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Background: The white adipose tissue (WAT) and brown adipose tissue (BAT) are associated with the 
development of several obesity-associated disorders. The use of imaging techniques to differentiate BAT 
from WAT and quantify BAT volume remains challenging, due to limitations such as spatial resolution and 
magnetic field inhomogeneity. This study aimed to investigate the feasibility for differentiating BAT from 
WAT, and quantify the BAT volume in vivo using synthetic magnetic resonance imaging (MRI).
Methods: A total of 16 C57BL/6 mice were scanned using synthetic MRI. Quantitative longitudinal 
relaxation time (T1) and transverse relaxation time (T2) maps were obtained from the original synthetic MRI 
data using the synthetic MRI software offline. The T1 and T2 values of interscapular BAT (IBAT) and dorsal 
subcutaneous WAT were measured. The IBAT volume was calculated using synthetic MRI-derived T2-
weighted images (T2WIs) based on its morphological characteristics and quantitative tissue values. The body 
weight of mice was measured, and the IBAT specimens were excised and weighted. The correlation between 
IBAT volume and the weight of IBAT gross specimen and between IBAT volume and mouse body weight 
was analyzed.
Results: The T1 values of BAT (330.3±19.57 ms) were higher than those of WAT (304.42±4.14 ms) (P<0.001), 
whereas the T2 values of BAT (66.06±5.06 ms) were lower than those of WAT (88.23±7.68 ms) (P<0.001). 
The area under the curve (AUC) values of the T1 and T2 for differentiating BAT from WAT was 0.942 and 
0.995, respectively. The AUC of the T2 values was higher than that of T1 (P=0.04) using the DeLong test. The 
optimal cut-off value for T2 was 76 ms for differentiating BAT from WAT (100% sensitivity, 93.7% specificity). 
A moderate correlation was observed between IBAT volume and the weight of the IBAT gross specimen 
(r=0.662, P=0.014), and between IBAT volume and mouse body weight (r=0.653, P=0.016).
Conclusions: The quantitative parameters derived using synthetic MRI may be used to detect and 
differentiate BAT from WAT in vivo. Synthetic MRI may help quantify BAT volume in vivo.
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Introduction

Obesity-associated disorders, such as diabetes, cardiovascular 
diseases, hypertension, strokes, musculoskeletal disorders, 
and cancer, are the leading cause of mortality in the adult 
population (1). Obesity is caused by excessive intake of 
energy stored as fat. Adipose tissues have a vital role in 
maintaining the body’s energy balance (2). In mammals, 
the white adipose tissues (WATs) and brown adipose tissues 
(BATs) are two main types of adipose tissues showing 
different spatial variations, cell structures, and functional 
roles. The WATs are distributed in subcutaneous and 
visceral locations, while BATs are mainly located in the 
interscapular region in rodents (3). The WATs are composed 
of large unilocular lipid droplets containing an eccentric 
nucleus within the cell and a limited amount of cytoplasm, 
whereas BATs contain small multilocular lipid droplets 
with an abundance of cytoplasm (3). The BAT is a highly 
heterogeneous adipose tissue containing dense vascular and 
iron-rich mitochondria, specifically expressing uncoupling 
protein 1 (UCP1) (4). Compared to the WAT that stores 
excess energy as triglycerides, BAT is responsible for 
releasing energy via thermogenesis (5,6), which utilizes 
UCP1 in the mitochondria to consume fat and generate  
heat (7). Our previous study (8) showed that the visceral 
adipose tissue volume at the level of the 3rd lumbar vertebrae 
was associated with the incidence of type 2 diabetes. 
However, the increased quantity or activity of BATs may 
effectively enhance energy utilization, reduce the storage 
of WATs, combat the development of obesity and type 2 
diabetes, as well as maintain the metabolic balance in the 
body (6,9). Therefore, BAT is considered a potential target 
tissue for developing new drugs that might induce the 
browning of WAT or increase the BAT volume to ameliorate 
obesity and its related metabolic disorders (10).

Noninvasive imaging approaches are vital for examining 
BATs in humans, among which positron emission 
tomography-computed tomography (PET/CT) and 
magnetic resonance imaging (MRI) are the most popular 
techniques for distinguishing BAT from WAT and 

measuring the BAT volume in clinical practice. However, 
at present, the identification and quantification of BAT in 
small rodents remain challenging (2). 

Imaging using fluorodeoxyglucose F 18 (18F-FDG) PET 
is the standard method for BAT detection due to its high 
sensitivity in detecting metabolic alterations. Nonetheless, 
PET is not suitable for longitudinal studies requiring 
repeated scans due to its high ionizing radiation (3). In 
addition, 18F-FDG is mainly taken up by the metabolically 
active BAT but not by inactive tissues, which can 
underestimate the total quantity of BATs (2). In contrast, 
MRI is a valuable tool for quantifying the characteristics 
of BAT independent of the tissue’s activation state. The 
lower fat content in BATs and the use of non-ionizing 
radiation make MRI a particularly attractive method (11,12), 
especially when assessing BAT alterations in response to 
pharmacologic stimulation that requires repeated scans. 
Chemical shift imaging has also been used to differentiate 
WAT and BAT; yet, BAT shows poor tissue-signal contrast 
due to the relatively limited imaging spatial resolution 
in this method (13,14). The use of magnetic resonance 
spectroscopy (MRS), based on the different endogenous 
biochemical properties and histological composition of 
the two adipose tissues, has also been investigated for 
this purpose (15). However, in practice, MRS is severely 
limited by spatial resolution (15,16) and magnetic field 
inhomogeneity, with the latter being commonly present (3).

Synthetic MRI is a novel imaging technique that 
simultaneously offers conventional weighted images and 
quantitative maps in one scan, as well as the correction of 
B1 field inhomogeneity (17,18). The physical properties 
of tissues like the longitudinal and transverse relaxation 
times (T1 and T2, respectively, in ms) are obtained from 
a multiple-dynamic multiple-echo (MDME) sequence. 
The quantitative relaxation maps obtained using synthetic 
MRI have been reported as promising candidates for the 
differential diagnosis of various diseases (19) and have been 
routinely used for neural (20-22), knee (23), and breast (24)  
imaging. The T1 and T2 values reflect the tissue 
compositions (21) and may act as potential quantitative 
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biomarkers for different pathological properties. As the 
BATs and WATs have differing fat and water contents, with 
BAT containing a large number of mitochondria, blood 
vessels, and iron, the relaxation characteristics of BAT 
and WAT tend to vary. Hamilton et al. (15) used MRS 
to demonstrate that the T1 relaxation rate of the water 
component differed between BAT and WAT, and that the 
water content T1 in the WAT was almost twice that in 
BAT. However, MRS requires a sufficient tissue volume 
for accuracy, which may limit spatial resolution. A previous 
study (2) applied the T2 value to distinguish between BAT 
and WAT, using a conventional multi-echo spin-echo 
(MESE) sequence, which was the most commonly used 
technique for T2 measurement (25); still, the relatively long 
scanning period hinders its clinical application. In addition, 
it has been demonstrated that T2-weighted images (T2WIs) 
can be utilized to estimate the BAT volume in rats (2). The 
T2WIs obtained using synthetic MRI may be of clinical 
significance when used in similar applications.

Ouwerkerk et al. (26) showed shorter T2 and lower 
unsaturated fatty acids (UFAs) in BAT compared to WAT 
in healthy humans without cold stimulation. Also, previous 
literature showed that the T1 of water was lower in BAT 
compared with WAT regardless of the tissue’s activation 
state (15). Yet, to the best of our knowledge, previous 
studies have not reported the application of synthetic 
MRI for distinguishing BAT from WAT and quantifying 
BAT volumes. Because WAT is mostly fat, the T1 and 
T2 are close to the T1 and T2 of the most prominent 
triglyceride signal. In BAT, the water signal is a significantly 
larger portion of the total signal, and both T1 and T2 are 
markedly different from the T1 and T2 of triglycerides. 
In the present study, we hypothesized that the differing 
tissue composition of the BATs and WATs might lead to 
different relaxation times, which in turn would allow for 
differentiation at thermoneutral temperature. Additionally, 
the synthetic T2-weighted (sT2w) images, obtained 
simultaneously, may be used for estimating the BAT 
volume.

Methods

Animal care

A total of 16 C57BL/6 mice, between 20 and 22 weeks of 
age, were obtained from the Nanjing Biomedical Research 
Institute of Nanjing University (Nanjing, China). All 
animals were maintained in an environment of temperature 

22±1 ℃ prior to the MRI scan, relative humidity of 
50–60%, and a light/dark cycle of 12/12 h, with free 
access to a regular diet and water. All animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of the Sun Yat-sen University (NO. [2017]104) 
and performed in compliance with institutional guidelines 
for the care and use of animals.

MRI scanning

All mice were scanned in the prone position using a 3.0 T  
scanner (SIGNA Pioneer, GE Healthcare, Milwaukee, 
WI) equipped with a 5-cm diameter receive coil suitable 
for animals. The chest and abdomen of each mouse were 
wrapped by a piece of cloth during the examination, which 
had an auxiliary effect on reducing breathing-induced 
motion artifacts. A scout localizer scan was performed first, 
followed by conventional axial T2WI and synthetic MRI 
examinations. The detailed scan parameters for T2WI were: 
repetition time (TR), 7,245 ms; echo time (TE), 85 ms;  
slice thickness, 1 mm; slice spacing, 0 mm; number of slices, 
20; field of view, 6×6 cm2; matrix, 352×320; echo-train 
length, 10; bandwidth, 41.67 kHz. For the synthetic MRI, 
a two-dimensional MDME pulse sequence was applied to 
acquire both the axial and sagittal sections. This synthetic 
MRI sequence used was a multisaturation delay multi-
echo fast spin-echo sequence comprising four automatically 
calculated saturation delays (inversion times, TI) and two 
TEs (27,28). Hence, the result of each MDME acquisition 
was 8 (complex) images per slice (4 saturation delays, at 
2 TEs). The detailed scan parameters for the MDME 
sequences were: auto TR range, 4,400 to 4,517 ms; TE, 
24.3 and 121.4 ms; slice thickness, 2 mm; slice spacing,  
0 mm; number of slices, 20; field of view, 9×9 cm2; matrix, 
352×352; echo-train length, 16; bandwidth, 27.78 kHz. The 
total scanning time of synthetic MRI was 13 minutes and  
4 seconds for each model. No respiratory gating of animals 
was used during the examination. The respiratory rates 
and body core temperature were not monitored because 
our experiment was carried out by 3.0 T MRI scanner, 
which did not provide a technical platform to monitor these 
indicators.

The quantitative maps (T1 and T2), synthetic T1-
weighted (sT1w), and sT2w images were simultaneously 
generated from the MDME raw data, using an offline post-
processing software (synthetic MRI 8.0; Synthetic MR, 
Linköping, Sweden). Specifically, to retrieve T1 and T2 
maps while accounting for B1 inhomogeneity, a least-square 
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where A is an overall intensity scaling factor taking into 
account the coil sensitivity, the RF chain amplification, and 
the voxel volume; α is the applied 90 degrees excitation 
flip angle, and θ is the applied 120 degrees saturation 
pulse angle. Once T1 and T2 values are calculated, the 
contrast-weighted images, such as T1w, T2w images, can be 
synthesized in combination with virtual scanner settings for 
TE, TR, and TI. The overall processing time is less than 
one minute.

The values of both BAT and WAT were measured 
using the means of regions of interest (ROI)-based method 
(28,29). T2w images showed good contrast compared to 
the T2 map, so the ROI contours of BAT were manually 
delineated surrounding the edge of the interscapular 
BAT (IBAT) in the axial sT2w images slice-by-slice while 
avoiding the surrounding vessels. Also, comparative ROIs 
were manually drawn in the dorsal subcutaneous WAT, 
which was present on the same slices. Thereafter, the 
mean quantitative values of both IBAT and WAT were 
automatically calculated across all the pixels in the ROIs 
using the synthetic MRI software. The delineation of ROIs 

for each slice was independently conducted by a radiologist 
with 10 years of experience in MRI, and the ROIs were 
inspected for accuracy by another radiologist with 15 years 
of experience in MRI.

To quantify the IBAT volume, the ROIs were manually 
delineated around the margin of the IBAT on contiguous 
slices of the axial sT2w images by utilizing the GE post-
processing workstation (GE Advanced Workstation 4.7) 
(Figure 1). Subsequently, the volume of the IBAT was 
measured by merging all ROIs. The body weight, weight of 
IBAT gross specimen, and IBAT volume of thirteen mice 
were analyzed; the remaining three mice were utilized for 
specimen preparation.

Signal-to-noise ratio (SNR) of BAT and WAT were 
measured (ITK-SNAP Version 3.8.0) on conventional 
T2WI using the means of the ROI-based method. The 
ROI contours of BAT and WAT drawn on conventional 
T2WI should be as consistent as possible with the ROI 
contours on the sT2w image and completed by the same 
two radiologists. The mean pixel value of each ROI was 
used as the signal intensity of the corresponding tissue, 

fit was performed on the signal intensity S of each pixel of the 8 images per slice according to (18):
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Figure 1 Quantitative measurement of the IBAT volume using sT2w images. (A,B,C) ROI (white contours) was manually drawn around 
the IBAT margin on each slice of the sT2w images; (D) the volume of IBAT was measured by merging all ROIs. IBAT, interscapular brown 
adipose tissue; sT2w, synthetic transverse relaxation time-weighted; ROI, region of interest.
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whereas the mean standard deviation of a background ROI 
placed posterior to the skin surface over the BAT was used 
as the noise. SNR was determined as the signal intensity of 
tissue divided by standard deviation of tissue (17).

Dissection and analysis of BAT and WAT ex vivo

The mice were anesthetized using pentobarbital sodium at 
a dose of 40 mg/kg of body weight via intraperitoneal (i.p.) 
injection prior to the experiments. After MRI scanning, 
the mice were immediately euthanized by administering 
an overdose of pentobarbital sodium (200 mg/kg, i.p.). A 
surgical incision was then done in the interscapular region 
to conduct a visual inspection of the IBAT and the adjacent 
dorsal subcutaneous WAT layer. The BAT specimens in 
the interscapular region were excised and weighed, whereas 
the dorsal subcutaneous WATs were dissected. During BAT 
dissection, the interference of WAT on BAT was minimized 
by removing the neighboring WAT that was visible with the 
naked eye, ensuring the excision of IBAT depots only. The 
BAT and WAT samples were then stored in 10% normal 
buffered formalin to perform hematoxylin and eosin (HE), 
Prussian blue, and UCP1 immunohistochemistry (IHC) 
staining.

HE, Prussian blue, and IHC staining

The tissues were excised, fixed in 10% formalin for 24 h, 
embedded into paraffin, serially sectioned to obtain 4 µm 
sections, deparaffined, and rehydrated. The sections were 
stained using HE staining according to standard procedures. 
Prussian blue staining was performed using freshly 
prepared equal proportions of potassium hexacyanoferrate 
and hydrochloric acid. After one hour, the sections were 
counterstained with nuclear fast red, dehydrated, and placed 
on slides under coverslips.

For performing UCP1 IHC staining, the sections were 
first dewaxed and then rehydrated. Antigen retrieval was 
carried out in EDTA buffer (PH 9) by boiling the tissue 
sections in a microwave oven for 8 min at medium power 
and then stopping heating for 8 minutes. Finally, samples 
were heated for 7 minutes at medium and low power. The 
sections were then incubated with 3% hydrogen peroxide 
for 25 min to block endogenous peroxidases. Bovine serum 
albumin (3%) was added to the sections after rinsing them 
in phosphate-buffered saline. Subsequently, the sections 
were incubated overnight with primary antibodies at 4 ℃; 
the primary antibodies were rabbit anti-UCP1 (1:500, ab 

10983; Abcam, Cambridge, United Kingdom). Finally, the 
sections were incubated with a horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulin G secondary 
antibody (1:200, GB23303, Servicebio, Wuhan, China) for 
50 min.

Statistical analysis

All statistical analyses were performed using SPSS Statistics 
version 25.0 (IBM Corp, NY, USA) and MedCalc Statistical 
Software version 19.1 (MedCalc Software bv, Ostend, 
Belgium). The comparisons of both quantitative parameters 
(T1 and T2) between BAT and WAT were conducted 
using either a pairwise t-test or Wilcoxon test according 
to the data distribution. A receiver operating characteristic 
(ROC) curve was generated for each parameter to assess 
the parameter’s diagnostic performance in differentiating 
BAT from WAT using the MedCalc software. The 
optimal thresholds for differentiation of BAT and WAT, 
sensitivity, and specificity were determined using Youden’s 
J statistic. Meanwhile, a ROC curve was plotted to assess 
the diagnostic performance of SNR in differentiating BAT 
from WAT using the MedCalc software. The sensitivity and 
specificity were also determined using Youden’s J statistic. 
The pairwise comparisons of areas under curves (AUCs) 
among T1, T2, and SNR were made using the method 
described by DeLong et al. (30). Spearman correlation 
analysis was conducted to evaluate the association between 
the synthetic MRI-derived IBAT volume and the weight 
of IBAT gross specimen and between the synthetic MRI-
derived IBAT volume and the mouse body weights. A value 
of P<0.05 was considered statistically significant.

Results

The mean and range of T1 and T2 values of the BAT and 
WAT are shown in Table 1. The mean T1 values of BAT 
were significantly higher than those of WAT (pairwise 
t-test, P<0.001), whereas the mean T2 values of BAT were 
significantly lower compared to WAT in all mice (pairwise 
Wilcoxon test, P<0.001). Figure 2 shows the number of 
overlapping of T1 and T2 in BAT and WAT, respectively.

The AUC of  the T1,  T2 values ,  and SNR for 
differentiating BAT from WAT was 0.942, 0.995, and 
0.915, respectively (Figure 3). The AUC of the T2 values 
was higher than that of T1 and SNR (P=0.04, P=0.007, 
respectively), and there was no significant difference 
between the AUC of T1 and SNR using the DeLong test 
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Table 1 Comparison of the T1 and T2 values between BAT and WAT

Parameter (ms)
BAT WAT

P value
Mean ± SD range Mean ± SD range

T1 330.3±19.57 301–387 304.42±4.14 300–319 <0.001

T2 66.06±5.06 54–76 88.23±7.68 71–102 <0.001

T1, longitudinal relaxation time; T2, transverse relaxation time; BAT, brown adipose tissue; WAT, white adipose tissue; SD, standard deviation.
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Figure 2 Overlapping histograms of T1 and T2 in BAT and WAT. (A) The number of overlapping of T1 in BAT and WAT; (B) the number 
of overlapping of T2 in BAT and WAT. BAT, brown adipose tissue; WAT, white adipose tissue; T1, longitudinal relaxation time; T2, 
transverse relaxation time.

Figure 3 ROC curves of the T1, T2 values, and SNR for 
differentiating between BAT and WAT. The optimal cut-off value 
of T1 is 312 ms (AUC =0.942, sensitivity: 85.4%, specificity: 
95.8%, 95% CI: 0.875–0.979); the optimal cut-off value of T2 is 
76 ms (AUC =0.995, sensitivity: 100%, specificity: 93.7%, 95% 
CI: 0.952–1.000); the optimal cut-off value of SNR is 18.7 (AUC 
=0.915; sensitivity: 77.1%, specificity: 91.7%, 95% CI: 0.840–
0.962). T1, longitudinal relaxation time; T2, transverse relaxation 
time; SNR, signal-to-noise ratio; ROC, receiver operating 
characteristic; BAT, brown adipose tissue; WAT, white adipose 
tissue; AUC, areas under curve.
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(P>0.05). The optimal cut-off value for T2 was 76 ms in the 
differentiation between BAT and WAT (100% sensitivity 
and 93.7% specificity), and the optimal cut-off value for T1 
was 312 ms in the differentiation between BAT and WAT 
(85.4% sensitivity and 95.8% specificity).

Figure 4 shows the sT1w image, sT2w image, T1 map, 
and T2 map for the mouse BAT. The synthetic MRI-
derived IBAT volume for each mouse was measured based 
on the sT2w images (Figure 1). A moderate correlation 
was observed between the synthetic MRI-derived IBAT 
volume and the weight of the IBAT gross specimen 
(r=0.662, P=0.014). The synthetic MRI-derived IBAT 
volume moderately positively correlated with the mouse 
body weight (r=0.653, P=0.016) (Figure 5). Figure 6 shows 
that the visualized IBAT and WAT on the MR images were 
confirmed to be BAT and WAT via autopsy.

HE, UCP1, and Prussian blue staining were used to 
identify the BAT and WAT (Figure 7). The BAT was 
characterized by small multilocular adipocytes containing a 
large amount of cytoplasm and abundant blood vessels. The 
WAT exhibited large unilocular lipid droplets containing 
an eccentric nucleus within the cell and low amounts of 
cytoplasm. In addition, a positive expression of UCP1 
was observed in BAT but not in WAT (Figure 7C,7D).  
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Figure 4 Synthetic T1w (A); synthetic T2w (B) image; T1 map (C); and T2 map (D) for the mouse BAT. BAT areas are labeled with the red 
dashed line. T1, longitudinal relaxation time; T2, transverse relaxation time; T1w, T1-weighted; T2w, T2-weighted; BAT, brown adipose 
tissue.

Figure 5 Correlation analysis of the synthetic MRI-derived volume of IBAT depot with the weight of IBAT gross specimen and mouse body 
weight. (A) A moderately positive correlation was observed between the synthetic MRI-derived IBAT volume and the weight of IBAT gross 
specimen (r=0.662, P=0.014); (B) the synthetic MRI-derived IBAT volume was moderately correlated to the mouse body weight (r=0.653, 
P=0.016). IBAT, interscapular brown adipose tissue; MRI, magnetic resonance imaging.
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Figure 7E shows the presence of iron particles, which 

appeared as blue spots in the BAT sections stained with 

Prussian blue, but not in the WAT (Figure 7F).

Discussion

The WAT is often referred to as “bad fat”, as its excessive 
accumulation may lead to obesity, type 2 diabetes, 
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cardiovascular disease, and cancer. In contrast, the BAT is 
referred to as “good fat,” as it consumes energy to generate 
heat, thereby maintaining body temperature. The BAT is 
also considered a target tissue for treating metabolic diseases, 
such as obesity and diabetes. It is therefore of clinical interest 
to quantify BAT and estimate its volume in vivo.

The T1 and T2 maps are fundamental signal-formation 
parameters in MRI (21,31,32). The T1 has been associated 
with tissue fat content (33), free water content (34), the 
categories and concentration of macromolecules (35), such 
as myelin (36), and iron content (34,35). The change in 
T2 has been mainly related to the variation in water (23) 
and iron contents (37); it has also been associated with 
macromolecules (23) and tissue fat content (38). T1 and T2 
values were also influenced by molecular motion. Small, 
rapidly rotating molecules (like free water) have long T1 
and T2 times. As molecular motion slows (as in proteins 
and dense solids), T2 shortens, and T1 increases (39).

Synthetic MRI is a novel MRI approach that may be 
used to simultaneously obtain multiple relaxation maps as 
well as contrast-weighted images in a single scan (19-24).  
Importantly, synthetic MRI applies a saturation pulse 
rather than an inversion pulse, and as the starting position 
of the T1 relaxation curve is a function of the B1 field, it 
is possible to measure the local B1 field at the same time. 
The estimated B1 field can be used to correct the effects 

of local deviations in flip angle (18,40). Furthermore, 
synthetic MRI is reportedly accurate (41) and reproducible 
(41,42), and it has also been applied in several clinical areas. 
Specifically, Lee et al. (23) evaluated the feasibility and 
accuracy of synthetic MRI T2 mapping compared with 
conventional T2 mapping. The phantom study showed an 
excellent correlation between the T2 values obtained by the 
two approaches. In the study of Kumar et al. (17), synthetic 
MRI of the knee was accurate for T1, T2, and proton 
density quantification. Also, simultaneously generated 
morphologic MR images had detection rates of structural 
abnormalities similar to those of conventional MR images, 
with similar acquisition time. In the present study, the 
AUC of T2 values for differentiating BAT from WAT was 
higher than that of SNR on conventional T2WI, and there 
was no significant difference between the AUC of T1 and 
SNR. Hence, T2 values obtained from synthetic MRI were 
superior to conventional T2WI in distinguishing BAT 
and WAT, and T1 values and conventional T2WI showed 
similar performance in distinguishing BAT and WAT. It 
is well-known that breath-induced motion artifact is one 
of the crucial factors that may influence the accuracy of 
quantitative MRI mapping techniques. The synthetic MRI 
showed excellent performance in motionless organs such as 
knees and brains. Other motional organs, including the liver 
and heart, were easily affected by the respiratory motion 

Figure 6 Postmortem dissection of BAT and dorsal WAT in the interscapular region. (A) The BAT (black arrow) and WAT (white arrow) 
in the interscapular region were observed from a dorsal side; (B) a deep BAT (black arrow) was observed by flipping the dorsal WAT (white 
arrow) in the interscapular region. Abundant blood vessels were visible in the BAT; (C) BAT (black arrow) and WAT (white arrow) are 
shown in an isolated adipose tissue. BAT, brown adipose tissue; WAT, white adipose tissue.
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Figure 7 Histologic analyses of the BAT and WAT specimens. The BAT and WAT were taken from the interscapular area. (A) HE staining 
(×40): the BAT was characterized by small multilocular adipocytes. A large number of red cells were distributed among the adipocytes; 
(B) HE staining (×40): the WAT exhibited a single large unilocular lipid droplet with an intracellular eccentric nucleus; (C,D) UCP1 
immunohistochemistry staining (×10): UCP1 expression is positive (brown color) in (C) BAT, (D) but not in WAT; (E,F) prussian blue 
staining (×40): the arrows refer to the iron particles distribution (blue color) in BAT (E), iron particles were not shown in WAT (F). BAT, 
brown adipose tissue; WAT, white adipose tissue; HE, hematoxylin and eosin; UCP1, uncoupling protein 1. 

artifacts. The BAT of the mouse is predominantly located in 
the interscapular region, which is barely influenced by the 
respiratory movement. Besides, we wrapped the chest and 
abdomen of each mouse with a piece of cloth during the 
examination, which had an auxiliary effect on minimizing 
the possible motion artifacts induced by breathing. 
However, in order to apply synthetic MRI in the liver or the 
heart, respiratory or cardiac triggered sequences are needed. 
In this study, the relaxation maps and contrast-weighted 
images obtained using synthetic MRI were investigated for 
estimating the volume of BAT.

It was observed that the mean T1 values in WAT were 
significantly lower than those in BAT, which indicated a 
higher fat level in WAT, as the T1 values were negatively 

correlated with tissue fat content (33). This observation is 
consistent with previous studies, which have shown that 
WAT has a higher fat content and stronger resonance 
strength of fat than BAT (4,5); the T1 values of fat decrease 
as the fat fraction increases. In addition, the T1 is associated 
with water content (34). BAT contains intracellular and 
extracellular water (4), leading to long T1. The T1 is 
also influenced by the iron content (34,35). The presence 
of iron in BAT is associated with a low T1 value, and a 
large amount of water content in BAT corresponds to 
high T1 values. In our study, the T1 values of BAT were 
higher than those of WAT. Therefore, we speculated that 
the water content was the major cause of T1 variation 
between BAT and WAT. In addition, the differences in the 
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T1 values between BAT and WAT may be attributed to 
the differences in macromolecule characteristics, such as 
triglyceride composition and degree of lipid saturation in 
the two adipose tissues (15,33).

The BAT was also found to show lower T2 values (mean: 
66.06±5.06 ms) than WAT (mean: 88.23±7.68 ms). Chen  
et al. (2) reported that the BAT in rats could be identified with 
a conventional MESE sequence using a 9.4 T MRI scanner. 
In their study, T2 values of BAT (mean: 57.76±3.92 ms)  
were significantly lower than those of WAT (mean: 
83.07±2.20 ms). Following are possible explanations for 
the lower T2 value of BAT: BAT contains large amounts 
of mitochondria and intracellular iron (2,11), which results 
in a higher magnetic field susceptibility of the tissue. The 
presence of iron in the BAT was confirmed via Prussian 
blue staining. High iron content was associated with a 
reduced T2 value (6). Next, the rich vasculature in the BAT 
can lead to a decreased T2 value (2,11). Finally, fat fluidity 
differences caused by variances in saturated fatty acid 
content may also cause differences in relaxation time of T1 
and T2. A study of excised rodent tissue samples examined 
with proton MR spectroscopy (15) showed that triglyceride 
in BAT was more saturated than in WAT, and BAT had 
a lower proportion of unsaturated triglycerides. Animal 
studies (43) showed that the triglyceride composition of 
BAT could be lower in UFA and polyunsaturated fatty acid 
(PUFA) when deriving fatty acid content in large parts from 
de novo synthesis from glucose. More saturated fatty acid 
lowers the fluidity (26), which was also consistent with a 
lower UFA content in BAT (15,43). Lower fluidity shortens 
T2 and lengthens T1 (26,44).

Currently, there is no widely accepted standard method 
for the measurement of the volume of the BAT. In this study, 
the volume of IBAT was measured via manual segmentation. 
The obtained results revealed that the volume of IBAT 
estimated via synthetic MRI was moderately positively 
correlated with the weight of the excised IBAT specimen, 
which was similar to that reported by Chen et al. (2).  
Assuming that the BAT density was approximately equal 
among the mice used in this study, it can be indirectly 
inferred that the IBAT volume measured via synthetic MRI 
may be positively correlated with the actual IBAT volume. 
Endocrinologists need to establish imaging biomarkers 
to accurately evaluate the treatment response of a drug in 
obese or diabetic patients undergoing anti-obesity or anti-
diabetic treatments. Using synthetic MRI, the changes in 
the BAT tissue-relaxation values and the BAT volume may 
be measured and compared before and after anti-obesity 

or anti-diabetic treatment, thus allowing for the potential 
longitudinal assessment of the efficacy of anti-obesity or 
anti-diabetic drugs.

In the present study, the volume of the IBAT estimated 
via synthetic MRI was moderately positively correlated with 
the body weight of the mice, in agreement with the results 
reported by Hu et al. (45) and Chen et al. (2). However, this 
result may only be applicable to lean mice, and whether 
it applies to obese mice needs further validation. In ob/
ob obese mice, swollen BAT can be observed due to fat 
accumulation, while the capillary density, tissue blood 
flow, the concentration of UCP1 in mitochondria, and the 
thermogenesis of BAT are all reduced compared to lean 
mice (46). This evidence suggests that the tissue composition 
of BAT in obese mice changes, the effective components 
for heat production decrease, and the fat content increases. 
However, the relationship between the overall volume of 
BAT and body weight still needs to be investigated.

The current study has several limitations. Firstly, while 
the drainage approach is the most commonly used method 
for measuring the volume of BAT, it was not used in the 
present study as the density of the BAT is lower than that 
of water, and the volume of BAT is small, which makes it 
challenging to avoid artificial measurement errors. Secondly, 
the inability to completely remove the surrounding WAT 
and residual blood from the BAT during BAT dissection 
might have affected the weight of the dissected BAT in a few 
mice, thus resulting in a higher value than the actual weight. 
Thirdly, this study lacked a comparison between the values 
obtained using synthetic MRI and conventional MESE 
techniques. These values could provide meaningful data if 
compared with quantitative measures using conventional 
T1 and T2 quantitative mapping techniques in the same 
mouse. Lastly, in this study, we did not add conventional 
sequences to the imaging protocol. So, the analysis of 
conventional sequences in distinguishing BAT from WAT 
is lacking. Finally, this study utilized relaxation measures 
using synthetic MRI to characterize the BAT in the resting 
state, but did not further explore the quantitative magnetic 
profiles of BAT in the activated state further, which should 
be addressed by future studies.

In conclusion, our study demonstrated the feasibility 
of differentiating BAT from WAT and quantifying BAT 
volume in vivo via quantitative measurements using 
synthetic MRI. Synthetic MRI may be an ideal tool to 
longitudinally evaluate the BAT alteration induced by anti-
obesity or anti-diabetic drugs. Future studies are needed to 
explore further the quantitative magnetic profiles of BAT in 
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the activated state.
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