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Abstract
Purpose—To compare T2* relaxation times and proton density fat-fraction (PDFF) values
between brown (BAT) and white (WAT) adipose tissue in lean and ob/ob mice.

Materials and Methods—A group of lean male mice (n=6), and two groups of ob/ob male
mice placed on similar four-week (n=6) and eight-week (n=8) ad libitum diets, were utilized. The
animals were imaged at 3 Tesla using a T2*-corrected chemical-shift based water-fat MRI method
that provides simultaneous estimation of T2* and PDFF on a voxel-wise basis. Regions of interest
were drawn within the interscapular BAT and gonadal WAT depots on co-registered T2* and
PDFF maps. Measurements were assessed using analysis of variance, Bonferroni-adjusted t-test
for multi-group comparisons, and the Tukey post-hoc test.

Results—Significant differences (p<0.01) in BAT T2* and PDFF were observed between the
lean and ob/ob groups. The ob/ob animals exhibited longer BAT T2* and greater PDFF than lean
animals. However, only BAT PDFF was significantly different (p<0.01) between the two ob/ob
groups. When comparing BAT to WAT within each group, T2* and PDFF values were
consistently lower in BAT than WAT (p<0.01). The difference was most prominent in the lean
animals. In both ob/ob groups, BAT exhibited very WAT-like appearances and properties on the
MRI images.

Conclusion—T2* and PDFF are lower in BAT than WAT. This is likely due to variations in
tissue composition. The values were consistently lower in lean mice than in ob/ob mice,
suggestive of the former’s greater demand for BAT thermogenesis and reflective of leptin
hormone deficiencies and diminished BAT metabolic activity in the latter.
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INTRODUCTION
In rodents, brown adipose tissue (BAT) contributes to thermal regulation and energy balance
[1, 2]. Many literature reports have investigated the tissue’s physiology in animals and
humans [3–24]. The activity of this tissue and its relation to metabolism has led to
implications of BAT as a preventive mechanism against weight gain and obesity. In contrast
to white adipose tissue (WAT), which functions to store energy in the form of lipids, BAT,
when activated by the sympathetic nervous system, metabolizes fatty acids and
carbohydrates to generate heat. The heat maintains core body temperature during prolonged
cold exposure as a form of non-shivering thermogenesis (e.g. hibernation) and the expended
energy can easily account for more than 50% of the total energy metabolism in small
mammals [9]. BAT is also believed to facilitate dissipation of energy from excess food
intake, a process known as diet-induced thermogenesis. Whereas WAT is characterized by
large adipocytes that contain a unilocular intracellular lipid droplet and limited cytoplasm,
BAT usually contains smaller adipocytes with multiple intracellular fat droplets, replete with
iron-rich mitochondria organelles and a more extensive cytoplasm [25]. BAT is also densely
vascularized as blood perfusion is needed to supply nutrients during prolonged activation
and thermogenesis, as well as to transport the produced heat throughout the body [9, 11, 24,
26].

In the vast majority of animal studies to date, characterization of BAT is performed ex vivo
by histology, after the animal has been euthanized and the tissue has been dissected. Recent
works have demonstrated tissue signal contrast between BAT and WAT in mice with non-
invasive MRI, using spectroscopy and chemical shift water-fat imaging techniques. These
approaches have exploited morphological differences between BAT and WAT to identify
unique spectral interactions [19], proton density fat-fraction (PDFF) [27, 28], T1 relaxation
times [29], and triglyceride unsaturation [29, 30]. Therefore, quantitative MRI can
potentially be a non-invasive platform for detection and characterization of BAT in vivo.

The purpose of this work was to investigate whether T2* differences between BAT and
WAT can be measured by quantitative MRI. We hypothesize that the presence of blood flow
in BAT and its greater mitochondria content [31] should lead to detectable differences in in
vivo T2* relaxation rates in contrast to WAT. We also suspect that in mice with greater BAT
stimulation and thermogenic activity/capacity, the associated T2* will be lower than in
animals with suppressed or metabolically inactive BAT.

MATERIALS and METHODS
Animals

All animal procedures were approved by the local Institutional Animal Care and Use
Committee at the University of Wisconsin. We chose the ob/ob mouse as a model with
impaired thermogensis. It is a well-established model for obesity, fatty liver disease,
diabetes, and the metabolic syndrome [32, 33]. The ob/ob mouse is deficient in the leptin
hormone, and consequently develops hyperphagia and obesity [34]. Leptin is thought to
mediate signaling of BAT diet-induced thermogenesis in response to excessive food intake.
In ob/ob mice, this leptin-BAT pathway is believed to be impaired [9].
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Three groups of C57BL/6 male mice were prepared in this study, consisting of a wild-type
lean control group (n=6), a group of ob/ob mice that were fed for four weeks (n=6), and
another group of ob/ob mice that were fed for eight weeks (n=8). These three groups will
subsequently be referred to as lean, obese-4, and obese-8, respectively. The mice were
obtained from Harlan Laboratories (Madison, WI, USA), and were fed ad libitum the same
rodent chow (catalog #8604 from Harlan Teklad), which contained 14% calories from fat.
All mice were housed two to three animals per cage based on body weight, at an ambient
temperature of 23°C, on 12-hour light/dark cycles. At the time of MRI, the lean, obese-4,
and obese-8 mice were approximately 9.8, 5, and 9.7 weeks of age, respectively, and their
body weights were 25.5±1.77g, 24.5±1.49g, and 43.9±5.35g.

All mice were sedated with intraperitoneal injections of 40 mg/kg body weight sodium
pentobarbital (Nembutal, Ovation Pharmaceuticals, Inc., Deerfield, IL, USA). No inhaled
anesthetics were used. Animals were kept on heating pads prior to imaging. However, no
heat source was provided during the MRI scan. Thus, animals were off the heating pads for
approximately 30 minutes. Heart and respiratory rates, and body core temperature were not
monitored in this study.

MRI
We utilized an investigational version of the IDEAL (Iterative Decomposition of fat and
water with Echo Asymmetry and Least squares estimation) pulse sequence. IDEAL is a
chemical-shift water-fat separation technique that produces co-registered fat, water, in-
phase, and out-of-phase image series as well as quantitative T2* and PDFF maps. The
method has been validated in non-alcoholic fatty liver disease [35, 36]. One attribute of
IDEAL is its ability to account for signal-confounding factors such as the multi-peak
spectrum of fat [37], T1 and noise bias [38], and correction for T2* [39,40], as well as
system imperfections such as magnetic field inhomogeneity and eddy currents [41,42]. The
endpoint product is an accurate PDFF map that reflects underlying proton density ratios
between fat and the sum of fat and water from 0–100%. Another attribute is a co-registered
T2* map, which is a natural by-product of the reconstruction algorithm for fat quantification.
In the liver, the presence of iron shortens T2* [43].

All MRI experiments were performed on a 3 Tesla whole-body human system (MR750, GE
Healthcare, Waukesha, WI, USA), using an eight-channel wrist coil. A 3D spoiled-gradient-
echo sequence was used with: coronal acquisition, TR=41.4 msec, first TE=2.6 msec, echo
spacing=1.4 msec, echo train length=6, one signal average, flip angle=5° to minimize T1
bias, bandwidth = ±100 kHz, and a non-zero-interpolated voxel size of 0.47 (frequency) ×
0.28 (phase) × 0.8 (slice) mm3. Mice were scanned individually and scan time for each
animal was approximately 10 minutes.

Image Analysis
The largest and most easily identifiable BAT depot in mice is the interscapular depot, which
is located on the dorsal side, immediately inferior to the shoulder and fore limbs (Figure 1).
It is recognized on the reconstructed water-only, fat-only, and PDFF images as a triangular
or trapezoid-shaped structure [27, 28] and has been extensively described in literature [9,
11]. Four to six regions-of-interest (ROIs) were manually drawn on the PDFF and
corresponding T2* maps of interscapular BAT in each animal. Similarly, ROIs were drawn
in the gonadal WAT depot of each animal. The ROIs varied in size from 1.4 to 75.6 mm2,
depending on the size of each tissue depots and the animal. The average T2* and PDFF were
computed for each animal, weighted by the corresponding ROI sizes.
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Statistical Analysis
Analysis of variance (ANOVA), two-sided t-tests with Bonferroni correction for multi-
group comparisons (3 groups), and post-hoc Tukey method were utilized, with an overall
statistical significance criterion of p < 0.01.

RESULTS
Figure 1 illustrates separated water and fat images from a mouse in the lean group. Axial,
coronal, and sagittal views are shown, highlighting the prominent interscapular BAT depot
(solid arrows). The dorsal depot appears in the form of a triangle or trapezoid. In the sagittal
view, the gonadal WAT depot is also highlighted (dotted arrow).

Table 1 shows ANOVA statistics, highlighting the presence of significant between-group
differences in BAT PDFF, BAT T2*, and WAT PDFF, but not WAT T2*. Table 2
summarizes PDFF and T2* ROI measurements. The statistics reported in Table 2 are from
the Bonferroni-adjusted t-test for multiple comparisons. The same p-values were obtained
from the Tukey test. There were statistically significant differences in BAT PDFF and T2*
when comparing the lean group to either of the two ob/ob groups (p < 0.01). In WAT, the
nominal values appeared very similar between the three groups. Nonetheless, WAT PDFF in
the lean group was significantly lower than either obese group (p < 0.01). BAT PDFF was
the only statistically significant difference (p < 0.01) between obese-4 and obese-8 groups,
whilst all other properties (BAT T2*, WAT PDFF, WAT T2*) were not different between
the two ob/ob groups, even after Bonferroni adjustment.

Comparing within each group in Table 2, BAT PDFF and T2* in the lean group were
significantly lower than their counterpart gonadal WAT values (p < 0.01). For the obese-4
and obese-8 ob/ob groups, BAT properties were nominally closer to those of WAT, but
remained significantly lower as well (p < 0.01). Figure 2 plots the nominal data for
comparison.

Figure 3 illustrates T2* and PDFF images of the interscapular BAT depot for the three
groups. The visual differences between the lean and the two ob/ob examples are evident.
Note the small body shape and near absence of WAT in the lean animal. Additionally, note
that in the T2* map of the lean and obese-4 mice, the outline of the triangular interscapular
BAT depot is visible. However, such T2* tissue contrast is visually absent in the obese-8
example.

DISCUSSION
We have demonstrated the feasibility of using quantitative chemical-shift water-fat MRI to
simultaneously measure differences in T2* and PDFF between BAT and WAT. While the
PDFF difference has been previously explored [28], our current objective was to
demonstrate a difference in T2*. Present findings support T2* as an additional dimension of
tissue signal contrast between BAT and WAT. Several factors can contribute to the lower
T2* in BAT. First, brown adipocytes are rich in iron-laden mitochondria. Second and more
importantly, blood perfusion and oxygen consumption in BAT increases significantly when
the tissue is stimulated [31], and consequently rising levels of deoxyhemoglobin can shorten
local T2*.

Since the diet and the housing environment between the three mice groups were the same in
this study, we can likely attribute the measured differences in T2* and PDFF to metabolic
differences between the animal. We consistently measured lower T2* and PDFF in the BAT
of lean mice, suggesting that the tissue was in general more metabolically active in these
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animals throughout the study period. We suspect that BAT was stimulated in the form of
diet-induced thermogensis as a consequence of the ad libitum food access. We also suspect
that the lean mice were more susceptible to body heat loss as a consequence of their greater
surface-volume ratio and reduced subcutaneous white adipose tissue insulation. They were
more likely to experience decreases in body core temperature during the MRI scan when
heating elements were not utilized. Thus it is plausible that BAT was also stimulated during
the MRI exam in response to non-shivering thermogenesis.

In contrast, the BAT depots in the ob/ob groups exhibited very WAT-like properties. First, it
is known that leptin-deficient ob/ob mice have reduced metabolic rates, uncontrolled
appetite and food intake, unregulated satiety, and that the animals suffer from imbalances in
energy regulation. This is coupled with the notion that leptin is a mediator of BAT
recruitment in response to chronically increased food intake [9]. As a consequence of their
leptin deficiency, we suspect that ob/ob mice may have a diminished ability to stimulate
their BAT diet-induced thermogensis pathway. Second, their insulation from a thick layer of
subcutaneous WAT possibly reduces their thermal sensitivity to ambient temperature, in
particular during the MRI exam where heating pads were unavailable. Thus, BAT’s
involvement in non-shivering thermogenesis may also be suppressed.

In a recent study using computed tomography, it was shown that inactive BAT exhibits
similar characteristics to WAT in the form of Hounsfield Units [44]. This supports the
notion that if unused, non-stimulated BAT likely accumulates intracellular lipid stores and
exhibits a more WAT-like phenotype. The potential for unilocular white adipocytes to
infiltrate inactive BAT clusters is also plausible in ob/ob mice. Past literature has shown that
brown adipocytes can contain varying sizes of lipid droplets, depending on the tissue’s level
of stimulation and activity [14, 45–47]. Brown adipocytes can further exist in small clusters
amidst surrounding white adipocytes. Overall, we suspect reduced BAT activity in ob/ob
mice, largely as a manifestation of their leptin deficiency and increased body adiposity.

We did not observe a correlation between the BAT PDFF and T2*. It would be logical to
speculate that BAT PDFF and T2* would both be reduced as a function of greater tissue
activity. A longitudinal study would be more appropriate to study this association, where
ambient or housing temperature [48] and diet can be varied.

We recognize several limitations in this work. First, no measurements on core body
temperature or energy expenditure were collected. Thus, the possibility of wild-type and ob/
ob mice having different core body temperatures and the potential of this difference in
affecting BAT activity can not be ignored. Second, MRI exams were only performed at the
end of the feeding regimen. The availability of baseline MRI data, along with temperature
and metabolic measurements, would have enhanced the interpretation of our results and
strengthened the study. The acquisition of MRI data periodically throughout the feeding
period should be considered in future work. Third, we recognize age as confounding factor.
A previous study has shown that BAT PDFF correlates positively with age, but no
associations were observed with T2* [28].

Another limitation was the sole comparison between wild-type mice against ob/ob animals
under unrestricted food access. Future studies should include animals such as a wild-type
group placed on unrestricted high-fat obesogenic diet, an ob/ob group placed on restricted
diet, and/or a wild-type group placed on restricted diet. Their inclusion would provide
greater insight and discrimination towards the source of BAT T2* variation. Lastly,
histology was not performed in this study, but would have been useful in providing
unequivocal confirmation of MRI findings. We do not anticipate BAT to be different
between animal genotypes. Regardless of mouse genotype, the intrinsic thermogenic
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function of BAT should not be altered, and the tissue expresses the same uncoupling protein
UCP-1 and β3-adrenergic receptors. Fundamentally, we suspect it is the level of BAT
stimulation by the sympathetic nervous system, the associated changes in blood perfusion
and oxygen consumption, the subsequent degree of lipid and glucose combustion, and the
presence of mitochondria within BAT, that leads to observed variations in T2* and PDFF.

The use of anesthesia may suppress BAT function [50], particularly inhalants such as
halothane and isoflurane. While this study utilized an injection of pentobarbital, the
possibility that the measured BAT T2* were not indicative of the full activation potential of
the tissue should be recognized. The T2* values are possibly underestimated due to
decreased blood flow and oxygen exchange in comparison to normal, non-anesthetized
conditions.

One technical limitation was that we utilized a pre-calibrated spectral profile based on liver
fat and WAT from human data in the current IDEAL reconstruction [37, 49]. It is possible
that the spectral characteristics of triglycerides in BAT are different. However, the
underlying chemical composition of BAT and WAT are similar [29, 30], and although
reports have shown that they vary slightly in the degree of triglyceride saturation, it is
unlikely such small and subtle variations in the number of C=C and olefinic protons will
significantly impact PDFF. Yokoo, et al. has demonstrated that the estimated PDFF is
relatively insensitive to moderate differences in the spectral models used for fat
quantification [51]. Regardless, the use of a multi-peak spectral model is most certainly
more accurate than a single-resonance peak model of fat, which has been predominantly
used in the past.

Another technical limitation for the estimation of T2* is the effect of macroscopic
susceptibility gradients that could act to shorten the apparent T2*. Fortunately, this effect
was largely mitigated through the use of small voxels that limited dephasing from
macroscopic field inhomogeneities. Visual inspection of the magnetic field maps generated
by IDEAL showed minimal field inhomogeneity variations at the locations where WAT and
BAT measurements were made. The mice were also oriented along the main magnetic field
direction, which should minimize gradient susceptibility effects.

In conclusion, the present work has demonstrated the feasibility of simultaneously
measuring of T2* and PDFF in BAT using quantitative chemical-shift water-fat MRI. We
suspect BAT T2* variations between wild-type and ob/ob animals were caused by a
combination of effects from their genotype (e.g. leptin deficiency) and phenotype (e.g.
thermogenic demand, metabolism rate). The results suggest a framework for using MRI to
detect BAT in vivo based on relaxation parameters, PDFFs, and possibly in conjunction with
perfusion pulse sequences utilizing blood-oxygenation-level-dependent contrast
mechanisms. Such combinatorial approach is attractive to longitudinally assess BAT
alterations in response to environmental manipulations and under acute stimulated and
suppressed conditions [48].
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Figure 1.
Coronal, sagittal, and axial water (w)-only and fat (f)-only images in a lean mouse. Solid
arrows highlight the interscapular BAT depot that resides on the dorsal side of the animal,
inferior to the shoulder and fore limbs. In the coronal and sagittal views, the depot appears
triangular in shape. In the axial view, the unique trapezoid shape is also unmistakable along
the posterior (dorsal, top edge of image) side of the animal. Dotted arrow points to the
gonadal WAT depot located on the ventral side of the animal.
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Figure 2.
Scatter plots of T2* and PDFF for interscapular BAT (left) and gonadal WAT (right) for the
lean, obese-4, and obese-8 mice groups. Note the vertical PDFF scale of the WAT plot.
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Figure 3.
Coronal single slices illustrating differences in T2* and PDFF between the three mice
groups. Arrows in each pair of images point to the same BAT location. Note that the
triangular shape of the interscapular BAT depot is clearly visible in all three PDFF maps.
However, based on the signal contrast in the T2* maps, the depot is only visually identifiable
in the lean and obese-4 examples. It is indistinguishable from surrounding tissues in the
obese-8 example. Note the near absence of WAT in the lean mouse. Enlargements of the
BAT depot are also shown along the bottom row, with a white outline drawn about the
perimeter on the T2* maps.
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Table 1

ANOVA results for PDFF and T2* measurements across the three mice groups.

BAT WAT

PDFF T2* PDFF T2*

ANOVA F statistic 191.3 19.5 50.6 1.82

p-value p < 0.01 p < 0.01 p < 0.01 NS

Magn Reson Imaging. Author manuscript; available in PMC 2013 April 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hu et al. Page 14

Table 2

Mean (standard deviation) of PDFF and T2* measurements of interscapular BAT and gonadal WAT. Statistics
computed based on two sample two-sided t test with Bonferroni correction for multiple comparisons. Tukey
post-hoc analysis yielded the same group-wise p-values.

BAT WAT

PDFF (%) T2* (msec) PDFF (%) T2* (msec)

lean (n = 6) 61.8 (±5.5) 13.3 (±1.6) 95.2 (±0.9) 22.3 (±2.6)

obese-4 (n = 6) 90.2 (±1.2) 18.0 (±0.7) 98.8 (±0.8) 23.7 (±1.7)

obese-8 (n = 8) 93.0 (±1.3) 17.9 (±1.8) 98.7 (±0.5) 24.1 (±1.2)

lean vs. obese-4 p < 0.01 p < 0.01 p < 0.01 NS

lean vs. obese-8 p < 0.01 p < 0.01 p < 0.01 NS

obese-4 vs. obese-8 p < 0.01 NS NS NS
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