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Abstract

Purpose—To assess the spatial correlation between MRI and FDG-PET maps of human BAT
and measure differences in fat fraction between glucose avid and non-avid regions of the
supraclavicular fat depot using a hybrid FDG-PET/MR scanner.

Methods—In sixteen healthy volunteers, mean age of 30 and BMI of 26, fat fraction, R2*, and
FDG uptake maps were acquired simultaneously using a hybrid PET/MR system while employing
an individualized cooling protocol to maximally stimulate BAT.

Results—Fourteen of the sixteen volunteers reported BAT-positive FDG-PET scans. MR FF
maps of BAT correlate well with combined FDG-PET/MR maps of BAT only in subjects with
intense glucose uptake. The results indicate that the extent of the spatial correlation positively
correlates with maximum FDG uptake in the supraclavicular fat depot. No consistent, significant
differences were found in fat fraction or R2* between FDG avid and non-avid supraclavicular fat
regions. In a few FDG-positive subjects, a small but significant linear decrease in BAT fat fraction
was observed during BAT stimulation.

Conclusions—MR fat fraction, when used in conjunction with FDG uptake maps, can be seen
as a valuable, radiation-free alternative to CT and can be used to measure tissue hydration and
lipid consumption in some subjects.
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Introduction

In mammals, adipose tissue can be categorized into two main types: white adipose tissue
(WAT) and brown adipose tissue (BAT).(1)! These tissues are structurally different and seem
to have very different functions. While WAT’s main function is to store energy as fat, BAT’s
main function is to help maintain core body temperature through a process called “non-
shivering thermogenesis”.(2) During non-shivering thermogenesis, this tissue can generate
heat at a rate of more than 0.7 watts/g.(3) This means that 50 g of this tissue can dissipate,
when fully stimulated, 700 kCal/day. As a result, this tissue is strongly innervated, highly
vascularized, and equipped with a large number of mitochondria where fatty acids, the main
substrate for heat production, are oxidized to produce heat.(4)

In rodents, BAT thermogenesis can be stimulated by both cold (cold-induced, non-shivering
thermogenesis) and high fat diet (diet-induced non-shivering thermogenesis).(5,6) As such,
the activity of this tissue is known to strongly impact energy metabolism and insulin
sensitivity.(7—10) For example, healthy mice are known to develop obesity after BAT
ablation(11), while transplantation and activation of BAT enables blood glucose regulation
without insulin in animal models of type 1 diabetes.(12) Whether this is the case in humans
is still an open question.(12,13) Undoubtedly, one of the largest barriers to our
understanding of human BAT’s physiology and significance is the detection of this tissue.
(12) The technique most commonly used to detect BAT in humans is 18F-fludeoxyglucose
positron emission tomography (FDG-PET) combined with computed tomography (CT).
When active, due to its relatively high metabolic rate, BAT can be distinguished from
surrounding tissues by an increased FDG uptake, while CT offers corresponding anatomical
information.(14,15) However, while the general consensus is that an increase in FDG uptake
can mark metabolically active BAT in the supraclavicular depot, it is not necessarily a
biomarker for BAT thermogenesis.(12) Indeed, glucose uptake can vary greatly among
individuals since endogenous glucose may compete with the injected FDG tracer.(16) Also,
FDG uptake can be increased in BAT by insulin, without a corresponding increase in
thermogenic activity.(17) Finally, since FDG-PET and CT both expose the subject to
ionizing radiation, longitudinal studies of BAT by FDG-PET/CT are hard to justify in
infants, children, and healthy adults.

MR measurements of BAT lipid content and lipid consumption during stimulation of
thermogenic activity are an appealing alternative to FDG-PET/CT due to the non-invasive
nature of MR.(18) MR fat fraction measurements, for example, have shown to reliably detect
BAT not only in rodents but also in infants and young children.(19,20) This is not surprising
as infants and young children are incapable of shivering and, similar to mice that are
constantly under thermal stress, need to rely on BAT thermogenesis to maintain core body
temperature. Owing to chronic activity, BAT fat fraction is considerably lower than WAT fat
fraction and, more importantly, BAT is not yet sparse and heterogeneous like in adults.(21)
In adult humans, histology shows that BAT is sparse and highly heterogeneous at the

1A third type of tissue called beige fat was more recently identified(48) both in mice and humans, triggering a literature debate on
whether supraclavicular brown fat tissue is truly brown or beige.(42) For the sake of simplicity, in this manuscript we will not
differentiate between these two shades, which we will refer to as brown fat or BAT.
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microscopic scale(22,23), therefore it is questionable whether histological validation of fat
fraction methods can be done via sparse sampling of the tissue.(24) Differences in R2*
between BAT and WAT have also been reported and proposed to increase the specificity of
fat fraction measurements to BAT.(25) However, given the heterogeneity and scattered
nature of human BAT, differences between BAT positive regions and BAT negative regions
that are easy to see in rodents may not be observed in humans. To this end, the scope of this
work was 1) to assess the spatial correlation, within the supraclavicular fat depot, between
BAT maps, as obtained by MR fat fraction measurements alone (BATyr) and those
obtained by combined fat fraction measurements and FDG uptake measurements
(BATpeT/MRI); 2) to assess whether differences exist in tissue fat fraction and R2* values
between BAT ) areas that are glucose avid and those that are not glucose avid; and 3) to
assess the feasibility of monitoring changes in human BAT fat fraction by MRI during
stimulation of thermogenesis.

Study Protocol

This study was approved by the Institutional Review Board of the University of North
Carolina at Chapel Hill and was conducted in compliance with the Helsinki Declaration.
Sixteen healthy human subjects, whose characteristics are described in Table 1, participated
in this study. All subjects were instructed to refrain from strenuous activity and exercise for
24 hours before the imaging session and to fast for a period of at least six hours prior to
arriving to the imaging center. Upon arrival, each subject underwent one of the following
protocols:

Protocol 1 (7 Subjects)

1 After screening and consenting the subject, the subject changed into scrub
clothes and was brought inside the PET/MRI scanner room.

2. Water-perfused cooling pads (ArcticSun 2000 temperature management system,
Medivance, Louisville, CO) were wrapped around the subject’s thighs and torso.
The subject was then asked to minimize any motion for the entire duration of the
cooling procedure, while lying down on the scanning table.

3. Water temperature was initially set at 30 °C for 40-45 minutes, during which
MR FF maps were acquired using a dual-echo Dixon protocol.

4, Within 5 minutes, the water temperature was lowered from 30°C to 15 °C, until
the subject began to shiver.

5. When the shivering threshold was reached, water temperature was raised by 1°C
until shivering subsided, as self-reported by the subject. This threshold was used
to make sure BAT was maximally stimulated without muscle shivering and to
achieve the highest BAT prevalence in FDG-PET scans.(8)

6. MR FF maps were acquired every 30-40 minutes during cooling, performed for
a total of 1 hour before and 1.5 hours after the intravenous injection of 5 mCi of
FDG.
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7. One hour after the injection of the radiotracer, a static PET scan was run
simultaneously with the MR FF protocol.

8. Additional MR fat fraction measurements were performed after PET image
acquisition, when the subject was brought back to thermoneutrality.

9. At the end of the imaging session, water pads were removed and the subject was
released.

Protocol 2 (9 subjects)

1 After screening and consenting the subject, the subject was brought into one of
the patient rooms located within the imaging suite.

2. Water-perfused cooling pads were wrapped around the subject’s thighs and the
subject’s torso. The subject was then asked to minimize any motion for the entire
duration of the cooling procedure, while lying down on a reclined chair.

3. Water temperature was initially set at 30 °C for 30 minutes.

4, After this time, in less than 5 minutes, water temperature was lowered to
approximately 15 °C, until the subject began to shiver.

5. When the shivering threshold was reached, water temperature was raised by 1°C
until shivering subsided, as self-reported by the subject.

6. After 1 hour of cooling, 5 mCi of FDG were injected intravenously.

7. The subject was cooled for an additional hour and then transferred to the
PET/MR scanner using a wheelchair to reduce skeletal muscle PET uptake.

8. A static PET scan was run simultaneously with two MR fat fraction protocols, a
2-echo and a 6-echo Dixon protocol.

9. The subject was then removed from the scanner and released.

Imaging Protocol

All MRI and PET images were acquired using a hybrid PET/MR scanner (Biograph mMR,
Siemens Healthcare, Germany), which operates at a magnetic field strength of 3 T. MR
images were acquired to cover the entire region from the neck to the apex of the lungs. Two
FF MR protocols were used in this study: a 3D dual-echo Dixon sequence and a T2*-
corrected six-echo Dixon sequence, with single and multi-frequency fat signal modeling,
respectively. The former was the only protocol used in the 7 subjects that underwent cooling
inside the magnet (protocol 1). Because of the reduced accuracy of the 2-echo Dixon
protocol, fat fraction maps using both protocols were also acquired on samples of varying fat
content to assess both the accuracy and the difference in FF values between the two
protocols.

For both human and phantom studies, the two-echo fat fraction maps were acquired using

the following parameters: repetition time (TR), 10 ms; echo times (TE1, TE2), 2.46 ms, 3.69
ms; flip angle (FA), 13 degrees; field of view (FOV), 500 mm x 370 mm x 120 mm; matrix,
512 x 384; slices, 96; slice thickness, 1 mm; resolution, 0.98 mm x .96 mm x 1mm. The six-
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echo Dixon 3D fat fraction maps were acquired with the following parameters: repetition
time (TR), 15 ms; first echo time (TE), 1.10 ms; subsequent echo times (ATE), 1.22 ms; flip
angle (FA), 3 degrees; field of view (FOV), 440 mm x 225 mm x 83 mm; base resolution,
352; slices, 64; slice thickness, 1.3 mm; resolution, 1.3 mm x 1.3 mm x 1.3 mm; readout
mode, unipolar.

A magnitude-based fitting protocol employing a Levenberg-Marquardt, non-linear fitting
algorithm was then used within the Siemens’ Image Calculation Environment (ICE) program
to fit the magnitude of the complex signal of the multi-echo data to the signal model:(26)

[Sul= | (M, Aea 1, )e ™ TF i

Where R2* ¢ is an effective R2* for both water and fat spins and c,, is a complex fat
dephasing function based on a six peak human fat spectral model. The spectral model is the
same used previously in human BAT differentiation by Hu, et al. (27) with the following
chemical shifts and relative resonance areas: 0.90 ppm, 125.8; 1.30 ppm, 956.4; 1.59 ppm,
109.1; 2.03 ppm, 146.0; 2.25 ppm, 100; 2.77 ppm, 23.4; 5.31 ppm, 63.9.(28) In five of the
nine subjects, this fitting scheme was also compared to the combined magnitude and
complex fitting scheme described in Yu, et al.(29) A discussion of the results can be found in
the supplemental information (Supporting Figure S1, Supporting Figure S2).

Positron emission tomography scanning was performed in the 3-dimensional mode with 6
minutes per bed position and a total of 3—4 bed positions to cover an area from the skull to
the kidney. Resolution was 4.1 mm x 2.6 mm x 3.1 mm. Standard uptake values (SUVs)
were calculated from the measured radio activity 7, decay corrected injected dose 2, and
subject’s body weight w (30):

r

SUV=

a' Jw

Phantom Preparation

A phantom study was preformed to compare the accuracy and the difference in calculated
FF values obtained with two-echo and six-echo protocols. Stable homogenous emulsions of
corn oil and distilled water were first prepared following the same procedure described in
Bernard, et al.(31) Specifically, 15 mmol of sodium dodecyl sulfate (Sigma-Aldrich, St.
Louis, MO) and 5 g of carrageenan were added to a liter of deionized and demineralized
water, which was then stirred by using a magnetic hotplate and heated to 50°C. Six different
emulsions, with a targeted FF of 0%, 20%, 40%, 60%, 80%, and 100% oil, were created
using different concentrations of corn oil. The emulsions were homogenized, checked for
absence of microbubbles and creaming, and imaged using the same fat fraction MR
protocols used for human imaging. To minimize temperature based FF biases, phantoms
were equilibrated at a temperature of 37°C using a water bath before imaging.(32) During
imaging, samples were placed in insulating Styrofoam containers, while temperature
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measurements performed right before and right after imaging confirmed a temperature
variation during scanning of less than 1°C.

Image Analysis

MRI and PET images were analyzed, after reconstruction by the ICE program, using MIM
software (MIM Software Inc. Cleveland, OH). In the 7 subjects cooled inside the scanner,
intensity-based deformation algorithm was applied to all water components of the two-echo
Dixon images acquired not simultaneously with the PET image, to correct for unavoidable
subject motion during the extended imaging time (~3 hours). Their corresponding fat
component images were then transformed using the same transformation matrices. From the
deformed water component images (W) and co-deformed fat component images (F), fat
fraction (FF) values were calculated for each pixel using FF=F/(F+W) for pixels with a
FF=50% and FF=1-W/(F+W) for pixels with a FF<50%.

In the 9 subjects in which single two-echo and six-echo Dixon fat fraction maps were
acquired simultaneously with PET images, the deformation algorithm was not needed and
was not applied. The two-echo FF images were again created from the fat and water
component images while the reconstruction of the six-echo Dixon automatically provided
FF, water-fraction, and R2* maps.

In all MRI imaging data sets, regions of interest (ROIs) were defined using the following
steps: 1) An ROI was first drawn around the supraclavicular region excluding background,
bone, muscle, major blood vessels and skin. 2) A FF range between 40% and 100% was
used to define, within this region, regions containing BAT (BATpmgp)- (Figure 1). 3) An
additional constraint of SUV > 1.5 was applied to define regions of BAT constrained by both
FF values and SUV values (BATPET/MRI)- 4) The ratio (BATMR| 'BATPET/MRI)/BATMRI was
then used to calculate the percent disagreement of BAT volume constrained by FF values
alone (BAT Ry, versus BAT volume constrained by both FF and SUV values
(BATpeT/MR1)- Finally, FF values and R2* values in BATpeT/MmR) Fegions were compared to
those in BAT R, excluded from BATpeT/MRI-

In order to further examine, pixel by pixel, any possible correlation between SUV values, FF
values, and R2* values within BAT g, regions, PET and MR images were also exported to
MATLAB (Mathworks, Natick, MA), where PET images were resampled to the MR
resolution using linear interpolation. Linear regression analysis was then performed on the
resultant data set.

A comparison of the two-echo and six-echo protocol was also performed in the nine subjects
in whom fat fraction maps were acquired using both protocols as well as for the phantom
studies. For this comparison, an ROI was drawn around the supraclavicular region excluding
background, bone and skin. Mean FF values were then calculated for the BAT ) as
obtained by the two protocols. Since the disagreement in FF values between the two
protocols is expected to be FF dependent, FF values were also calculated for regions with a
FF ranging between 0%-10%, 10%-20%, 20%—-30% and so on, up to 100%. These contours
were applied directly to the corresponding two-echo Dixon FF maps. For each region and
for each subject, mean FF value obtained with the six—echo Dixon protocol was compared to
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the mean FF value obtained with the two—echo Dixon protocol. A second order binomial
function was used to model the relation between FF values obtained from the two protocols
for each region and from each subject. The resultant expression was then used to correct FF
values obtained with the two-echo Dixon protocol in the 7 subjects that underwent cooling
inside the magnet and in which BAT fat fraction changes were assessed during stimulation
of thermogenic activity using the two-echo Dixon protocol alone. However, because the
correction factor between the two protocols is not just a function of FF but is also a function
of R2*, a full correction of the FF maps obtained with the two-echo Dixon protocol could
not be made.

For the phantom images, the same ROI was drawn on the two FF maps acquired with the
two fat fraction protocols. Bland—Altman plots were then constructed by plotting the
difference in FF values obtained with the two methods against the true FF value and against
the six-echo FF value, which, in this case, was considered to be a reasonable gold standard.

Table 1 shows the BMI and age of all subjects. Of these, only subjects D and O, a 53 y.o.
male with a BMI of 27.8, and a 36 y.0. male with a BMI of 36.6, produced BAT-negative
results according to FDG-PET scans. Figure 2 shows representative PET-MRI fusion images
and fat fraction maps of a BAT-negative (subject D) and a BAT-positive (subject C) subject.
Despite presenting similar FF values in their supraclavicular fat depots, PET results
classified one (subject D) BAT negative and the other (subject C) as BAT positive. Moreover,
in the BAT positive subject, despite the entire supraclavicular fat depot displaying a FF
above 40%, only about 50% of the region has an SUV of greater than 1.5.

Figure 3 plots the percent disagreement in BAT g volume compared to BATpe1/MRI
volume as a function of the Maximum Standardized Uptake Value (SUV ) found in the
supraclavicular fat pad for all FDG positive subjects. In all subjects the results showed
BAT\R| Volume to be larger than BATpe1/MmR1 Volume. However, a strong inverse
correlation (R?= 0.94 and P<0.00001) was found between the degree of disagreement and
SUVax, Mmeaning that disagreement was much smaller (~2%) in subjects in which BAT
activity was particularly strong.

Figure 4 shows box plots of the mean FF of FDG(+) and FDG(-) BAT g regions in all
FDG positive subjects as well as in lean (BMI<26) subjects as measured by the two-echo
and six-echo Dixon protocol. No significant difference in FF was found between FDG(+)
and FDG(-) BAT g regions, independent of the FF protocol used. (P=0.7873, P=0.6557) In
subjects with low BMI, the median FF was slightly lower in FDG+ regions than in FDG-
regions. Differences, on the other hand, were seen only within subjects, but opposite trends
were observed. For example, mean FFs as measured by the six-echo Dixon protocol in
Subject H were: FDG(+): 65%, FDG(-): 70%; while in Subject L were: FDG(+): 66%,
FDG(-): 61%.

Figure 5 displays scatter plots of the FDG uptake in each voxel of the BAT R, region as a
function of FF and as a function of R2* values for these two subjects. Surprisingly, no clear,
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general trend was observed between FF and glucose uptake in the subjects analyzed, despite
some areas of very high uptake appearing to display lower fat fractions in a couple of
subjects (Figure 6). Plots for all the subjects can be found in Supporting Figure S3.

Figure 7 shows box plots of the mean R2* in FDG(+) and FDG(-) BAT g regions of all
FDG positive subjects as well as in lean subjects. Again, a difference in R2* was seen only
in lean subjects but not in all subjects. Differences in R2* were observed within subjects, but
again, opposite trends were observed across subjects (Figure 6¢—d). For example, mean R2*
in Subject H was: FDG(+): 87 s™1, FDG(-): 78 s~L; while in Subject L was: FDG(+): 104
s71 FDG(-): 117 s7L.

Figure 8 shows the average BAT ) fat fraction value as measured by the two-echo and by
the six-echo Dixon protocol. Compared to the six-echo Dixon protocol, the two-echo Dixon
protocol, in some of the subjects, produces the same result as the six-echo Dixon protocol,
while in other subjects it underestimates average BAT g FF value. Figure 8 also illustrates
the relationship between fat-fraction values obtained with the two-echo and the six-echo
Dixon protocol in supraclavicular regions and in phantoms with different FF values. As
shown in Figure 8b, with respect to the six-echo Dixon protocol, the two-echo Dixon
protocol overestimates FF at low FF values (<60%) and underestimates FF at high FF values
(>60%) in the supraclavicular region. Also, the relation between FF values as estimated by
the two-echo Dixon protocol and FF values estimated by the six-echo Dixon protocol is
consistent across all subjects and, while non-linear, can be well-approximated by a second
order polynomial function (linear regression analysis with R2=0.96). Interestingly, in Figure
8¢, the phantom results display the same trend between the two protocols and shows, as
expected, that the six-echo Dixon protocol more accurately measures fat fraction values than
the two-echo Dixon protocol. Figure 8d shows the Bland—Altman plots for the in vivo and in
vitro data relative to the six-echo Dixon. A large over-estimation of FF values by the two-
echo Dixon protocol relative to the six-echo Dixon protocol is seen for fat fractions less than
60%. Between 60% and 80%, as measured by the six-echo Dixon, the difference in FF
values between the two protocols decreases to zero. For FF values greater than 80%, the
two-echo Dixon protocol underestimates FF value when compared to the six-echo Dixon
protocol. When looking at the magnitude of the change in FF, for FF values less than 40%,
the two-echo Dixon protocol underestimates the change in FF with respect to the six-echo
Dixon protocol by only 4%. However, for fat fraction values between 50% and 85%,
changes in FF values are underestimated by as much as 66%. Figure 8e shows the Bland-
Altman plots for the in vitro data relative to the true FF, which reveals a mean difference
from the true fat fraction equal to 0.2% for the six-echo, and equal to 6.6% for the two-echo
protocol. Maximum differences were 2.6% (six-echo) and 22.2% (two-echo). Of note, there
was a general underestimation for both protocols at high fat fraction values (> 80%).
Excluding the values from fat phantoms greater than 80% FF, the mean differences were
equal to 0.9% (six-echo), 14.5% (two-echo) and 13.6% (between the six-echo and two-
echo).

Of the seven subjects cooled inside the magnet, six of them resulted BAT-positive according
to FDG-PET scans. Of these, half of them (subjects A, E, and F) showed a decrease in BAT
fat fraction during the individualized cooling protocol. Figure 9a shows this decrease in
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subject A with a drop of ~2% as measured by the two-echo Dixon protocol. Considering the
underestimation produced by the two-echo Dixon protocol in this range, this change could
correspond to a change of ~4%. Figure 9c shows the change in fat fraction in muscular tissue
in the same subject, which, as expected, does not show a linear decrease and varies only
slightly (0.5% as measured by the two-echo Dixon or ~0.1% when normalized to the six-
echo Dixon protocol). Figure 9b shows the fat fractional changes of BAT in subject B, who
did not show a decrease in FF. In this subject, a fluctuation in tissue fat fraction as large as
2% was measured during cooling by the two-echo Dixon protocol. Figure 9d shows the fat
fraction in muscular tissue of the same subject (subject B). With respect to subject A, muscle
FF in this subject clearly shows a considerably larger fluctuation, ~3%. Plots of FF decrease
within BAT in all subjects cooled inside the magnet are displayed in Supporting Figure S4.

Discussion

The goal of this study was to analyze the spatial correlation between BAT maps, as obtained
by combined PET/MRI measurements, and BAT maps as obtained by MRI alone. BAT
segmentation on FDG-PET images is often performed using SUV threshold techniques, with
threshold values of 1.5 or 2. (8,33,34) In our study we used an SUV threshold of 1.5. This
threshold is significantly higher (3 times higher) than the typical SUV value found in white
adipose tissue. Moreover, with this threshold more activity and volume is assigned to BAT.
A FF threshold of greater than 40% was used to further constrain regions with SUV>1.5 as,
given the intrinsically low resolution of FDG-PET and when looking at small areas of
uptake, large biases can be introduced by partial volume effects and spillover artifacts.(8,35)
This FF value, which has been previously used by Lundstrém, et al.,(36) was chosen to
remove areas of muscle and partial volume effects without removing areas of potentially
FDG-avid fatty tissue.

For the acquisition of FF maps, we used a six-echo and a two-echo Dixon protocol. The
latter was the only one used to determine changes in BAT FF during cold exposure as it was
the only one available on the scanner at the time of the experiments. This method, despite
having well documented issues with quantitative FF measurements due to B, field
inhomogeneity as well as T1 bias,(31,37) was previously used for similar studies on human
BAT by PET/MRI as it is the only fat fraction method available on a PET/MRI scanner
without a master research agreement.(38,39) As we show here, this method can produce
very different FF values with respect to the six-echo Dixon protocol, especially in tissues
with a FF lower than 40%. Smaller errors are made in tissues with a fat fraction higher than
40%, such as the supraclavicular fat depot analyzed here. However, when looking at the
magnitude of change in tissue fat fraction, for tissues with fat fraction lower than 40% the
value is quite accurate, while in tissues with a fat fraction higher than 40%, the magnitude
can be underestimated by as much as 66%. This could produce misleading results as the
change in fat fraction during stimulation of thermogenic activity observed here and by other
authors is only 2-4%.(25,36)

Despite the higher accuracy of the six-echo protocol, similar to other reports in adult
humans(40,41), this study shows that there is not a perfect correlation between BAT g, and
BATpe1/mRI Maps. However, a strong and significant negative correlation seems to exist
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between percent disagreement in BAT maps and maximum standardized uptake values (R=
-0.951 and ~£<0.0001). This means that the disagreement between BAT g and BATpeT/MRI
maps is smaller in subjects that display highly active BAT. This is not surprising considering
that young, lean subjects that present high glucose uptake in their supraclavicular fat are
expected to have a higher percentage of BAT in their supraclavicular region. The general
consensus is that this tissue, if not used, becomes infiltrated and ultimately replaced by white
adipocytes.(42,43) When this happens, the concentration of BAT cells in major BAT
locations can drop dramatically.(22,23,42,43) A similar effect is known to occur in rodents
in which the periphery of the interscapular BAT is often made by a mixture of brown fat
cells with reduced thermogenic capacity and white adipocytes, leading to a substantial
reduction in FDG uptake.(44) However, though the periphery of this mixed characteristic
tissue can be easily spotted in MR FF images in rodents, in adult humans this does not seem
to be the case. Areas with intense glucose uptake do not have a consistently lower fat
fraction value than areas of low glucose uptake across all subjects.

R2* values have been used to improve detection specificity or to directly detect BAT
activation.(25,27,45) A lack of significant difference in R2* values was found in this study
between FDG(+) and FDG(-) BAT R areas.(£=0.9297) Only in lean subjects was a small
difference between FDG+ and FDG- regions detected. In view of the heterogeneity of the
supraclavicular depot, the inconsistency of the results of this study with previous rodent
studies is not surprising.

The absence of a strong correlation between BAT R and BATpeT/mRi i Subjects with low
glucose uptake could be due either to the lack of specificity of MRI FF maps alone, or to the
presence in the same supraclavicular fat depot of active BAT that takes up glucose and
inactive BAT that does not take up glucose. Although in our opinion the latter scenario is
highly unlikely, since a personalized cooling protocol was used to achieve maximal
stimulation of BAT thermogenic activity, histological analysis of the entire tissue would be
needed to establish the truth.

When looking for BAT with MR techniques in humans, most studies have examined
differences in FF and R2* between the supraclavicular region and abdominal or
subcutaneous WAT.(25,27,36,38) While there is no doubt that there exist measurable
differences in FF and R2* between WAT in the abdominal region and supraclavicular fat,
this does not necessarily imply that there exist differences between WAT and BAT within the
supraclavicular area. This could be the case if BAT were present in sufficient amounts and
had a particularly low fat content, but this is known not to be the case in humans.(42,46)

Although fat fraction and R2* measurements appears to be not specific to BAT in all
subjects, they are certainly a better alternative to CT. They are radiation-free and they can be
used to provide anatomical reference for PET images, as well as to monitor tissue hydration
and lipid consumption during stimulation of thermogenic activity. The measurement of lipid
consumption does present some challenges, though. First, a quantitative fat fraction protocol
should be used when looking at changes in fat fraction in the supraclavicular region. The
decrease in tissue fat fraction seen in human BAT is indeed much smaller than what is
typically observed in rodents (~30%).(25,36,47) This means that an underestimation of fat
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fraction of a couple of percent can make a significant difference in the detection. When
sensitive to such small differences, even temperature changes could be a confounding factor.
(32) Second, a subject’s motion or repositioning can mask changes in fat fraction, especially
in those subjects with low BAT activity. To this end, a quantitative fat fraction protocol,
coupled with a personalized cooling procedure that maximizes BAT activity and which is
performed inside the scanner (to minimize co-registration errors), should be used; however,
this considerably increases imaging cost and may be prohibitive for larger studies.

Conclusion

MR fat fraction maps, when used in conjunction with FDG uptake maps, can serve as a
valuable, radiation-free alternative to CT that provides not only anatomical information, but
also valuable information on the hydration state and heterogeneity of supraclavicular fat.
Alone, however, MR fat fraction maps do not necessarily correlate with BAT maps obtained
with combined FDG-PET/MRI, especially in those BAT-positive subjects with low BAT
activity. The lack of a clear and consistent difference in fat fraction between FDG avid and
non-avid supraclavicular fat regions can be attributed to the heterogeneity of the
supraclavicular fat depots and the paucity of BAT in this depot. Although a decrease in fat
fraction was seen in some of the young, BAT-positive subjects during stimulation of
thermogenic activity, changes in fat fraction in supraclavicular fat depots were small
compared to those reported in rodents and hard to detect if an appropriate protocol was not
used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Identification of supraclavicular BAT depot using FF values and FDG uptake values in

subject I. a. Coronal FDG-PET image showing intense glucose uptake in supraclavicular
region. b. Axial view of the FDG-PET image across the plane defined by the yellow dotted
line. c. Corresponding axial FF image. d. FDG-PET image fused with the corresponding MR
fat component image, illustrating FDG-PET uptake in the supraclavicular fat depot. e.
Contour of tissue with a SUV > 1.5 (red) over a FF image. f. FF map and a contour
identifying supraclavicular fat depots with a FF greater than 40% (blue) g. BAT volume
identified by using a FF > 40% and an SUV value > 1.5 (green).
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Figure 2.
a. Axial FDG-PET image overlaid on a fat component Dixon image of subject D, which

resulted BAT-negative in the FDG-PET scan. Very little FDG uptake is seen in the
supraclavicular fat depot. b. Axial FDG-PET image of subject C, which resulted BAT-
positive in FDG-PET scan, overlaid onto the corresponding fat component image. c.
Corresponding MR FF map of the same region of subject D. d. Corresponding MR FF map
of the same region of subject C.
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100

Scatter plot of max SUV versus BAT g percent difference with respect to BATpe1/mr1 for
all BAT-positive subjects showing a negative correlation between max SUV and BAT yir; /

BATpeT/MR) Spatial correlation (R = —0.951 and A< 0.0001).
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Figureb.
Scatter plots of the SUV vs. the FF values in each BAT R voxel for a. Subject H and b.

Subject L. When a linear regression was run, R? was 0.0008 and 0.13 respectively. Scatter
plots of the SUV vs. R2* values in each BAT R, voxel for c. Subject H and d. Subject L.
When a linear regression was run, R? values were 0.053 and 0.014 respectively. A linear
regression run on both FF and R2* together, allowing for interaction and quadratic terms,
gave an R2 of 0.03 and 0.06 respectively.
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Figure 6.
A comparison of FDG-uptake and FF in subject K. a. Axial image showing SUV in

supraclavicular area b. Axial image showing FF values obtained with the six-echo Dixon
protocol. Marked ROI contours regions with SUV greater than 5.
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Box plot of the mean R2* as measured by the six-echo Dixon in FDG(+) and FDG(-)
regions a. In all FDG positive subjects mean R2* was: FDG(+) 81+60 s~1, FDG(-) 83+63
s71, P=0.9297. b. In all lean subjects mean R2* was: FDG(+) 86456 s1, FDG(-) 95465 s71,

P=0.7315.
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a. Plot of average BAT g, fat fraction for all nine subjects analyzed with the two protocols,
as measured by two-echo and six-echo Dixon protocol. b. Comparison of FF values obtained
from phantoms and from the supraclavicular region of 9 subjects by using the two-echo and
the six-echo Dixon protocol. The fit of the in vivo data is a second order polynomial y =
—0.0054x2+1.1248x+15.436 with R2=0.96 c. Plot of percentage fat fraction (by volume) for
each of the 6 water-fat phantoms against FF value as measured by two-echo and six-echo
Dixon protocol. d. Bland—Altman plot of the FF difference between the two-echo and six-
echo Dixon protocol relative to the FF measured by the six-echo Dixon protocol for both the
9 subjects and the in vitro phantom study. e. Bland—Altman plot of the in vitro phantom
study showing the FF difference between the measured FF maps for both the two-echo and
six-echo Dixon protocols and the FF as measured by volume.
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Figure.
Fat fraction values during the individualized cooling protocol. a. Fat fraction values in

BATpeT/MR1 Of Subject A. BATpe1/mr| Were defined as regions with FF >40% and
SUV>1.5. The data was well fit (R?=.96) with a significant linear decrease (/<0.0001). b.
Fat fraction values in BATpeT/vr) Of Subject B. The data did not show a linear trend (R2=.
61). c. Fat fraction values in muscle of Subject A. d. Fat fraction values in muscle of Subject
B.
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