissue morphology, regarding amount of stored triglycerides. Furthermore, could the alteration in
tissue characteristics due to cold stimulus, as amarker for active BAT, be detectedwith radiodensity?
Can BAT be differentiated from white adipose tissue (WAT) solely using CT-based measurements?

Design, Setting, and Participants:A cross-sectional study evaluating 66 healthy human subjects with
CT, PET, and 1H-magnetic resonance spectroscopy (1H-MRS).

Main OutcomeMeasures: BAT radiodensity was measured with CT. BAT-stored triglyceride content
was measured with 1H-MRS. Arterial blood volume in BAT, as a marker of tissue vascularity, was
measured with [15O]H2O, along with glucose or fatty acid uptake using [18F]2-fluoro-2-deoxy-D-
glucose or 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid PET imaging, respectively.

Results: BAT radiodensity was found to be correlating with tissue-retained blood and triglyceride
content. Cold stimulus induced an increase in BAT radiodensity. Active BAT depots had higher
radiodensity than both nonactive BAT and WAT. BAT radiodensity associated with systemic
metabolic health parameters.

Conclusion: BAT radiodensity can be used as a marker of underlying tissue morphology. Active BAT
can be identified using CT, exploiting tissue composition information. Moreover, BAT radiodensity
provides an insight into whole-body systemic metabolic health. (J Clin Endocrinol Metab 102:
2258–2267, 2017)

Human adipose tissue is a complex organwith various
physiological roles (1). White adipose tissue (WAT)

predominantly serves as a reserve for stored lipids,
whereas brown adipose tissue (BAT) is primarily known
for a contributory role in nonshivering thermogenesis (2).

The composition and cellular characteristics of these
adipose tissues are related with metabolic risk factors (3,
4). However, there are only limited methods to study
adipose tissue composition noninvasively. X-ray com-
puted tomography (CT) is a widely used in vivo imaging
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technique in both clinical and experimental settings, al-
though utility of CT beyond anatomical localization is
still imprecise. CT radiodensity, measured in Hounsfield
units (HUs), has been documented to be strongly related
to biological tissue density (5, 6) and negative HU has
been attributed with fat tissue (0 HU for water).

CT radiodensity measurements have been previously
applied to liver (7),muscle (8), visceral (9) and epicardial (10)
adipose tissue studies for the estimation of liver fat content,
muscle triglyceride accumulation, and risks of development
cardiovascular pathologies, respectively. Acute cold stimulus
increases BAT HU (11–13), and cervico-thoracic fat depots
with higher [18F]2-fluoro-2-deoxy-D-glucose ([18F]FDG)
positron emission tomography (PET) standardized uptake
value (SUV) have higher HU than depots with lower SUVs
(14, 15). Moreover, Lee et al. (16) demonstrated 25 6 8%
increase in BAT radiodensity after 1-mo cold acclimation.
In these BAT studies, radiodensity has been speculated
to represent BAT triglyceride content. However, definite
evidence is missing. Moreover, cutoff value for BAT in the
HUscale proposed byAhmadi et al. (14) to differentiate BAT
fromWAT needs further validation based on PET substrate
tracer uptake values (17). Additionally, BAT triglyceride
content,measuredwith 1H-magnetic resonance spectroscopy
(1H-MRS), has been shown toassociatewithobesitymarkers
and insulin sensitivity (18, 19), and it is critical to establish
whether this holds true for triglyceride content measured
with CT radiodensity, as CT is performed frequently in
metabolic imaging studies for anatomical localization, and
clinically it is a comparativelywidely available tool compared
with 1H-MRS (20).

In this study, we hypothesize that CT radiodensity of
human BAT at room temperature (RT) and cold associates
with 1H-MRS–measured BAT triglyceride content at RT,
and PET-measured BAT retained blood volume at RT and
cold; furthermore, BAT radiodensity increases as a result of
cold stimulus. We additionally aimed to evaluate whether
the differentiation of different fat depots can be done entirely
based on their HU, and furthermore, whether BAT radio-
density is related to obesity markers andwhole-body insulin
sensitivity.

Materials and Methods

Study subjects
The subjects were recruited with newspaper and electronic

adverts and were screened for hypertension (blood pressure.160/
100 mm Hg), abnormal oral glucose tolerance test (2-hour oral
glucose tolerance test .7.8 mmol/L), and cardiovascular status
(arrhythmia and/or long Q wave and T wave in the heart’s electric
cycle in electrocardiogram, abnormal cardiac murmur, previous
history of cardiovascular disease). Whole-body insulin sensitivity
(M-value) was measured using hyperinsulinemic euglycemic clamp
technique (21). After excluding smokers, pregnant females, patients

with diabetes, and subjects with ongoing medical conditions, 66
adult healthy human study subjects of both genders (45 females/21
males) participated in the study. The characteristics of study sub-
jects have been given in Table 1. A written informed consent was
obtained fromall study subjects prior to inclusion in this study.This
study was approved by the ethical review committee of Hospital
District of Southwest Finland and carried out according to the
principles of declaration of Helsinki, good medical practice and
good clinical practice guidelines.

Study design
The study subjects underwent a series of scanning, as shown in

our studyprotocol (Fig. 1).The subjectswere scannedwithPET-CT,
in an individualized cold stimulus setting, in which part of the study
subjects were scanned with a glucose analog [18F]FDG radiotracer
(n = 26) and another part of the study subjects were imaged using a
fatty acid analog 14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid
([18F]FTHA) radiotracer (n = 40). In the same scanning setting,
[15O]H2O PET scans were also performed for the measurement of
tissue-retained arterial blood volume (VA). The CT and [15O]H2O
PET scanning was repeated, on a separate day, at RT (22°C) in half
of the study subjects (n =33) as a comparative secondary parameter,
whereas cold-stimulated BAT CT radiodensity is a primary eval-
uated parameter of the current study. The other half of the study
participants (n = 33), who were not scanned with PET-CT at RT,
were scanned with other interventions, answering different hy-
potheses (data to be reported elsewhere). Blood sampleswere drawn
during the PET-CT scans to measure plasma concentration of
glucose, nonesterified fatty acids (NEFAs), triglycerides, and thyroid
hormones. Indirect calorimetry, using Deltatrac II Datex-Ohmeda,
was performed during the PET-CT sessions tomeasure whole-body
energy expenditure, according to Weir equation (22). During the
cold stimulus PET-CT scanning sessions, the skin temperature of
the subjects was monitored using a digital thermometer (Art.183;
Termometerfabriken Viking AB, Eskilstuna, Sweden), in which the
temperature-sensing probe was attached to the lateral abdominal
skin surface. Additionally, in a separate scanning session, magnetic
resonance proton spectroscopy (1H-MRS) in the supraclavicular fat
depotwas performed at ambient RT for the determination of stored
triglyceride. All the scanning sessions were performed after an
overnight fasting. The scanning sessionswere organized on separate
days, in a random order, with the minimum interval between the
sessions being 1 week.

Personalized cooling protocol
In the scans involving cold stimulus, the cold exposure was

initiated 2 hours prior to the scan using cooling blankets
(Blanketrol III; Cincinnati Sub-Zero, Cincinnati, OH) and
cooling was continued, following the same protocol, during the
scanning. The coolingwas startedwith temperature of thewater
circulating the cooling blanket set to 4 to 6°C; this temperature
was gradually raised once overt shivering was perceived by the
subjects, either reported by the subject themselves or visually
observed by the investigator. Supplemental Fig. 1 shows the
temperature of the cooling blankets.

Scanning protocol
The CT scans were performed using low-dose scanner set-

tings in which x-ray tube current was;50 mA and tube voltage
was 120 kVp. The [15O]H2O PET scans were conducted following
intravenous injection of radiowater (500 MBq) and scanning
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cervico-upper thoracic region with a dynamic acquisition protocol
(63 5 seconds, 63 15 seconds, 63 30 seconds, 23 60 seconds).
The [18F]FDG and [18F]FTHA PET scans were performed using a
dynamic acquisition protocol (40 minutes; 43 30 seconds, 13
60 seconds, 1 3 120 seconds, 3 3 300 seconds, 2 3 600
seconds) following the administration of ;185 MBq radio-
tracer. 1H-MRS measurements were performed at ambient RT
in supraclavicular fat depot in 34 subjects (Fig. 1). The detailed
description of 1H-MRS measurements has been provided in
Supplemental Material.

Image analysis
Carimas 2.8 software (Turku PET Centre, Turku, Finland) was

used to analyze all acquired images. On CT images, all potential
BAT locations within cervico-upper thoracic region were marked,
and all voxels between 2250 HU and 250 HU were thresholded
(Supplemental Fig. 2). We also examined a bit wider range of HU
threshold (2250 to 0 HU); however, visual inspection of those
voxels revealed inclusion of nonadipose tissue structures, and
therefore threshold upper-bound value of250HUwas found to be
reasonable. Muscle volumes of interests (VOIs) were drawn at the
deltoid and pectoralis major region; and anterior subcutaneous fat
in abdominal regionwas considered asWAT.Afterward,meanHU
of all the regions of interest were calculated and compared. BAT
glucose and fatty acid uptake was calculated by drawing VOIs on
supraclavicular fat depots on [18F]FDG PET and [18F]FTHA

images, respectively. The generated time activity curves, from the
drawnVOIs, were analyzed against radioactivity in arterial plasma
using the Patlak linearization model (23). Tissue SUVs were cal-
culated from [18F]FDG PET scan at 30- to 40-minute time frame.
Magnetic resonance spectroscopy data were quantified using
LCModel (Supplemental Material). VA in the fat depots was cal-
culated from obtained time activity curves by drawing VOI at
supraclavicular fat depot on [15O]H2O PET images and by as-
suming one tissue compartmental model, as follows:

CTðtÞ ¼ K1
W$CAðtÞÄe2K2$t þ VA$CAðtÞ

where CT is the tissue time activity curve, CA is the input function,
VA is the arterial blood volume, K1

w is the influx of the tracer
toward the tissue (perfusion), and k2 is the out-flux of the tracer.
The K1

w, k2, and VA, values were estimated by a optimization
procedure (Gauss-Newton method).

Statistical analyses
Statistical analyses were performed using IBMSPSS Statistics

(version 22). Paired sampled Student t test was used to compare
paired values, whereas independent sample t test was used
to compare unrelated values. Effect sizes (Cohen’s d) were
calculated using an online statistical calculator (24). In corre-
lation analysis, Pearson’s correlation was used for normally
distributed data sets, whereas Spearman’s correlation test was
usedwhere the data failed the normality test.Multivariate linear

Table 1. Characteristics of Study Subjects

Parameter Entire Cohort

Groups Based on BAT Activity

Low-BAT High-BAT P Value Cohen’s d

N 66 24 42 — —

Gender 45 F/21 M 10 F/14 M 35 F/7 M — —

Age (y) 39.0 6 9.8 43.4 6 7.8 36.4 6 10.1 0.005 0.78
BMI (kg/m2) 25.4 6 4.4 27.6 6 5.4 24.2 6 3.1 0.001 0.8
Waist (cm) 86.3 6 15.8 93.1 6 18.2 82.1 6 12.5 0.006 0.72
Weight 74.2 6 16.5 84.0 6 19.1 68.6 6 11.8 0.0001 0.99
Insulin sensitivity (M-value) (mmol/kg/min) 43.8 6 20.8 36.8 6 21.2 47.1 6 19.4 0.065 0.51
Hip circumference (cm) 99.1 6 10.7 102.8 6 12.1 96.8 6 9.1 0.03 0.57
Plasma triglycerides (mmol/L) 0.9 6 0.6 1.0 6 0.7 0.9 6 0.6 0.13a 0.15
LDL cholesterol (mmol/L) 2.7 6 0.7 2.9 6 0.7 2.5 6 0.7 0.035 0.57
HDL cholesterol (mmol/L) 1.7 6 0.4 1.5 6 0.3 1.8 6 0.4 0.02 0.86
BAT NEFA uptake (mmol/100 g/min) 1.0 6 0.1 0.4 6 0.1 1.4 6 1.0 ,0.001 1.81
BAT glucose uptake (mmol/100 g/min) 7.4 6 6.2 1.1 6 0.6 9.7 6 5.6 0.001 2.77
BAT [18F]FDG SUV 2.1 6 1.2 0.8 6 0.2 2.5 6 1.1 0.001 2.61
BAT stored triglyceride content (1H-MRS) (percent) 79.2 6 7.8 84.3 6 3.4 75.6 6 8.0 0.001 1.53
BAT blood perfusion (mL/100 g/min) RT 7.4 6 4.0 5.6 6 3.6 8.8 6 3.9 0.02 0.85

Cold 13.1 6 6.0b 10.4 6 4.2b 14.6 6 6.3b 0.007 0.80
BAT retained arterial blood (mL/100 g) RT 2.3 6 2.4 2.1 6 1.6 2.5 6 3.0 0.62 0.17

Cold 6.3 6 5.2b 3.5 6 3.2 7.8 6 5.5b 0.001 0.98
Whole-body energy expenditure (MJ/d) RT 6.4 6 1.3 7.1 6 1.4 5.9 6 1.1 0.01 0.96

Cold 7.4 6 1.6b 7.9 6 1.6b 7.2 6 1.5b 0.099 0.45
Change (Δ) in whole-body energy expenditure (MJ/d) 1.1 6 0.2 1.3 6 1.1 0.9 6 1.1 0.41 0.36
Mean temperature of cooling blanket (°C) 0–60 min 5.6 6 2.0 5.2 6 1.5 6.0 6 2.3 0.79 0.42

60–120 min 8.8 6 3.8 8.4 6 4.2 9.1 6 3.7 0.68 0.18
120–180 min 11.8 6 4.2 11.3 6 5.2 12.2 6 3.4 0.49 0.23

Data are shown as mean 6 standard deviation. Low-BAT and high-BAT groups have been compared with independent sample Student t test, unless
otherwise stated.

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MJ, megajoules.
aMann–Whitney U test.
bSignificantly different from corresponding RT measurement in a paired analysis, P , 0.05, paired sample Student t test.
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regression analysis was used to evaluate whether the relation-
shipsbetweenBATradiodensity andwhole-body insulin sensitivity,
biochemical markers, and anthropometric measurements are in-
dependent of any covariates. Receiver-operating characteristic
(ROC) plots were used to find an optimal cutoff limit on the HU
scale for the differentiation of BAT fromWAT (25). P, 0.05 was
considered to be statistically significant.

Results

The whole-body energy expenditure was significantly
higher during cold stimulus, compared with RT, which

signifies the effectiveness of used cooling
protocol (RT: 6.4 6 1.4 megajoules/d;
cold: 7.4 6 1.9 megajoules/d, P ,
0.001). The subjects were classified,
high-BAT or low-BAT, based on their
BAT substrate tracer uptake (i.e.,
metabolic activity; Table 1). They were
categorized to be high-BAT if they had
NEFA uptake of.0.7 mmol/100 g/min
(median division) or glucose uptake
of .3.0 mmol/100 g/min (26) within
supraclavicular BAT depots. These
selected substrate uptake threshold
values are comparable in terms of
energy content following complete
oxidation.

Effect of cold stimulus on
BAT radiodensity

A highly significant change in BAT
radiodensity during RT (285.09 6

9.1 HU) and cold (282.25 6 9.1 HU)
was observed [P , 0.0001, Cohen’s
d = 0.90; Fig. 2(a)], which was still
persistent when subjects were cate-
gorized into high-BAT (P = 0.001,
Cohen’s d = 0.93) and low-BAT
groups [P = 0.001, Cohen’s d =
1.11; Fig. 2(b)]. Interestingly, high-
BAT category had significantly higher
radiodensity of BAT regions com-
pared with low-BAT category both
during RT and cold [P , 0.001,
Cohen’s d = 1.05, independent sam-
ple t test; Fig. 2(b)]. BAT radio-
density measured at RT and cold
correlated significantly (r = 0.94,
P , 0.0001). No significant difference
in radiodensity was observed in WAT
(P = 0.47), deltoid muscle (P = 0.40),
and pectoralis major muscle [P =
0.13; Fig. 2(c)].

BAT radiodensity, VA, stored triglyceride content,
and local substrate uptake

Cold-activated BAT radiodensity correlated directly
with tissue-retained VA measured with [15O]H2O PET
imaging [rho = 0.32, P = 0.01; Fig. 3(a)] and inversely
with BAT-stored triglyceride content measured at RT
with 1H-MRS [r = 20.51, P = 0.002; Fig. 3(b)]. BAT
radiodensity at RT also correlated with stored tri-
glyceride content measured with 1H-MRS (r = 20.54,
P = 0.02). High-BAT subjects had significantly lower

Figure 1. Display of the study design. Healthy lean and obese study subjects were recruited and
screened for hypertension, abnormal oral glucose tolerance test, and cardiovascular status. Whole-
body insulin sensitivity, blood biochemical characteristics, and anthropometric characteristics were
also measured. The subjects underwent cold-stimulated PET-CT scans, in which part of the study
subjects were scanned with a glucose analog [18F]FDG radiotracer (n = 26) and part of the
study subjects were imaged using a fatty acid analog [18F]FTHA radiotracer (n = 40) using PET
scanner. The [15O]H2O PET radiotracer was also used, along with aforementioned tracers, for the
measurement of tissue-retained VA. The CT and [15O]H2O PET scanning was repeated at RT in half
of the study subjects (n = 33). Indirect calorimetry was performed during PET-CT scans. In a
separate scanning session, 1H-MRS of the supraclavicular fat depot at ambient RT was performed
for the measurement of tissue-retained triglyceride content (n = 34).
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triglyceride content than low-BAT subjects measured
with 1H-MRS (P = 0.001; Table 1). Furthermore, VA in
BAT depots was significantly higher during cold stimulus
(6.3 6 5.2 mL/100 g) compared with RT (2.3 6 2.4 mL/

100 g, P , 0.001, Cohen’s d = 0.86). Moreover, the
change (Δ) in VA and the change (Δ) in BAT radiodensity
correlated significantly (r = 0.44, P = 0.01; Supplemen-
tal Fig. 3), indicating the phenomena of increased

Figure 2. Effect of cold stimulus on radiodensity. (a) BAT radiodensity, expressed as HU, during RT and after cold stimulation, increased
significantly (paired Student t test, ***P , 0.001, n = 33). (b) Change in BAT (C) and WAT (■) radiodensity both in low-BAT (paired Student
t test, BAT: ***P = 0.001; WAT: P = 0.70, n = 15) and high-BAT (paired Student t test, BAT: ***P = 0.001; WAT: P = 0.55, n = 18) categories.
Significant difference in cold-activated BAT radiodensity was found in both groups (independent sample t test, ***P , 0.001, Cohen’s d = 1.05,
low-BAT: n = 24, high-BAT: n = 42). $Shows the significant difference (all P , 0.01, paired Student t test) between corresponding BAT and WAT
radiodensity measurements. (c) Change in radiodensity within deltoid muscle (paired Student t test, P = 0.40, n = 33) and pectoralis major muscle
(paired Student t test, P = 0.13, n = 33) during RT and cold. Data are shown as mean 6 standard error of the mean. The dotted lines show the
paired readings. The readings with a cross sign x represent the mean 6 standard error of the mean of the entire cohort. ns, nonsignificant.

Figure 3. Radiodensity as a marker of tissue composition. (a) Significant positive correlation between BAT radiodensity and tissue-retained
volume of arterial blood measured with [15O]H2O PET imaging during cold (Spearman’s rho = 0.32, P = 0.01, n = 65). (b) Significant negative
correlation between cold-activated BAT radiodensity and triglyceride content measured with 1H-MRS in RT (Pearson’s r = 2 0.51, P = 0.002,
n = 34). (c) Significant positive relationship between cold-stimulated BAT CT radiodensity and BAT NEFA uptake rate (Spearman’s rho = 0.58;
P , 0.001, n = 39); BAT NEFA uptake data have been shown in logarithmic scale due to nonnormal distribution.
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tissue-retained blood content during cold due to higher
blood perfusion is likely to be a factor for the change in
BAT radiodensity after a cold stimulus. Interestingly, we
also found a significant positive correlation between
cold-activated BAT radiodensity and NEFA uptake rate
[rho = 0.58, P , 0.001, n = 39; Fig. 3(c)]. There was no
linear relationship between BAT glucose uptake and CT
HU [rho = 0.16, P = 0.44; Supplemental Fig. 4(a)]. We
further investigated the relationship of cold-activated
BAT SUVmean, a conventional marker for glucose con-
sumption, with BAT radiodensity; however, no such
relationship was found [r = 0.12, P = 0.55; Supplemental
Fig. 4(b)]. There was a highly linear direct relationship
between cold-activated BAT glucose uptake and BAT
SUVmean [r = 0.96, P , 0.0001; Supplemental Fig. 4(c)].

BAT radiodensity and systemic metabolic
health markers

Cold-activated BAT radiodensity was in negative re-
lationship with obesity markers, i.e., body mass index
(BMI; r = 20.71, P , 0.001), waist circumference
[r =20.75, P, 0.0001; Fig. 4(a)], and hip circumference
(r = 20.62, P , 0.0001). These relationships remained
significant when adjusted for age in multivariate linear
regression analysis. Furthermore, cold-activated BAT
radiodensity also correlated with cold-stimulated plasma
triglyceride levels (r =20.54, P = 0.001, n = 37) as well as
RT plasma triglycerides [rho =20.46, P, 0.001, n = 64;
Fig. 4(b)], low-density lipoprotein (LDL; rho = 20.34,

P = 0.007), and high-density lipoprotein (HDL; rho = 0.37,
P = 0.003). However, these BAT CT radiodensity re-
lationships with plasma triglycerides, LDL, and HDL lost
statistical significance once adjusted for BMI. Moreover,
there was also positive correlation between whole-body
insulin sensitivity (M-value) and BAT CT radiodensity
during cold [r = 0.49, P, 0.001; Fig. 4(c)] and RT (r = 0.48,
P = 0.007); this association remained significant when ad-
justed separately for BMI (b = 1.36 0.4 mmol/kg/min/HU,
P = 0.002), waist circumference (b = 1.0 6 0.4 mmol/kg/
min/HU, P = 0.02), sex (b = 1.16 0.3 mmol/kg/min/HU,
P = 0.0002), or age (b = 1.2 6 0.3 mmol/kg/min/HU,
P , 0.001) in multivariate linear regression analysis.
Whole-body insulin sensitivity (M-value) also directly
correlated with muscle radiodensity (deltoid: rho = 0.32,
P = 0.01; pectoralis major: r = 0.29, P = 0.02), whereas no
relation was found with WAT radiodensity (r = 0.18,
P = 0.18). Table 2 shows correlation coefficients of BAT
CT radiodensity, both RT and cold, with biochemical
markers and anthropometric measurements.

Subcutaneous WAT and BAT radiodensity
Low-BAT and high-BAT groups had higher HU in the

BAT depots compared with corresponding WAT at RT
(low-BAT: P = 0.001, Cohen’s d = 2.09; high-BAT: P ,

0.0001, Cohen’s d = 3.78) as well as during cold [low-
BAT: P , 0.001, Cohen’s d = 2.02; high-BAT: P ,

0.0001, Cohen’s d = 4.08; Fig. 2(b)]. ROC curves were
plotted to predict the ability ofHU, and to find an optimal

Figure 4. Cold-stimulated BAT radiodensity and metabolic health parameters. (a) Negative correlation between cold-stimulated BAT CT
radiodensity and waist circumference. (b) Inverse relationship between cold-stimulated BAT CT radiodensity and RT plasma triglycerides (n = 64).
RT plasma triglyceride levels ranged from 0.4 to 4.5 mmol/L (median: 0.8). The data have been shown in logarithmic scale due to nonnormal
distribution. (c) Direct relationship between BAT CT radiodensity during cold and whole-body insulin sensitivity (M-value, n = 63).
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cutoff point on HU scale, first to differentiate BAT from
WAT [Supplemental Fig. 5(a)] and second high-BAT
depots from both low-BAT and WAT depots [Supple-
mental Fig. 5(b)]. Area under the ROC curve (6standard
error) to differentiate BAT from WAT was 0.98 6 0.01
[P , 0.001; Supplemental Fig. 5(a)], and area under the
ROC curve (6standard error) to predict high-BAT was
0.93 6 0.02 [P , 0.001; Supplemental Fig. 5(b)]. Based
on this, we found the optimal cutoff point on HU scale to
be highly specific (100%) for WAT at #292.4 HU
(sensitivity 89%), and the optimal cutoff point on HU
scale of fat depot to be high-BAT, under cold stimulus,
at $287 HU (sensitivity 83%, specificity 87%).

Discussion

Our data show that BAT CT radiodensity is a potential
marker of BAT triglyceride content and tissue-retained
VA. Furthermore, cold stimulus results in an increase in
BAT radiodensity, which is most likely due to an increase
in tissue-retained blood volume as a result of cold-
induced tissue hyperperfusion. BAT regions with
higher radiodensity, under cold stimulation, take upmore
NEFA from circulation than those with lower radio-
density, and BAT regions with mean radiodensity
of $287 HU are likely to be metabolically active. BAT
radiodensity is significantly higher than subcutaneous
WAT, and radiodensity of #292.4 HU is highly specific
for WAT. Moreover, BAT radiodensity has significant
relationship with obesity markers (BMI, waist circum-
ference, hip circumference, plasma triglyceride, HDL,
LDL) and whole-body insulin sensitivity.

Previously, it has been shown that BAT perfu-
sion increases during cold stimulus (26, 27), and BAT
substrate metabolism increases in uncoupling protein

1–mediated thermogenesis (12, 28). Under cold stimulus,
BAT increases its retained volume of arterial blood
(Table 1), and BAT-stored triglyceride content decreases
due to lipolysis, most likely to fuel BAT-associated
nonshivering thermogenesis (29, 30). It is a limitation
of our study design that 1H-MRS acquisition was per-
formed solely at RT, and we cannot demonstrate cold-
induced reduction in stored triglycerides with 1H-MRS;
however, some studies suggest this phenomenon (11, 31,
32). We showed in our study that the increase in BAT
radiodensity [Fig. 2(a)] is due to the increase in tissue
blood retention in cold, and we speculate that it may also
be due to reduction in BAT triglycerides. Interestingly,
this increase in radiodensity was also evident in subjects
with low BAT substrate uptake (low-BAT). It is possible
that low-BAT subjects have merely reduced substrate
uptake, and in these fat depots there are still adipocytes
with uncoupling protein 1, as shown by Lee et al. (33).
HU does not explicitly measure stored triglyceride con-
tent in fat depots but also water, blood, and residual fat
cell components. It has been shown that obese individuals
are attributed to lower fat tissue–retained water content,
lower fat depot capillary bed density (34), and overall
adipocyte hypertrophy (35). Moreover, fat depots with
high metabolic activity are also densely packed with
mitochondria (36). Low-BAT subjects in our cohort are
comparatively obese (Table 1); therefore, the lower BAT
radiodensity in low-BAT subjects compared with high-
BAT subjects may be accounted for in these morpho-
logical differences. Additionally, the differences in BAT
radiodensity in our low-BAT and high-BAT group are in
line with the previous finding byHu et al. (15), in which it
has been shown that metabolically active supraclavicular,
interscapular, and neck fat, based on [18F]FDG SUVs, has
higher CT radiodensity than inactive fat.

Table 2. Correlation of BAT CT Radiodensity With Anthropometric Measurements and Biochemical Markers

Variable

BAT CT Radiodensity (HU)

RT Cold Stimulus

Correlation Coefficient P Value Correlation Coefficient P Value

Age 20.16 0.36 20.28 0.02
Sex (M = 1, F = 2) 0.42 0.02 0.32 0.009
BMI 20.82 ,0.001 20.71 ,0.001
Weight 20.83 ,0.001 20.70 ,0.001
Waist circumference 20.88 ,0.001 20.75 ,0.001
Hip circumference 20.72 ,0.001 20.62 ,0.001
M-value 0.48 0.007 0.49 ,0.001
Plasma triglyceride (RT) 20.48a 0.005 20.46a ,0.001
Plasma triglyceride (cold) 20.61 0.003 20.54 0.001
LDL 20.35 0.048 20.34a 0.007
HDL 0.61a ,0.001 0.37a 0.003
Total cholesterol 20.03 0.89 20.23 0.07

aSpearman’s correlation coefficient.
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We found a significant association between BAT CT
radiodensity and BAT NEFA uptake rate [Fig. 3(c)],
which implies that either BAT regions with lower tri-
glyceride content take up more NEFA from circulation in
cold to fulfill their energy needs or these regions have
higher ratio of brown adipocytes to white adipocytes.
However, it is not clear whether these NEFAs are used
for thermogenesis or replenishment of used triglycerides,
which should be assessed with further biochemical and
histological studies.

BAT radiodensity correlates inversely with obesity,
LDL cholesterol, and plasma triglycerides, and positively
with whole-body insulin sensitivity (M-value) and HDL
cholesterol. These results are in line with previous findings
by Raiko et al. (19), who measured BAT triglyceride
content using magnetic resonance spectroscopy. It has
been shown in numerous earlier studies that intramuscular
triglyceride stores have relationshipwith insulin sensitivity
(37, 38), and, in line with this, we found relationships of
whole-body insulin sensitivity with radiodensity of deltoid
and pectoralis major muscle. However, BAT triglyceride
content associated with whole-body insulin sensitivity in
a study by Raiko et al. (19) using magnetic resonance
spectroscopy, whereas we show similar results with BAT
CT attenuation, further supporting the link between
whole-body insulin sensitivity and BAT composition.
Cervico-thoracic BAT depots with thermogenic, lipogenic,
and lipolytic activity have a potential role in regulating
plasma fatty acids,whereas high lipolysiswith high plasma
levels of free fatty acids can induce muscle insulin re-
sistance (39). It has also been demonstrated in rodent
studies that BAT contributes to plasma triglyceride
clearance (40). Additionally, human studies of both
healthy (16) and type II diabetic subjects (41) have shown
that a short-term cold acclimation increases BAT radi-
odensity, and cold acclimation improves insulin sensi-
tivity in patients with type 2 diabetes (41). However, our
study does not include subjects with diabetes, but, in line
with these findings, our results demonstrate another
evidence for the link of BAT CT radiodensity with insulin
sensitivity independent of age, sex, or obesity. Future
studies with longitudinal design may unravel the casual
link between BAT and whole-body insulin sensitivity.

A few previous studies (14, 31) compared BAT and
WAT radiodensity in subjects with high SUV supra-
clavicular fat depots (high-BAT) with similar results as in
the current report. However, to our knowledge, no other
study has statistically compared HU of WAT and BAT in
low-BAT study subjects. Our data suggest that BAT area
in low-BAT subjects still differs from subcutaneousWAT
on HU scale. This difference could be due to higher fluid-
to-triglyceride ratio in BAT regions in low-BAT subjects
compared with corresponding subcutaneous WAT.

Strengths of our study include that all study subjects
were metabolically healthy and had broad-ranging BMI
and age, and the cohort included both genders. However,
our cohort hadmore females thanmales, which limits our
gender-based analyses. These findings are expected to aid
future BAT studies and provide more insight in in vivo
assessment of intracellular triglyceride accumulation in
supraclavicular fat depot as a marker of BAT activity,
obesity, and whole-body insulin sensitivity. In clinical
setting, with CT being a routinely performed procedure,
BAT radiodensity may allow additional information
about systemic metabolic health.

The aim of our personalized cooling protocol was to
deliver uniform level of nonshivering cold stress in all
participants irrespective of body type and subcutaneous
adiposity; however, our method for the assessment of
shivering was subjective. An objective and quantitative
approach to detect shivering, e.g., electromyography,
would have improved this protocol. Although we did not
observe the difference in change (Δ) in whole-body energy
expenditure in high-BAT and low-BAT participants,
there is a possibility that present cooling protocol may
deliver cold stress of variable magnitude in different
subjects, which may create a bias in cooling response of
each subject. Furthermore, our study cannot establish
causal relationship between BAT radiodensity and de-
velopment of metabolic syndrome due to the cross-
sectional study setting. Moreover, classification of sub-
jects being high-BAT was solely done on PET substrate
tracer uptake values during cold stimulation, and not on
any ex vivo BAT-specific morphological or biochemical
analysis. However, similar classification approach has
previously been adapted and reported in several BAT
reports (11, 18, 26, 42–44), and high PET substrate tracer
values in fat depots to be specific for BAT have been
previously demonstrated (36), and it is considered the
golden standard for in vivo BAT localization.

Conclusions

We conclude that CT radiodensity of human BAT can be
used as a marker of stored triglyceride content and local
vascularity. Acute cold exposure significantly increases
BAT CT radiodensity, which is most likely due to tissue
hyperemia, and may also be as a result of reduction
in intracellular lipids. Cold-stimulated BAT with high
substrate uptake has higher radiodensity than those with
lower uptake levels. Cervico-upper thoracic fat depots
with more positive HU (in fat HU range) than typical
subcutaneous WAT under cold stimulus are most likely
metabolically active based on PET imaging. Furthermore,
BAT triglyceride accumulation assessed with HU may
provide an insight in whole-body insulin sensitivity and
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systemic metabolic health, which may further broaden
the utilization of CT beyond anatomical imaging.
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Functional brown adipose tissue in healthy adults. N Engl J Med.
2009;360(15):1518–1525.

37. Forouhi NG, Jenkinson G, Thomas EL, Mullick S, Mierisova S,
Bhonsle U,McKeigue PM, Bell JD. Relation of triglyceride stores in
skeletal muscle cells to central obesity and insulin sensitivity
in European and South Asian men. Diabetologia. 1999;42(8):
932–935.

38. Larson-Meyer DE, Smith SR, Heilbronn LK, Kelley DE, Ravussin
E, Newcomer BR; Look AHEAD Adipose Research Group.
Muscle-associated triglyceride measured by computed tomography
and magnetic resonance spectroscopy. Obesity (Silver Spring).
2006;14(1):73–87.

39. Kelley DE, Mokan M, Simoneau JA, Mandarino LJ. Interaction
between glucose and free fatty acid metabolism in human skeletal
muscle. J Clin Invest. 1993;92(1):91–98.

40. Bartelt A, Bruns OT, Reimer R, Hohenberg H, Ittrich H, Peldschus
K, Kaul MG, Tromsdorf UI, Weller H, Waurisch C, Eychmüller A,
Gordts PL, Rinninger F, Bruegelmann K, Freund B, Nielsen P,
Merkel M, Heeren J. Brown adipose tissue activity controls tri-
glyceride clearance. Nat Med. 2011;17(2):200–205.

41. Hanssen MJ, Hoeks J, Brans B, van der Lans AA, Schaart G, van
den Driessche JJ, Jörgensen JA, Boekschoten MV, Hesselink MK,
Havekes B, Kersten S,Mottaghy FM, vanMarken LichtenbeltWD,
Schrauwen P. Short-term cold acclimation improves insulin sen-
sitivity in patients with type 2 diabetes mellitus. Nat Med. 2015;
21(8):863–865.

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

43. Muzik O, Mangner TJ, Leonard WR, Kumar A, Janisse J,
Granneman JG. 15O PET measurement of blood flow and oxygen
consumption in cold-activated human brown fat. J Nucl Med.
2013;54(4):523–531.

44. 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(1):13–16.

doi: 10.1210/jc.2016-2698 https://academic.oup.com/jcem 2267

Downloaded from https://academic.oup.com/jcem/article-abstract/102/7/2258/3084587
by Turun Yliopiston Kirjasto user
on 16 April 2018

http://dx.doi.org/10.1210/jc.2016-2698
https://academic.oup.com/jcem

