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Purpose: The vascular blood flow in brown adipose tissue (BAT) is important for 
handling triglyceride clearance, increased blood flow and oxygenation. We used dy-
namic contrast-enhanced (DCE)-MRI and fat fraction (FF) imaging for investigating 
vascular perfusion kinetics in brown and beige adipose tissues with cold exposure or 
treatment with β3-adrenergic agonist.
Methods: FF imaging and DCE-MRI using gadolinium-diethylenetriamine-
pentaacetic acid were performed in interscapular BAT (iBAT) and beige tissues 
using male Wister rats (n = 38). Imaging was performed at thermoneutral condition 
and with either cold exposure, treatment with pharmacological agent CL-316,243, 
or saline. DCE-MRI and FF data were co-registered to enhance the understanding of 
metabolic activity.
Results: Uptake of contrast agent in activated iBAT and beige tissues were sig-
nificantly (P < .05) higher than nonactivated iBAT. The Ktrans and kep increased sig-
nificantly in iBAT and beige tissues after treatment with either cold exposure or 
β3-adrenergic agonist. The FF decreased in activated iBAT and beige tissues. The 
Ktrans and FF from iBAT and beige tissues were inversely correlated (r = 0.97; r = 
0.94). Significant increase in vascular endothelial growth factor expression and Ktrans 
in activated iBAT and beige tissues were in agreement with the increased vascula-
ture and vascular perfusion kinetics. The iBAT and beige tissues were validated by 
measuring molecular markers.
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1 |  INTRODUCTION

White adipose tissue (WAT) and brown adipose tissue (BAT) 
have characteristic differences in morphology, vasculature, 
and metabolic function.1 Adipose tissue vasculature is es-
sential for delivery of blood, oxygen, and nutrients and also 
for transporting cytokines.2 In WAT, the angiogenic derived 
vasculature facilitates the fat deposition leading to expansion 
of adipose tissue. BAT is a highly vascularized endocrine 
organ, which undergoes adaptive thermogenesis involving 
uncoupling protein-1 (UCP1). Vascular endothelial growth 
factor (VEGF) is the key angiogenic factor controlling vas-
culature and function in BAT.3 Vasculature and the angio-
genic process promote lipolysis and are regulated by vascular 
remodeling factors.4 BAT activation is associated with in-
creased local blood flow through the dense vascularization.5,6 
It can be optimally activated by interventions such as cold  
exposure7 or by administration of nutraceuticals,8 and β3-ad-
renergic receptor agonists.9 An increase in BAT perfusion is 
also associated with enhanced whole-body energy expendi-
ture.10 Currently, BAT is being explored as a potential target 
for anti-obesity interventions.11

Beige or browning tissue is a unique class of adipose 
tissue that is phenotypically intermediate between WAT 
and BAT. Inguinal white adipocytes can be reprogrammed 
and transdifferentiated into beige adipocytes in response to 
external stimuli.12,13 The 3 core transcriptional regulators, 
namely, PR domain containing 16 (PRDM16), peroxisome 
proliferator-activated receptor gamma (PPAR-γ), and per-
oxisome proliferator-activated receptor gamma coactivator 
-1alpha (PGC1α), are involved in transformation of WAT 
into beige tissue.14 These transcription factors promote the 
overexpression and increased function of PRDM16, which 
binds to PPAR-γ and activates the transcriptional function 
to undergo browning of white adipocytes.15-17 The brown-
ing of inguinal WAT can be achieved by either cold expo-
sure or by administration of browning agents including, 
thyroxine, catecholamines, and β3-adrenergic agonists (CL-
316,243, mirabegron).18,19 Browning of WATs is emerging 
as a strategy to increase whole body energy expenditure and 
to manage obesity.20,21 Recent studies have shown that in-
creased browning of WAT improved the metabolism under 
obese condition.20,22

Earlier studies have reported changes in blood flow as-
sociated with noradrenaline induced thermogenesis by using 
microspheres labeled with isotopes 86Sr/46Sc.23 Recently, 
BAT perfusion was assessed by measuring the blood flow 
using contrast-enhanced ultrasound (CEUS).24,25 The CEUS 
method suffers from poor spatial resolution, and it requires 
intravenously infused echogenic microbubbles, which are 
destroyed by high energy ultrasound pulses.24-26 The near- 
infrared fluorescence imaging approach has also been used to 
study BAT perfusion using hepatmethine indocyanine IR-786 
dye.27 The penetration depth and spatial resolution of these 
optical methods are limited in terms of evaluating the perfu-
sion characteristics of the tissue.

MR-based techniques provide superior resolution, con-
trast, and quantitative information of BAT.8,28-32 The fat frac-
tion (FF) imaging has been well established to investigate fat 
metabolism during activation of BAT in rodents28-30,32 and 
clinical studies.33-37 Dynamic contrast-enhanced (DCE)-MRI 
is sensitive for changes in tissue microvascular environment 
and physiological parameters of the tissue including the kinet-
ics of blood flow. Contrast-enhanced MRI has been used for 
imaging the iBAT with activation38; however, DCE imaging 
for computing rate kinetics has not been explored. The arterial 
spin labeling approach has been attempted to measure the BAT 
perfusion in rodents.39,40 However, translating the arterial spin 
labeling approach for human applications might be challeng-
ing. Understanding the vascular network and perfusion prop-
erties of the activated BAT and beige tissues are important for 
handling triglyceride clearance and increased blood flow.

In the current study, iBAT and beige adipose tissue were 
investigated in response to metabolic interventions. The iBAT 
is located in the interscapular region of the rat. Earlier work 
has shown that beige adipose tissue can be created in the in-
guinal region, by trans-differentiation of the WAT.14,41-43 The 
feasibility of browning the WAT has been demonstrated by 
biochemical and transcriptomic studies in cells44,45 and ro-
dents.20,46,47 However, there is lack of noninvasive imaging 
methods for identifying and evaluating the browning process. 
The purpose of this study is to characterize the vascular per-
fusion kinetics and lipid use in iBAT and beige adipose tissue 
by DCE-MRI and FF imaging. Imaging findings are sup-
ported by m-RNA analysis of functional and browning gene 
markers by reverse transcription polymerase chain reaction.

Conclusion: Increased Ktrans and decreased FF in iBAT and beige tissues were in 
agreement with the vascular perfusion kinetics facilitating the clearance of free fatty 
acids. The methodology can be extended for the screening of browning agents.

K E Y W O R D S
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2 |  METHODS

2.1 | Animal procedures

All experimental procedures and animal research were ap-
proved by the institutional animal care and use commit-
tee. Animals were acquired from InVivos, Singapore, and 
housed in designated holding room controlled for light/
dark cycle, temperature, humidity, and quality of the air. 
The flow chart of the experimental design is shown in 
Figure 1. Twelve-week-old male Wister rats (n = 38) were 
randomized and used for imaging of iBAT (cohort I; n = 
26) and beige adipose tissues (cohort II; n = 12). Cohort 
I was further categorized into group 1 (n = 6) for imag-
ing at thermoneutral condition (before cold exposure) and 
later subjected to cold exposure (4°C for ~ 6 h/day for 3 
days). A separate group of 6 animals from cohort I (n = 6) 
maintained at thermoneutral condition were used for sam-
pling of tissues for biochemical measurements. The group 
2 animals from cohort I (n = 7) were treated with saline; 
and group 3 from cohort I (n = 7) were treated with the 
β3-adrenergic receptor agonist CL-316,243 (1 mg/kg body 
weight of the animal) by intraperitoneal route for 3 days. 
The CL-316,243 is a β3-adrenergic receptor agonist that 
can activate BAT48 and also has been used to convert WAT 
into beige adipose tissues.42 The iBAT tissue was validated 
by analysis of functional molecular markers UCP1, VEGF, 
and CPT1.

The WAT in inguinal region of the animal was converted 
into beige by administration of CL-316,243 (1 mg/kg body 
weight of the animal) by means of intraperitoneal route 
for 14 days.48-50 For imaging of beige tissue, the cohort II  
(n = 12) animals were divided into 2 groups: control group 
4 (n = 6) treated with saline where there is no conversion 
of WAT into beige; and animals in group 5 (n = 6) treated 
with β3-adrenergic receptor agonist for converting WAT 
into beige. The beige tissue was validated by browning mo-
lecular markers PRMD16, PPAR-γ, and PGC1α.14,43

2.2 | Animal preparation for in vivo imaging 
experiments

The MRI measurements were performed using a 7T Bruker 
ClinScan system with a 72-mm volume transmit and 20-mm 
receive only coil. Animals were initially anesthetized with 
2.5-3% of isoflurane in combination with medical grade oxy-
gen and air in a dedicated chamber before imaging and later 
reduced to 1.5-2.0% to maintain the respiration within 60-65 
cycles/min during the imaging experiments. Respiration 
and body temperature were monitored using a physiologi-
cal monitoring system (ML880 16/30 power lab system, 
AD Instruments, Spechbach, Germany). The imaging was 
performed with respiratory triggered gating module with 
a trigger delay of 20 ms. All animals were catheterized for 
administration of the MR contrast agent gadolinium-dieth-
ylenetriaminepentaacetic acid (Gd-DTPA, Bayer Schering 
Pharma AG, Berlin). During the DCE-MRI, animals were 
administered a bolus injection of Gd-DTPA at 0.2 mmol/kg 
bodyweight.

2.3 | iBAT imaging

The FF imaging and DCE-MRI of iBAT were performed on 
all groups of cohort 1 including thermoneutral, cold expo-
sure, saline, and β3-adrenergic receptor agonist treatment. 
Dixon imaging was performed in iBAT region with the fol-
lowing parameters: field of view (FOV) = 42 × 42 mm2, 
matrix size = 128 × 128, in-plane resolution = 0.328 × 
0.328 mm2, slice thickness = 1 mm, repetition time = 8 ms, 
averages = 1, flip angle (FA) = 8°, echo bandwidth = 1090 
Hz/pixel, out-of-phase echo time = 1.0 ms and in-phase 
echo time = 2.5 ms. The DCE-MR imaging was performed 
in iBAT region using a 3D fast low angle shot (3D FLASH) 
MRI sequence with following parameters: repetition time/
echo time = 4.4 ms/0.88 ms, flip angle = 6°, FOV = 42 × 
42 mm2, matrix size = 128 × 128, slices = 1 slab having 8 

F I G U R E  1  The flow chart of the experimental design for iBAT and beige tissue imaging
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slices, slice thickness = 1 mm, in-plane resolution = 0.328 ×  
0.328 mm2, averages = 1, images were acquired at 300 
time frames with temporal resolution of 2.9 s for each time 
frame. Before administration of contrast agent, a multi-
FA (2° to 22°) based T1 imaging was performed using 3D 
FLASH with identical parameters as used for DCE-MRI.

2.4 | Imaging of inguinal beige 
adipose tissue

The FF imaging and DCE-MRI of inguinal WAT were 
performed on cohort II including groups 4 and 5 at day 0 
(baseline) and after 14 days of treatment with either β3-
adrenergic receptor agonist or saline. Dixon imaging was 
performed in inguinal beige adipose tissue with the follow-
ing parameters: FOV = 64 × 64 mm2, matrix size = 128 × 
128, in-plane resolution = 0.5 × 0.5 mm2, slice thickness =  
0.5 mm. Other parameters were kept identical to iBAT im-
aging. The DCE-MRI was performed using 3D FLASH 
sequence with following parameters: repetition time/echo 
time, 3 ms/0.9 ms; FA, 6°; FOV = 64 × 64 mm2; matrix 
size = 128 × 128; 1 slab having 10 slices; slice thickness = 
0.5 mm; in-plane resolution = 0.5 × 0.5 mm2; averages = 
1, 300 images were acquired with a temporal resolution of 
2.9 s for each time frame. Before administration of contrast 
agent, a multi-FA T1 imaging was performed as described 
for iBAT imaging.

2.5 | Image processing of FF data

In-phase and out-of-phase images were reconstructed by ded-
icated Siemen’s IDEA/ICE running VB17 version software. 
A Java based ImageJ plugin51 was developed to compute the 
voxel wise FF map using following Equation 1:

Initial mask was generated by the rolling ball background 
subtraction algorithm followed by the percentile based 
method.52 Morphological operation (erode and dilation) was 
performed to remove the extra unwanted regions and to fill 
the holes inside the initial mask. Regions of interest were pre-
cisely drawn to delineate the iBAT, WAT, and beige areas. 
The FF was extracted from individual voxels.

2.6 | Processing of DCE-MRI data

DCE-MRI data were processed by using DCE@urLAB soft-
ware53 based on reference region (RR) model54 to compute 

the pixel-wise pharmacokinetic analysis of iBAT and beige 
tissues. The RR method derives a local arterial input func-
tion within tissue of interest to avoid large errors associated 
with direct arterial measurements in major arteries. Open 
bi-compartmental model representing the blood plasma and  
extracellular-extravascular spaces (EES) was used. A modi-
fied general rate equation describing the accumulation of con-
trast agent and washout rate in EES is given by Equation 2.54

where Ce is the concentration of the contrast agent in EES, Ct 
is the total concentration of the contrast agent in the tissue, vp is 
the fractional volume of blood plasma, and ve = Ktrans/kep with 
the assumption that contrast agent is well mixed in the blood 
plasma. The Ktrans is a measure of volume transfer constant 
from blood plasma into the EES. The kep is a transfer constant 
from the EES back to the blood plasma. In RR model approach, 
Equation 2 is reorganized to Equation 3 considering tissue of 
interest.

The precontrast T1 data was used to compute the concen-
tration of the contrast agent. The concentration of the contrast 
agent is determined by Solomon-Bloembergen Equation 4.

where T10 is the precontrast T1 value and r1 is the longitudinal 
relaxivity. Levenberg Marquardt algorithm55 -based nonlinear 
least squares regression was performed for each pixel of the an-
alyzed region of interest. The vascular kinetic parameters were 
extracted from individual voxels. The Levenberg Marquardt al-
gorithm is routinely used for evaluating the kinetic parameters 
in several models including RR model (Equation 3). For the 
co-registration of FF with Ktrans images, at least 6 control point 
pairs were manually identified within the anatomical locations 
using the MATLAB (Mathworks 2013b, Inc., Natick, MA, 
USA) function cpselect.56 The selected points include well- 
delineated intersection of BAT-WAT region and intersection 
of muscle-iBAT region; Sulzer’s vein sternum and inguinal re-
gions were used for co-registration. The MATLAB (Mathworks 
2013b, Inc., Natick, MA, USA) function Fitgeotrans56 was used 
to wrap the FF and Ktrans maps using the affine transformation 
model. Finally, the wrapped Ktrans image was overlaid on the FF 
image and composite registered image was generated by using 
alpha blending (0.7) method to visualize the co-registered FF 
and Ktrans images.
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2.7 | Statistical analysis

Statistical analysis was performed using Statistical Package 
for Social Sciences (version 23, IBM SPSS statistics) and 
GraphPadPRISM (version 5.01, GraphPad Software, San 
Diego, CA, USA) software. All the values were expressed 
as mean ± SD. Statistical significance was assessed by 
1-way analysis of variance and Tukey test to analyze the 
differences between 2 groups, and statistical significance 
was defined as P < .05. The correlation between fat imag-
ing and DCE-MRI data was analyzed by Pearson correla-
tion coefficient.

The methodology for gene expression analysis is provided 
in the Supporting Information Materials, which are available 
online.

3 |  RESULTS

3.1 | iBAT activation with cold exposure and 
β3-adrenergic agonist

Figure 2A-D shows the representative uptake kinetics of 
contrast agent in iBAT from each intervention group. The 

F I G U R E  2  Uptake kinetics of Gd-DTPA from iBAT of thermoneutral (A), cold activated (B), saline-treated (C), and after 3 days of β3-
adrenergic agonist treatment (D). The Y axes for all the plots show the concentration (in mM), which is different for WAT, beige, and iBAT. The 
acquired and fitted data are shown in blue and red, respectively. Uptake kinetics of contrast agent from baseline inguinal WAT at day 0 (E) and 
inguinal beige adipose tissue (F), after 14 days of β3-adrenergic agonist treatment. Uptake of contrast agent in iBAT of cold exposed and β3-
adrenergic agonist-treated animals is significantly (P < .01) higher compared with thermoneutral and saline-treated groups. Uptake of contrast 
agent in beige adipose tissue and iBAT is significantly (P < .01) higher compared with WAT. The contrast uptake in WAT is minimal (8- to 10-
fold lower) compared with beige adipose tissue
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contrast uptake increased (P < .05) by more than 3-fold 
after cold exposure and also with 3 days of β3-adrenergic 
agonist administration (5-fold) compared with thermoneutral 
and saline-treated groups. Figure 3 shows the Ktrans images 
from iBAT region of thermoneutral (A), cold activated (B), 
saline-treated (C), and β3-adrenergic agonist-treated (D) ani-
mals. Figure 3E,F shows the anatomical images from iBAT 
region from cold activated and β3-adrenergic agonist-treated 
animals, respectively. Figure 4 shows the box-whisker plots 
of FF, Ktrans, and kep from iBAT and iWAT from all groups, 
including thermoneutral, cold activated, saline, and treat-
ment with β3-adrenergic agonist. The Ktrans and kep increased 

significantly (P < .001) in iBAT for both cold activated and 
β3-adrenergic agonist treatment compared with thermoneu-
tral and saline groups (Figure 4).

Figure 5 shows the FF images from iBAT at thermoneutral 
(A), cold activated (B), saline (C), and β3-adrenergic agonist- 
treated (D) animals. The FF (Figure 4) reduced significantly 
(P < .001) with both cold activated and β3-adrenergic ago-
nist treatment. The FF, Ktrans, kep, and contrast uptake in WAT 
did not change with interventions and were similar in all 
groups of animals including, thermoneutral, cold activated, 
saline and β3-adrenergic agonist treatment (Figure 4). FF and 
Ktrans images were co-registered to understand the correlation 

F I G U R E  3  Ktrans images from iBAT region of thermoneutral (A), cold activated (B), saline (C), and 3 days of β3-adrenergic agonist-treated 
(D) animals. Anatomical reference images from iBAT of (E) cold activated and (F) β3-adrenergic agonist-treated animals. Ktrans was significantly 
(P < .001) increased in both cold activated and β3-adrenergic agonist-treated animals compared with thermoneutral and saline-treated animals. The 
blue area in the images are from WAT with low vascular perfusion

F I G U R E  4  Box-whisker plots of FF, Ktrans, kep, and concentration of contrast agent from iBAT and iWAT. A-D, The plots comparing 
thermoneutral and cold treatment. E-H, The change in these parameters due to saline treatment. I-L, The similar comparison due to β3-agonist 
treatment
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between metabolic activity and vascular perfusion kinetics 
during BAT activation. Co-registered FF and Ktrans images 
of activated iBAT from cold exposed and β3-adrenergic  
agonist-treated animals are shown in Supporting Information 
Figure S1A,B. Correlation of voxels between FF and Ktrans 
images for thermoneutral and cold exposed, saline and β3- 
adrenergic-treated groups are shown in Figure 6A,B, respec-
tively. In the thermoneutral and saline-treated groups, voxels 
with higher FF had lower Ktrans, whereas in cold exposed and 
β3-adrenergic agonist-treated animals, the voxels with lower 
FF had higher Ktrans (r = 0.96 and r = 0.97, respectively).

3.2 | Beige fat activation with  
β3-adrenergic agonist

The contrast uptake in inguinal beige adipose tissue (Figure 
2F) was significantly higher (8- to 10-fold; P < .05) after 
14 days of β3-adrenergic agonist treatment compared with 
baseline WAT (Figure 2E). Figure 7 shows the Ktrans images 
from inguinal WAT at day 0 (A) and after 14 days of β3-
adrenergic agonist treatment (B). The beige area within the 
inguinal fat is highlighted by arrow marks. Figure 8 shows 
the FF images from inguinal WAT at baseline obtained at day 
0 (A) and after 14 days of β3-adrenergic agonist treatment 
(B). The beige area within the inguinal fat is highlighted by 
arrow marks. Figure 9A-D shows the box-whiskar plots of 
Ktrans, FF, kep, and concentration of the contrast agent from 
WAT between baseline (before saline treatment) and with 14 
days after saline treatment.

Figure 9E-H shows the box-whiskar plots of Ktrans, FF, 
kep, and concentration of the contrast agent from WAT be-
tween baseline (before β3-adrenergic agonist treatment) and 
from beige tissue after β3-adrenergic agonist treatment. The 
Ktrans and kep increased significantly (P < .01), whereas the 
FF reduced (P < .001) in beige area after the β3-adrenergic 
agonist treatment (Figure 9). The FF did not change in in-
guinal tissues with saline treatment. Co-registered FF and 
Ktrans images of inguinal adipose tissue after β3-adrenergic 
agonist treatment is shown in Supporting Information Figure 

S1C. Figure 6C shows the correlation of voxels from FF and 
Ktrans images (r = 0.94) from beige inguinal adipose tissue. In  
saline-treated animals, voxels with higher FF had lower Ktrans 
and in β3-adrenergic agonist-treated animals the voxels with 
lower FF had higher Ktrans.

3.3 | Gene expression in iBAT and 
beige tissues

The iBAT and beige adipose tissues were validated by eval-
uating the molecular expression of functional and brown-
ing genes. The mRNA expressions of functional genes 
VEGF, UCP1, and CPT1 from iBAT of thermoneutral, 
cold exposed, saline-treated, and β3-adrenergic agonist- 
treated animals are shown in Supporting Information 
Figure S2. All these genes from iBAT were significantly 
(P < .05) upregulated in cold exposed and β3-adrenergic 
agonist-treated animals compared with thermoneutral and 
saline-treated animals. Supporting Information Figure 
S3A,C,E shows similar comparison of VEGF, UCP1, and 
CPT1 mRNA expressions between beige and WATs, re-
spectively. All genes were significantly (P < .05) upregu-
lated in beige tissues. The comparison of relative mRNA 
expressions of browning markers PRDM16, PPAR-γ, and 
PGC1α between inguinal WAT and beige adipose tissues 
are shown in Figure S3B,D,E, respectively. All the brown-
ing genes were significantly (P < .05) upregulated in beige 
adipose tissues.

4 |  DISCUSSION

There is a large clinical interest in exploring the BAT as a 
potential therapeutic target for the management of obe-
sity. Alternatively, it is also possible to convert existing 
WAT into beige adipose tissue to increase the energy ex-
penditure.14,20,21,43 BAT is highly vascularized compared 
with WAT,57 and the vasculature in WAT can be increased 
by browning process.58 In this study, we have used both 

F I G U R E  5  The FF images from iBAT region of thermoneutral (A), cold activated (B), saline-treated (C), and β3-adrenergic agonist-
treated (D) animals. The FF decreased significantly (P < .001) in both cold activated and β3-adrenergic agonist-treated animals compared with 
thermoneutral and saline-treated animals
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DCE-MRI and FF imaging to investigate the metabolic, 
physiological, and functional information in iBAT and beige 
adipose tissues in response to metabolic interventions. DCE-
MRI is a very complementary approach to FF imaging, and 
the vascular kinetics, including Ktrans and kep measured by 
DCE-MRI are more sensitive to changes in perfusion dur-
ing BAT activation and also during conversion of white into 
beige tissues. The Ktrans of iBAT increased significantly with 

both cold exposure and β3-adrenergic agonist treatment. The 
increase in Ktrans is due to enhanced vascular perfusion ki-
netics of blood into iBAT during activation. The results are 
in agreement with significant uptake of contrast agent in ac-
tivated iBAT. The iBAT is densely vascularized, which fa-
cilitates the supply of required oxygen and nutrients through 
vascular blood flow. The contrast uptake in the WAT is very 
minimal compared with beige tissue and BAT.

F I G U R E  6  Correlation of voxels from FF and Ktrans images of cold activated iBAT (A), β3-adrenergic agonist-treated iBAT (B), and inguinal 
beige adipose tissue (C). In thermoneutral and saline-treated groups, voxels with higher FF had lower Ktrans, whereas in cold exposed and β3-
adrenergic agonist-treated animals, the voxels with lower FF had higher Ktrans. The Pearson correlation coefficient r is shown for each intervention

F I G U R E  7  The Ktrans images from inguinal WAT before β3-adrenergic agonist treatment (A) and inguinal beige adipose tissue after 14 days 
of β3-adrenergic agonist treatment (B). The beige area within the inguinal adipose tissue is indicated by arrows. The Ktrans significantly (P < .001) 
increased in beige adipose tissue compared with WAT

F I G U R E  8  The FF images from inguinal WAT before β3-adrenergic agonist treatment (A) and inguinal beige adipose tissue after 14 days 
of β3-adrenergic agonist treatment (B). The beige area within the inguinal adipose tissue is indicated by arrows. The FF significantly (P < .001) 
reduced in beige adipose tissue compared with WAT
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Thermogenic efficiency of the iBAT is dependent on the 
vasculature59,60 and rate of vascular blood flow. VEGF ex-
pression plays a critical role for the thermogenesis, includ-
ing adipocyte proliferation, mitochondrial development, 
and energy expenditure.61 The increased VEGF expression 
from activated iBAT is in agreement with the increased vas-
cular blood flow during BAT activation by both cold and 
β3-adrenergic agonist treatment. Our results are in agree-
ment with earlier studies that show transient increase in 
VEGF in brown adipocytes with BAT activation.62,63 The 
long-term sympathetic nervous system stimulation either 
by cold exposure or by β3-adrenergic agonist administra-
tion promote the secretion of VEGF for the transformation 
of WAT into beige adipose tissue.63-65 The VEGF secretion 
stimulates the proliferation of vascular endothelial cells for 
adequate expansion of vasculature network in browning 
adipose tissue. The VEGF expression from inguinal beige 
adipose tissue increased by ~2-fold, which confirms the 
establishment of adequate vasculature stimulated by β3- 
adrenergic agonist intervention. Newly formed vasculature 
in inguinal beige tissue facilitates increased vascular flow 
and supply of fuel substrates for themogenesis. Increased 
Ktrans and VEGF in both beige adipose tissue and acti-
vated iBAT confirms increased blood flow and enhanced 
substrate use by means of adipose tissue angiogenesis. 
Increased expression of molecular markers PRDM16, 
PPAR-γ, and PGC1α confirms the transformation of WAT 
into beige tissue and also supports the imaging findings.

The washout kinetics of the contrast agent in the iBAT and 
inguinal beige tissues were evaluated by kep. The washout ki-
netics of the contrast agent in activated iBAT and beige tissues 
show rapid clearance with significantly higher kep compared 
with nonactivated iBAT and WAT. In metabolically active 
iBAT and beige tissues, the inward and outward blood flow is 

significantly higher to facilitate the transport of substrates and 
oxygen essential for thermogenesis. During thermogenesis, the 
outward flow also plays an essential role in dissipating the heat 
from activated iBAT/beige tissues to other parts of the body.

The triglyceride clearance was investigated by evaluating 
the FF images after activation of iBAT and inguinal beige 
adipose tissues. In response to stimulation of the sympathetic 
nervous system either by cold exposure or β3-adrenergic ago-
nist treatment, a series of metabolic events takes places in the 
mitochondria. Significant reduction in FF of activated iBAT 
and inguinal beige adipose tissue is due to the mitochondrial 
β-oxidation. Lipolysis of fat is inevitable for functional ther-
mogenesis to support the energy requirements during BAT 
activation. During mitochondrial β-oxidation, free fatty 
acids serve as fuel substrates for functional thermogenesis. 
Increase in flood blow during BAT activation can be a con-
founding factor for evaluating the FF, but it is inevitable pro-
cess for supplying free fatty acids for β-oxidation. Reduction 
in fat content in both iBAT and beige adipose tissues was 
further validated by increased CPT1 expression. The CPT1 
transports the fatty acylcarnitines into the mitochondrial ma-
trix for β-oxidation and is a rate limiting step. The CPT1 ex-
pression in activated iBAT and inguinal beige adipose tissue 
increased by 2- to 4-fold due to elevated metabolic activity 
and enhanced mitochondrial β oxidation. Cumulative effect 
of increased Ktrans, amplified VEGF expression, and reduced 
FF together show the functional thermogenesis in iBAT and 
inguinal beige adipose tissue.

The thermogenic process in activated BAT and inguinal 
beige adipose tissue is associated with UCP1.66 UCP1 ex-
pression increased significantly in both iBAT and inguinal 
beige adipose tissues followed by activation with interven-
tions. The correlation (Figure 6) between FF and Ktrans voxels 
from activated iBAT and inguinal beige adipose tissues show 

F I G U R E  9  Box-whisker plots of FF, Ktrans, kep, and concentration of contrast agent from WAT and beige tissues. A-D, The change in these 
parameters before and after saline treatment. E-H, A similar comparison with β3-agonist treatment
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increased vascular perfusion kinetics with elevated metabolic 
activity.

Earlier studies have shown the feasibility of the arterial 
spin labeling39,40 and CEUS approaches24,25 to study the 
blood flow/perfusion characteristics of the BAT with acute 
metabolic interventions. The CEUS approach was widely 
used to measure the blood flow/perfusion with BAT activa-
tion. In the current study, we evaluated vascular perfusion 
kinetics and lipid metabolism of iBAT and beige tissue by 
DCE-MRI and FF imaging in combination with metabolic 
interventions. Both approaches provide complementary in-
formation on structural and metabolic alterations in response 
to activation. The MR imaging of beige adipose tissue is not 
well established in the literature, and to the best of our knowl-
edge, our study might be 1 of the early reports. However, the 
main limitation of our study is the use of gadolinium based 
contrast agent for quantification of perfusion in BAT and 
beige adipose tissues. Deposition of gadolinium in the brain 
has been recently reported, and it may cause long-term risks 
for the patient population.67,68 Use of a limited number of ani-
mals per group and also the sparse distribution of beige tissue 
(few pixels in images) is also another limitation of the study. 
Further studies can be explored by combining DCE-MRI 
in positron emission tomography/MR systems to achieve 
multi-parametric information with good spatial and temporal 
resolution for better understanding of functional and struc-
tural asspects of BAT metabolism.69,70

5 |  CONCLUSIONS

Our study shows the feasibility of measuring vascular per-
fusion kinetics and fat oxidation in iBAT and beige adi-
pose tissues by DCE-MRI and FF imaging, respectively, 
in a rodent model. Significant increase in vascular perfu-
sion kinetics and decrease in FF in the metabolically active 
iBAT and beige tissues are triggered by sympathetic nerv-
ous system stimulation. The beige adipose tissue showed 
significant changes in vascular perfusion and fat oxidation 
due to high metabolic activity. Changes in tissue vascu-
lar perfusion characteristics and FF can be used to charac-
terize the beige tissue. We have validated the DCE-MRI 
kinetics parameters and fat oxidation with functional and 
browning gene markers. These imaging approaches can be 
extended for screening of browning agents within a pre-
clinical setting.
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FIGURE S1 The co-registered FF and Ktrans images from 
cold activated iBAT (A), 3 days of β3-adrenergic agonist-
treated iBAT (B), and inguinal beige adipose tissue after 14 
days of β3-adrenergic agonist treatment (C). The beige area 
within the inguinal adipose tissue is highlighted by arrows
FIGURE S2 Changes in functional gene expression VEGF 
(A), UCP1 (C), and CPT1 (E) in iBAT during thermoneutral 
and cold treatment. B,D,F, Similar comparison for saline and 
β3-adrenergic agonist is shown
FIGURE S3 Changes in functional gene expression VEGF 
(A), PRDM16 (B), UCP1 (C), PPAR-γ (D), CPT1 (E), and 
PGC1-α in inguinal WAT and beige tissues
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