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INTRODUCTION

Two types of adipose tissue with essentially antagonistic 
functions are found in mammals; white adipose tissue (WAT) 
serves as a major energy reserve, while brown adipose tissue 
(BAT) dissipates energy through the production of heat. 
BAT is abundant in small mammals (e.g., mice, rats) and 
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newborns (1), providing a vital source of heat to maintain 
their body temperature. The structural and metabolic 
characteristics of WAT and BAT are quite different (2). WAT 
is characterized by large adipocytes that contain unilocular 
lipid droplets, a displaced peripheral nucleus, and limited 
cytoplasm (3). In contrast, BAT contains smaller adipocytes 
with multiple intracellular lipid droplets, a centrally located 
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nucleus, an abundance of iron-rich mitochondria, and 
uncoupling protein 1 (UCP1) (4, 5). BAT is also densely 
vascularized by capillaries, which transport and disperse 
the produced heat (4, 6). From a clinical perspective, BAT 
is of great interest as a potential target in the treatment of 
obesity and associated metabolic disorders (7). Therefore, 
it is to adopt a technique that accurately detects and 
distinguishes BAT from WAT.

In adult humans, BAT has long been considered absent; 
however, some investigations have shown that BAT also 
exists in adult human bodies and plays an important role in 
energy homeostasis in adults (7-9). Several studies using 
18F-fluorodeoxyglucose positron emission tomography scans 
coupled with computed tomography (18F-FDG-PET/CT) have 
non-invasively confirmed the presence of metabolically 
active BAT in adult humans in vivo (10-13). However, one 
main drawback of using PET/CT in the detection of BAT is 
the risk associated with using radioactive trackers (e.g., FDG 
in PET). Moreover, it could yield confounding results. For 
example, a malignant neoplasm in the neck and upper chest 
region also leads to increased uptake of 18F-FDG (10), similar 
to that which occurs in the hypermetabolism of BAT, and 
therefore, produces images which are indistinguishable from 
those of BAT.

The present study was designed to demonstrate 
the potential of spectral CT in characterizing BAT and 
discriminating it from WAT. Contrary to traditional CT, 
spectral CT enables the simultaneous acquisition of imaging 
data with two different energy levels (i.e., 80/140 kVp). 
Such imaging allows the differentiation of material due 
to differences in the photo and Compton effect on CT 
attenuation at different photon energies (14, 15), also 
known as materials decomposition (MDs). 

The purpose of this study was twofold. During the ex-
vivo stage, a lipid-containing phantom was employed 
to evaluate the feasibility of using spectral CT for the 
characterization of fat content. At the in vivo stage, fat-
water MD images provided by a baseline non-enhanced 
spectral CT were used to estimate the fat concentrations 
in BAT and WAT. Furthermore, we evaluated BAT and WAT 
activations after the injection of norepinephrine (NE) by 
comparing the results from a non-enhanced and enhanced 
spectral CT. Due to the abundance of capillaries in BAT, we 
expected the increase in blood flow with the injection of NE 
injection to lead to an increase in iodine concentration and 
to be reflected in the enhanced spectral CT. 

MATERIALS AND METHODS

Lipid/Water Phantoms
Lipid-containing phantoms were made by mixing 

calibrated amounts of water (doped with 0.2 mM MnCl2) and 
extra virgin olive oil (Olivoila, Shanghai, China) using the 
protocol published by Peng et al. (16). Percentages of oil 
ranged from 0% to 100% by volume with an interval of 10% 
in a set of phantoms. Additional details about phantoms 
have been described in our previous study (16).

Animals
This animal study was approved by the Institutional 

Animal Care and Use Committee of the Medical School 
of Southeast University (approval ID: SYXK-2010.4987). 
Thirty Wistar rats (male, 14 weeks old, weighing 308 ± 27 
g) were obtained from the Laboratory Animal Center of the 
Academy of Military Medical Science. Twenty-four of the 
rats were used in the main experiment (12 in the NE group 
and 12 in the saline group), while the other six were only 
used to obtain the time-enhancement curve after injection 
of the contrast agent. All the rats were fed a normal diet 
and maintained at a normal room temperature of 20–24°C 
before the experiment. At the beginning of the experiment, 
the rats were anesthetized with an intraperitoneal injection 
of ketamine (100 mg/kg) and xylazine (10 mg/kg). Their 
core body temperatures were kept constant at 24°C 
(normothermia to ensure the normal function of BAT) in the 
CT scan room during the entire experiment.

Spectral CT Examinations and Image Analysis
Figure 1 illustrates the schematic representation of 

the procedure of the in vivo study. Spectral CT images 
were taken before sacrificing each rat to obtain samples 
for histology. CT examinations were conducted using a 
Discovery CT750 HD scanner (GE Healthcare, Milwaukee, 
WI, USA). Two rats were placed in the prone position on 
the scanner bed side-by-side (Fig. 1). The scan coverage 
spanned the head to the proximal end of the tail. 

A non-enhanced spectral CT scan was performed using 
the following parameters: fast tube voltage switching 
between 80 and 140 kVp, tube current of 260 mA, rotation 
speed of 0.8 seconds, helical pitch of 0.984, collimation 
thickness of 1.25 mm at an interval of 1.25 mm, image 
slice thickness of 1.25 mm, a 20-cm field-of-view, and a 
512 x 512 reconstruction matrix. The spectral CT data were 
transmitted to workstation AW 4.6 (GE Healthcare, Boston, 
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MA, USA), and a set of MD images were reconstructed 
using the GSI Viewer software (GE Healthcare, Boston, MA, 
USA). MD is achieved by mathematically decomposing the 
unknown imaged subject at each voxel into combinations of 
pre-selected pairs of known basis materials. Fat-water was 
selected as a basis material pair for this scan. 

Two circular regions of interest (ROIs) of approximately 4 
mm2 were precisely drawn in the BAT over the interscapular 
region and in the WAT over the perigonadal region, while 
avoiding muscle and other tissues as much as possible. The 
selection of the ROIs was based on the anatomical locations 
of BAT and WAT (17). Material concentrations (in milligrams 
per cm3) of the basic materials within the ROIs were 
obtained from GSI Viewer. Next, the animals were randomly 
divided into two groups. Twelve rats were injected with NE 
(Norepinephrine Bitartrate Injection, Bedford Laboratories, 
Bedford, OH, USA) while the other 12 were injected with 
saline. The injections in both groups were performed using 
26 G catheters placed in the tail veins at a rate of 1 μg/kg/
min for 10 minutes. Another non-enhanced spectral CT was 
performed immediately after the administration of the NE/
saline injection and was used as the baseline scan.

After the non-enhanced scan, contrast agent (iopromide 
300, 2 g iodine/kg) was injected into the tail vein of 
the rats at a dosage of 6 mL/kg and a rate of 0.2 mL/sec 
(Injection system, Mallinckrodt Pharmaceuticals, Cincinnati, 
OH, USA). An enhanced spectral CT was performed within 
24–26 seconds to evaluate the blood flow changes of BAT 
and WAT after NE injection. To ensure that the timing of 
the enhanced spectral CT scan was in the ‘up-slope’ and 
not in the equilibrium phase of the time-enhancement 
curve, six additional rats were used to obtain the full time-
enhancement curve at BAT with the following settings: 
tube current of 40 mA, monitoring inter-scan delay of 1 
second, rotation time of 1 second, measurement of 30 and 
slice thickness of 1.25 mm. As shown in Figure 2, the time-
enhancement curve of BAT did not reach plateau until 
30 seconds after injection of the contrast agent, which 
confirmed that the timing of the enhanced spectral CT scan 
was in the ‘up-slope’ phase. Other CT scanning parameters 
were identical to those of non-enhanced CT exam. 

MD images of iodine-water were reconstructed for the 
NE and saline groups from the baseline non-enhanced 
and enhanced spectral CT data. We used the increase in 

Non-enhanced spectral CT:
  fat concentration of BAT and WAT

NE: induces increase in blood flow 
  in BAT and WAT.
NE group (1 µg/kg/min, 10 min, 
  total 1 mL, n = 12)
Saline group (10 min, total 1 mL,
  n = 12)

Non-enhanced spectral CT: baseline 
  iodine concentration of 
  BAT and WAT
Enhanced spectral CT: elevated iodine
  concentration of BAT and WAT after
  NE BAT/arota and WAT/arota ratio

Fig. 1. Schematic procedure of study. First, non-enhanced spectral CT scan was performed on all animals, and fat concentration and baseline 
iodine concentration of BAT and WAT were measured. Rats were then randomly divided into NE group (n = 12) and saline group (n = 12) injected 
with NE and saline, respectively. NE infusion was performed, followed by contrast-enhanced spectral CT, which measured changes in iodine 
concentrations of BAT and WAT. BAT = brown adipose tissue, NE = norepinephrine, WAT = white adipose tissue

Fig. 2. Time–enhancement curve in BAT with injection of contrast medium. 
A. ROI (red circle) was placed on BAT of interscapular region. B. Zero point on x-axis is starting point of contrast medium injection. Vertical gray 
bar indicates time of contrast-enhanced spectral CT scan. ROI = region of interest
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iodine concentration above baseline in WAT and BAT as a 
surrogate measure of perfusion. Additionally, the iodine 
concentrations in BAT and WAT were normalized to that in 
the aorta to minimize inter-subject variations in arterial 
iodine concentration. The iodine concentration ratios such 
as BAT/aorta and WAT/aorta were then calculated.

Histopathology
After completion of all the CT examinations, each rat 

was perfused transcardially with phosphate-buffered saline, 
followed by freshly prepared 4% paraformaldehyde in 0.1 
M phosphate buffer (pH 7.4). A portion of the visceral WAT 
and BAT in the interscapular region were fixed, dehydrated, 
embedded, and transversely sectioned into 5-μm-thick 
slices for hematoxylin and eosin (H&E) staining, as well as 
immunohistochemistry for UCP1, CD31, and alpha-smooth 
muscle actin (α-SMA). All histopathology slides were 
then examined, and fat content and UCP1 analyses were 
performed using the histological semi-automatic vacuole 
segmentation procedure (HIS-S) developed with the MATLAB 
software (The MathWorks, Inc., Natick, MA, USA) (18). A 
pathologist manually excluded artificial areas, such as blood 
vessels. The percentages of fat and UCP1 identified using 
HIS-S were calculated with the following formulae:

Fat content by HIS-S = area of fat / total tissue area
UCP1 content by HIS-S = the area of UCP1-positive zone / 

the total tissue area
The microvessel densities of WAT and BAT were calculated 

from serial sections stained with the anti-rat CD31 (Santa 
Cruz Biotechnology Inc, Dallas, TX, USA) antibody. Small 
vessels were identified with positive α-SMA staining.

Statistical Analysis
All statistical analyses were performed using SPSS for 

Windows, version 11.0 (SPSS Inc., Chicago, IL, USA). 
Numerical data were reported as means ± standard 
deviation. The Pearson correlation test was performed 
between lipid concentrations from the spectral CT and the 
known gravimetric reference standard of the phantoms. 
Independent sample t tests were performed to analyze 
the fat concentrations between BAT and WAT using the 
spectral CT and histopathology results. Paired t tests 
were also performed to differentiate between the iodine 
concentrations of BAT and WAT before and after contrast 
enhancement. Independent-sample t tests were also 
implemented to analyze the iodine concentrations of BAT 
and WAT between the NE and saline groups. A p value of 
less than 0.05 was considered statistically significant. 

RESULTS

Quantification of Lipid in Phantoms Using Non-Enhanced 
Spectral CT

Figure 3A shows the spectral CT imaging of the phantoms 
at different lipid concentrations. The measured fat fraction 
has a strong linear correlation with the known gravimetric 
reference standard (fat: r2 = 0.996, p < 0.001) (Fig. 3B).

Characterization of BAT in Rats Using Non-Enhanced 
Spectral CT 

The differences in the fat fraction between WAT and 
BAT were evaluated by non-enhanced spectral CT imaging 
(Fig. 4A). Quantitative results indicated that the fat 
concentration of BAT was significantly lower than that of 

Fig. 3. Lipid-containing phantom imaging by spectral CT (lipid fraction ranging from 0% to 100%). 
A. Fat-base imaging of phantom. B. Graph showing strong correlation between known lipid content (%) and fat concentration measured by 
spectral CT (r2 = 0.996, p < 0.001).
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WAT (603.17 ± 148.10 mg/cm3 vs. 1434.53 ± 155.50 mg/
cm3, p < 0.001) (Fig. 4B).

Histopathology results confirmed the findings from the 
non-enhanced spectral CT. H&E staining (Fig. 5A, left 
column) revealed that WAT contained mature adipocytes, 
which were uniformly characterized by the presence of 
large, unilocular lipid droplets. BAT contained multilocular 
lipid droplets and a brightly eosinophilic cytoplasm. The 
fat content of BAT was significantly lower than that of 
WAT as determined by HIS-S (p < 0.001) (Fig. 5B). The 
immunohistochemical staining for the detection of UCP1 
(Fig. 5A, right column) showed that BAT has mitochondria-
rich and strongly UCP1-positive multilocular adipocytes. The 
UCP1 content of BAT was significant higher compared to 
WAT as determined by HIS-S (p < 0.001) (Fig. 5B).

Quantification of the Vascular Response in Rodent BAT 
Using Enhanced Spectral CT

Since BAT has abundant β3-adrenergic receptors and NE 
is the β3-adrenergic receptor agonist, we hypothesized that 
BAT was activated after the injection of NE (19). As shown 
in Figure 6A and B, iodine concentration of BAT at baseline 
was the same between the NE and saline groups (-3.92 ± 
-2.3 mg/cm3 vs. -4.81 ± -2.59 mg/cm3, p > 0.05). After 
the injection of contrast media, the iodine concentration 
increased in both groups, with a more remarkable 
enhancement in the NE group; the iodine concentration of 
BAT in the NE group was significantly higher than that in 
the saline group (NE: 28.75 ± 5.70 mg/cm3; saline: 7.49 ± 
3.70 mg/cm3, p < 0.001) (Fig. 6B).

For WAT, however, there was no significant difference in 
iodine concentration between the NE and saline groups 

either in the non-enhanced or enhanced spectral CT phases 
(NE: from -13.36 ± -2.09 mg/cm3 to -11.13 ± 3.29 mg/cm3; 
saline: from -13.77 ± 2.05 mg/cm3 to -11.10 ± 4.25 mg/
cm3, p > 0.05) (Fig. 6C, D). 

To minimize the inter-subject variations in arterial iodine 
concentration, we calculated the BAT/aorta and WAT/aorta 
ratios to reflect the vascular response more accurately. The 
BAT/aorta ratio of the iodine concentration in the NE group 
(0.32 ± 0.07) was significantly higher compared to that 
in the saline group (0.12 ± 0.07; p < 0.001) (Fig. 7A). In 
contrast, there was no significant difference in the WAT/
aorta ratio between the NE and saline groups (-0.08 ± 0.03 
vs. -0.13 ± 0.07, p > 0.05) (Fig. 7A). 

Immunohistochemical staining with CD31 and α-SMA 
showed that the number of small vessels and capillaries in 
the BAT samples was significantly higher than that in the 
WAT samples (Fig. 7B), supporting the vascular response 
after NE infusion in contrast-enhanced spectral CT. 

DISCUSSION 

In our study, the quantification of fat concentration 
by non-enhanced spectral CT revealed the different 
characteristics between BAT and WAT. Furthermore, the 
iodine concentration obtained from contrast-enhanced 
spectral CT detected a different vascular response to 
pharmacologic activation of BAT.

Spectral CT has offered direct and accurate quantification 
of fat in phantoms (10%, 20%, 30%, 50%, 100%) using MD 
(20), similar to what we found in phantoms (percentages of 
fat ranged from 0% to 100% by volume with an interval of 
10%). A number of magnetic resonance (MR) methods have 

Fig. 4. Examples of fat-based material decomposition image of BAT and WAT. 
A. Red circles indicate positions of ROIs used to calculate material concentrations. B. Fat concentrations of selected ROIs on BAT and WAT. Fat 
concentration was significantly lower in BAT than in WAT. ***p < 0.001.
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been proposed for the fat quantification as follows: Dixon, 
chemical shift selective images, and 1H-MR spectroscopy 
(17). However, the scan time for spectral CT was much 
shorter than that for MR methods. Some studies conducted 
liver fat quantification using spectral CT and compared them 
to the results of MR methods (20, 21). 

Adipocytes in BAT contain many multilocular and small 
lipid droplets and a lower content of triglycerides (4). 
BAT adipocytes also have a relatively high number of 
mitochondria that contain red-brownish iron content and 
a sufficient amount of the mitochondrial protein UCP1 
to regulate non-shivering thermogenesis (5). Spectral 
CT imaging presented us with a quantifiable parameter, 
namely the material density values. The density value of 

all materials can be expressed as the weighted sum of the 
densities of two base material pairs, for example, fat and 
water or iodine and water. Base material pairs are used 
to potentially represent the material compositions of the 
ROI. These density values are expressed mathematically 
and reflect the measured attenuation in projection (22). 
In our study, we selected fat-water as the base material 
pairs which closely represent the fat/water concentrations 
in both types of adipose tissue to improve the detection 
sensitivity. This was confirmed with the less fat content of 
BAT compared to WAT in the histological analysis. However, 
it’s also interesting to evaluate WAT by spectral CT, such as 
quantitative analysis of creeping fat to assess the severity 
of inflammation in patients with ileo-colonic Crohn’s 
disease (23). 

BAT has abundant β3-adrenergic receptors and NE is 
the β3-adrenergic receptor agonist. The effect of NE was 
verified by an increase in systemic blood pressure and heart 
rate (19, 24). The abundant number of blood capillaries in 
BAT ensures adequate exposure to nutrients and oxygen (25). 
Activation of BAT by the sympathetic nervous system results 
in increased blood flow to the tissue, which is necessary to 
provide a sufficient supply of oxygen, lipids, and glucose 
to BAT (26). Additionally, the increased blood flow helps 
dissipate the heat produced in BAT throughout the rest of 
the body. One objective of this study was to investigate 
whether the changes in BAT blood flow are coupled to the 
changes in BAT activation. BAT activation was demonstrated 
by an increase in iodine concentration of BAT after the 
injection of NE in the contrast enhanced spectral CT in 
our study. In contrast, WAT was expected to be inert and 
unresponsive to NE. Cypess et al. (27) demonstrated the 
relationship between the increase in tissue perfusion and 
glucose uptake of BAT after pharmacological stimulation 
with a β3-adrenergic receptor agonist using 99m Tc-
methoxyisobutylisonitrile single-photon emission CT 
and 18F-FDG PET/CT. Lau et al. (28) demonstrated that 
BAT metabolic conversion of pre-polarized pyruvate was 
observed using hyperpolarized 13C imaging at baseline 
and under NE-stimulated conditions. Although contrast-
enhanced ultrasound using microbubbles can measure the 
increase 15-fold in blood flow associated with NE-induced 
BAT stimulation (29), other differences and changes 
between BAT and WAT cannot be evaluated. In our study, 
we assessed the changes of an increased iodine content in 
BAT after injecting NE using contrast-enhanced spectral CT 
imaging, but WAT failed to increase iodine content after 

Fig. 5. Histological characteristics of BAT and WAT.
A. Histological analysis of BAT and WAT sections, including H&E 
staining and immunohistochemistry of UCP1 (x 400; scale bar, 50 
μm). B. Adipocyte size of WAT was significantly larger than that of 
BAT. UCP1 content of BAT was significantly higher than that of WAT. 
***p < 0.001. H&E = hematoxylin and eosin, HIS-S = histological 
semi-automatic vacuole segmentation procedure, UCP1 = uncoupling 
protein 1
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NE injection. To minimize the inter-subject variations in 
arterial iodine concentration, the BAT/aorta and WAT/
aorta ratios were calculated, also demonstrating the higher 
vascular response in BAT compared to WAT. 

We recognize several limitations in our study. Firstly, 
based on the results from Baron et al. (29), the use of a 
jugular venous line for the infusion of contrast agent has 
been found to be feasible. In our study, contrast agent 
was injected via the tail vein, as well as through the 

less invasive approach of infusion. Future studies should 
demonstrate the differences between using the two venous 
lines. Secondly, Park et al. (30) also reported that the BAT 
uptake was substantially increased by a single stimulation 
with β3 agonist using 18F-FDG-PET/CT. However, their results 
demonstrated that uptake in inguinal WAT was gradually 
increased to BAT levels by prolonged stimulation for 10 
days. Our study only observed the difference after the first 
stimulation by β3 agonist using spectral CT, but the long 

Fig. 6. Quantification of iodine concentration in BAT and WAT after NE injection by contrast-enhanced spectral CT.
A, B. Changes in iodine concentration in BAT (yellow circle) after saline or NE injection. B. Although iodine concentration was not different 
between two groups at baseline, it increased considerably greater in NE group than in saline group in contrast-enhanced spectral CT imaging. 
C, D. Changes in iodine concentration in WAT (yellow circle) after saline or NE. D. No significant changes in iodine concentration was observed in 
WAT in both groups. Limited increase in iodine concentration from baseline to contrast-enhanced spectral CT was observed. ***p < 0.001.
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effect was not investigated. Thirdly, BAT has abundant 
blood capillaries and β3-adrenergic receptors. It is also 
feasible to combine perfusion-weighted CT imaging to 
monitor the responses of β3 agonists in BAT and WAT. 

In conclusion, we have characterized BAT, WAT, and 
muscle tissues in rats using spectral CT imaging techniques. 
MD demonstrated that BAT had a lower fat content, a 
higher water fraction, and higher vascularization compared 
to WAT. The histology and UCP1 measurements supported 
our imaging results. Spectral CT, thus, provides a new, non-
invasive method that can be translated to the clinical 
setting for evaluating the differences between BAT and WAT. 
Clinical validation of this method will most likely expand 
the scope and flexibility of future BAT studies.
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