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Abstract
Purpose—To explore the MR (magnetic resonance) signatures of brown adipose tissue (BAT)
compared to white adipose tissue (WAT) using single-voxel MR spectroscopy.

Materials and Methods—1H MR STEAM spectra were acquired from a 3 Tesla clinical whole
body scanner from seven excised murine adipose tissue samples of BAT (n = 4) and WAT (n = 3).
Spectra were acquired at multiple TEs and TIs to measure the T1, T2, and T2-corrected peak
areas. A theoretical triglyceride model characterized the fat in terms of number of double bonds
(ndb) and number of methylene-interrupted double bonds (nmidb).

Results—Negligible differences between WAT and BAT were seen in the T1 and T2 of fat and
the T2 of water. However, the water fraction in BAT was higher (48.5%) compared to WAT
(7.1%) and the T1 of water was lower in BAT (618 ms) compared to WAT (1053 ms). The fat
spectrum also differed, indicating lower levels of unsaturated triglycerides in BAT (ndb = 2.7,
nmidb = 0.7) compared to WAT (ndb = 3.3, nmidb = 1.0).

Conclusions—We have demonstrated that there are several key MR-based signatures of BAT
and WAT that may allow differentiation on MR imaging.
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INTRODUCTION
Brown adipose tissue (BAT) is a topic of great interest in obesity and metabolism research
and recent reports (1–5) continue to investigate its extent and physiological function,
particularly in humans (6–8). Whereas white adipose tissue (WAT) is characterized by
adipocytes containing a large, unilocular, intracellular lipid droplet and limited cytoplasm,
BAT contains adipocytes with multiple, smaller, intracellular lipid droplets and an
abundance of iron-rich mitochondria (9). BAT is involved in energy expenditure and
thermogenesis. It is more highly vascularized than WAT, densely innervated by the
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sympathetic nervous system, and exhibits significant metabolic activity upon stimulation
(9).

While there have been many articles reporting the incidental identification of BAT with
positron emission and computed tomography (PET/CT) (6,10–12), prospective,
investigational/physiological studies of BAT in humans remain limited. This may be due to
the fact that PET/CT is recommended for clinically warranted reasons in patients and is not
broadly applicable in healthy subjects due to costly radiotracer usage and radiation exposure,
although a few prospective studies with healthy human subjects have been reported (6–8).
Another reason is that while the anatomical distribution of BAT depots in rodents is known
and the interscapular BAT depot is well-delineated from other surrounding tissues, similar
information describing the absolute amount and anatomical distribution in adult humans is
limited.

Several works have successfully imaged and characterized differences in BAT and WAT in
animals with MR, in particular using spectroscopy (MRS) and chemical-shift-imaging (CSI)
methods (13–15). Due to BAT’s histological and physiological characteristics, its fat
fraction as measured by MRS and CSI is lower than that of lipid-rich WAT. However, the
utilization of fat fraction marker alone may not be adequate in identifying human BAT
depots in vivo due to partial volume effects from limited spatial resolution and the fact that
the tissue exists in very small localized foci (16,17).

The purpose of this study is to explore other potential BAT-specific MR signatures in
addition to the fat fraction metric. We hypothesize that additional physical properties such as
T1 relaxation time and the degree of lipid saturation can be used in conjunction with fat
fraction to differentiate BAT from WAT.

MATERIALS AND METHODS
Animal Samples

Excised tissue samples of interscapular BAT, the largest known BAT depot in rodents, and
gonadal WAT were obtained from ~20 week old A/J female (The Jackson Laboratory; Bar
Harbor, Maine) mice carcasses (n=15; body weight: 22.1±1.2 grams [mean±s.d.]).
Additional cohorts of B6*129 mixed background mice were also used for interscapular BAT
and gonadal WAT tissue collection (n=7 females: body weight: 20.0±1.4, 6±1 weeks of age;
n=10 females: body weight 19.3±2.3, 6±1 weeks of age; n=4 males: body weight 34.4±4.5
grams, 14 weeks of age). A/J mice were singly housed and B6*129 mice were group house
(n<5) in standard cages at 22±1°C with a 12:12 light:dark cycle and provided ad libitum
access to a standard rodent diet. Tissue samples were acquired postmortem and pooled
within each group in a single 1.5 ml microtube at the University of Alabama at Birmingham.
During tissue dissection, care was taken to ensure that only the interscapular BAT depot was
excised and that very little contribution from the adjacent dorsal WAT layer was included.
Likewise for the gonadal WAT depots, unwanted contributions to the sample from
surrounding soft tissues were also minimized. The excised adipose tissue was pooled into 4
BAT and 3 WAT samples. The pooled BAT samples were pooled within the same strain and
sex and relative age. The samples were then immediately shipped by overnight courier
service to investigators at the University of California San Diego for MRS evaluation. All
animal research was conducted in accordance with the local Institutional Animal Care and
Use Guidelines.

Characterization of Fat Spectrum
Each of the resonance peaks present in the fat 1H MR spectrum (Figure 1) represents a
distinct proton moiety (Table 1) (18,19). Spectroscopy can use knowledge of the triglyceride
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chemical structure to determine the type of triglyceride present. A detailed description of the
MRS method employed in this work has been published (20). Briefly, the relative area of
each of the peaks was found by adding the number of hydrogen nuclei with its associated
type of bond in the triglyceride molecule. For example, each of the 3 fatty acid chains was
terminated by a CH3 giving a total signal of 9 signal units for the 0.9 ppm peak. Similarly, as
each double bond had two CH groups associated with it, the relative area of the 5.3 ppm
peak was given by 2*number of double bonds. Thus we can specify the chemical structure
of the triglyceride in terms of three variables: number of CH=CH double bonds per molecule
(ndb), number of double bonds separated by a single CH2 (nmidb - number of methylene-
interrupted double bonds), and the fatty acid chain length (CL) (20).

MRS Acquisitions
The 1H MR spectra were acquired at 3 Tesla (GE Signa EXCITE HD, GE Healthcare,
Waukesha, WI) human whole body scanner. All scans were carried out at room temperature.
Spectra were collected using a 3 cm diameter birdcage coil. A 4 × 4 × 4 mm voxel was
selected and shimmed after conventional imaging. The Stimulated Echo Acquisition Mode
(STEAM) sequence was chosen to allow a shorter minimum TE (21), minimizing J-coupling
effects. Five spectra with 16 signal averages were acquired at progressively longer TEs of
13, 18, 22, 28 and 33 ms. The mixing time (TM) was fixed at a minimum value of 6 ms. The
TM and range of TE values were chosen to minimize J-coupling effects (22). A TR of 5000
ms was chosen to avoid T1 weighting. Multi-TE acquisition allowed calculation of T2 and
T2-corrected area of the individual spectral peaks (23,24). To measure T1 spectra were
collected at minimum TE of 13 ms and TIs of 50, 100, 200, 300, 400, 600, 1000, 2000 and
4000 ms. There was no water saturation, and spatial saturation bands around the voxel were
disabled to ensure a uniform spectral response across the frequency range of interest.

MRS Analyses
The spectra were analyzed using the AMARES algorithm (25) included in the MRUI
software package (26). All the fat peaks were modeled by multiple Gaussian resonances.
The T1, T2 and the T2-corrected peak areas were calculated by non-linear least-square
fitting. To characterize the triglyceride composition of WAT, ndb and nmidb were
calculated by non-linear least-square fitting of the measured areas of peaks 1, 3, 4, 5 and 6 to
the theoretical model (Table 1). For BAT, only peaks 3–6 were used, as peaks 1 and 2
overlapped the water peak and were unable to be clearly distinguished.

J-coupling causes the behavior of fat peaks to be no longer strictly described by T2 decay.
The effect of J-coupling increases as TE increases, and the short TE range used in this study
minimizes its effect (27). However, fat peak 2 is a strongly coupled AB spin system, and is
more strongly coupled than the other fat peaks (19). J-coupling is evident in this peak even
at the shortest TE, so peak 2 was not used in our analysis.

RESULTS
Representative spectra from brown and white adipose tissue are shown in Figure 1. While
the water peak is the dominant peak in the BAT spectrum, several of the fat peaks are larger
than the water peak in the WAT spectrum, due to the low water fraction in WAT. The peaks
are slightly broadened in BAT due to either higher iron content or differences in magnetic
field homogeneity inside the sample. Figure 2 shows the typical signal variation with TI
measured in single WAT and BAT samples, and Figure 3 shows signal variation with TE in
the same tissues.
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Table 2 shows the mean and range of T1, T2 and T2-corrected peak areas of WAT. Using
the mean T2-corrected areas of peaks 1, 3, 4, 5 and 6 in the fat model (described in
Methods) gives ndb = 3.3 and nmidb = 1.0. The predicted fat peak areas given by these
values are also shown in Table 2. This indicates that the mean water signal comprises 7.1%
of the total signal.

Table 3 shows the mean and range of T1, T2 and T2-corrected peak areas of BAT. The T2
of peaks 1 and 2 could not be determined due to the large water peak, although the T1 of
peak 1 could be determined. Using the mean T2-corrected areas of visible fat peaks (peaks
3, 4, 5 and 6) gives ndb = 2.7 and nmidb = 0.7. The expected peak areas given by these
values are also shown in Table 3 and indicate that 10.3% of the fat signal underlies the water
peak in BAT. Allowing for this correction, the mean water signal comprises 48.5% of the
total signal.

Summarizing the results for WAT and BAT in Tables 2 and 3, no differences were seen in
the T2 values of any of the peaks. Also, the T1 of the fat peaks were similar. However,
higher levels of water were observed in BAT compared to WAT, as reported previously, and
the T1 of water in WAT was higher as demonstrated in Figure 4. The triglyceride in BAT
also was more saturated than in WAT.

DISCUSSION
In this ex vivo study, the MR properties of murine brown and white adipose tissue were
assessed by MRS using a whole-body 3T clinical scanner. The purpose was to explore
potential BAT and WAT specific MR signatures in addition to the known fat fraction
differences. The results have demonstrated several key physical properties that are different
between BAT and WAT: fat fraction, T1 relaxation rate of the water component, and the
degree of lipid saturation.

When we compared BAT and WAT using MRS, the most obvious differences were seen in
the water peak behavior. In WAT, water is a small component of the total signal. In contrast,
the water signal is of similar magnitude to the fat signal in BAT. There were also differences
in water T1 with the value measured in WAT being almost double that of the water T1 in
BAT, which agrees with previous observations (28).

The T1 and T2 of the multiple fat peaks were similar for both BAT and WAT. However, the
peak areas were found to be different due to the different types of triglycerides present. Our
results also suggest that WAT has higher ndb and nmidb values than BAT, indicating that
WAT has a greater proportion of unsaturated triglycerides. The degree of saturation of WAT
and BAT has been measured previously at 500 MHz (29). In WAT, the ndb and nmidb
values reported were 3.45 and 1.29 respectively, which are in close agreement with values
measured in this study. In BAT, a range of values was reported, (ndb 2.49 – 3.63 and nmidb
0.96–1.81) with the degree of saturation depending on age. The range of BAT nmidb was
higher than the value found in this study. It should be noted that ~3 month old rats were used
for adipose tissue samples. We speculate that although they were housed under similar
conditions to the mice used in this study, their larger body mass and slightly older age
compared to the mice used here could both influence the activity of BAT, and potentially
alter the tissue saturation characteristics.

The differences observed by MRS provide a non-invasive approach for differentiating BAT
from WAT. It should be noted that differences in fat fraction, T1 relaxation, and lipid
saturation are all based on endogenous biochemical and histological characteristics, in
contrast to PET/CT approaches that require metabolically active BAT to uptake exogenous
radiotracer for identification. Consequently, these differences should be observable in BAT
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regardless of the tissue’s activation state. One drawback of in vivo spectroscopy is its limited
spatial resolution. MR imaging based methods can provide sufficient spatial resolution, but
require information about the relaxation properties, chemical shifts and/or relative spectral
peak areas to optimize sensitivity for detection.

One of the primary functions of BAT is to produce heat in non-shivering thermogenesis.
When the tissue is stimulated, local temperature in the vicinity of BAT can rise. The
chemical shift position of water and fat is dependent on temperature (30). Thus, the ppm
difference in chemical shift between water and methylene peaks can potentially reflect
active and inactive BAT. We were not able to quantify this effect in the present ex vivo
study. The feasibility and sensitivity of a temperature-based MRS marker for BAT requires
further investigation.

The T1 and T2 values measured here may not agree with the values found in vivo due to
body temperature. Although T1, T2 and even the chemical shift of the spectral peaks are
temperature dependent, WAT and BAT should be affected in a similar fashion, and hence
similar relative differences would be expected in vivo. Past literature has also shown that
brown adipocytes can contain varying sizes of lipid droplets, depending on the tissue’s level
of stimulation and activity state amongst subjects (16,17). Furthermore, recent findings have
also suggested that certain BAT cells can differentiate from WAT progenitors and exhibit an
intermediate phenotype that satisfies both classical definitions of BAT and WAT (31–33). In
contrast, the cytology of white adipocytes has been more consistent across subjects and
studies.

In the present study, tissue samples were pooled to obtain sufficient volume to allow MRS
data acquisition using our clinical system. This may have masked differences in individual
samples from different animals (not subjects) and is a recognized limitation of the work. The
requirement for a sufficient volume will limit spatial resolution, possibly limiting its ability
to detect BAT. However the BAT specific information generated here can be used in MR
imaging techniques that incorporate the properties of the multi-peak spectral structure of
adipose tissue, which may eventually lead to more sophisticated MRI-based BAT detection
methods.

In conclusion, this article has demonstrated several differences in the MR signatures of BAT
and WAT that can provide a basis for optimizing imaging techniques for differentiating the
two tissues.
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Figure 1.
Representative white (left) and brown (right) adipose tissue MR spectrum at 3T (TR 5000
ms, TE 13 ms). Of the six fat peaks resolvable by spectroscopy at 3T, two peaks (peak 1 at
5.19–5.29 ppm and peak 2 at 4.2 ppm) are buried under the large water peak in BAT. The
MRUI generated fit (dotted line) is also shown along with the residues of the fit.
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Figure 2.
Change in the white (left) and brown (right) adipose tissue MR spectrum (TR 5000 ms, TE
13 ms) with increasing TI (50, 100, 200, 300, 400, 600, 1000, 2000 and 4000 ms).
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Figure 3.
Change in the white (left) and brown (right) adipose tissue MR spectrum (TR 5000 ms) with
increasing TE (13, 18, 23, 28, and 33 ms).
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Figure 4.
The inversion recovery behavior measured in the water peak in each of the samples of white
(left) and brown (right) adipose tissue. The fully recovered water signal is normalized to
1000 AU to allow comparison of the different tissues.
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