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Association of Heat Production with 13F-FDG Accumulation in
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Previous studies have demonstrated that cold stress results in
increased accumulation of '8F-FDG in brown adipose tissue
(BAT). Although it has been assumed that this effect is asso-
ciated with increased thermogenesis by BAT, direct measure-
ments of this phenomenon have not been reported. In the
current investigation, we evaluated the relationship between
stimulation of '8F-FDG accumulation in BAT by 3 stressors
and heat production measured in vivo by thermal imaging.
Male SKH-1 hairless mice were subjected to full-thickness
thermal injury (30% of total body surface area), cold stress
(4°C for 24 h), or cutaneous wounds. Groups of 6 animals with
each treatment were kept fasting overnight and injected with
18F-FDG. Sixty minutes after injection, the mice were sacri-
ficed, and biodistribution was measured. Other groups of 6
animals subjected to the 3 stressors were studied by thermal
imaging, and the difference in temperature between BAT and
adjacent tissue was recorded (AT). Additional groups of 6 ani-
mals were studied by both thermal imaging and '8F-FDG bio-
distribution in the same animals. Accumulation of '8F-FDG in
BAT was significantly (P < 0.0001) increased by all 3 treat-
ments (burn, ~5-fold; cold, ~15-fold; and cutaneous wound,
~15-fold), whereas accumulation by adjacent white adipose
tissue was unchanged. Compared with sham control mice, in
animals exposed to all 3 stressors, ATs showed significant (P
< 0.001) increases. The AT between stressor groups was not
significant; however, there was a highly significant linear cor-
relation (2 = 0.835, P < 0.0001) between the AT measured in
BAT versus adjacent tissue and '8F-FDG accumulation. These
results establish, for the first time to our knowledge, that
changes in BAT temperature determined in vivo by thermal
imaging parallel increases in '8F-FDG accumulation.
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Brown adipose tissue (BAT) and white adipose tissue
(WAT) are both present in mammals. The primary func-
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tion of WAT is lipid storage, whereas BAT is intimately
involved in energy metabolism. BAT is especially abun-
dant in newborns and hibernating mammals (/), in whom
its primary function is to generate body heat by nonshivering
thermogenesis. The mechanism for this process is believed
to be related to uncoupling of substrate use and adenosine
triphosphate production in mitochondria, with resulting dis-
sipation of metabolic energy as heat (2).

Until recently, the interpretations of '3F-FDG PET
studies were confounded by the presence of focal areas
of increased tracer accumulation in the supraclavicular
region, intercostal region, periadrenal region, and axilla
and around the great vessels—a finding that was errone-
ously ascribed to nodal disease. With the introduction of
PET/CT, this finding was confirmed to represent focal
areas of BAT. Accumulation of '8F-FDG in BAT has been
shown to be particularly prominent in lean females during
the cold months (3-7).

Cold stress has also been shown to activate 'SF-FDG
accumulation in BAT in rodents (8). In addition, BAT has
been considered to be important in insulin resistance—a
condition in which insulin is unable to lower glucose
levels (9). In previous reports, we studied the effects of
cold stress, burn injury, and cutaneous wounds on BAT at
the macroscopic, microscopic, and metabolic levels (10—
12) in mice. The findings of these studies indicated that
all 3 stressors significantly affect BAT at the structural
and functional levels. In a subsequent study, we demon-
strated that there is a temporal and size relationship
between the stressors and stimulation of '3F-FDG accu-
mulation in BAT (/3). In the present investigation, we
examined whether the stimulation of '3F-FDG accumula-
tion in BAT is associated with increased heat production
in vivo by thermal imaging.

Although it has been assumed that increased '8F-FDG
accumulation in BAT is associated with increased thermo-
genesis, direct measurements of this phenomenon have
not been reported. The findings of the current study estab-
lish, for the first time to our knowledge, that changes in
BAT temperature determined in vivo by thermal imaging
parallel increases in '8F-FDG accumulation.
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MATERIALS AND METHODS

Materials
18F-labeled FDG prepared by routine methods (14) was pur-
chased from PetNet.

Animal Preparation

Male CD-1 or SKH-1 hairless mice (28-30 g, Charles River)
were used in these studies. After delivery, the animals were
acclimatized to the animal facility of Massachusetts General Hos-
pital for at least 5 d in a room in which the temperature was
maintained at 20°C = 1°C with a 12 h-12 h light—dark cycle.
After acclimatization, the animals were treated as described in
the following sections. A time line for the basic procedures is
shown in Figure 1.

Effect of Shaving

CD-1 mice were anesthetized with ether, and their dorsum was
shaven. The mice were allowed to recover for 24 h in mesh-bottom
cages without food but with water ab libitum before thermal imaging.

Burn Injury

Full-thickness, nonlethal thermal injury was produced as
described previously (/5). Briefly, under ether anesthesia, the mice
were placed in molds exposing 30% of total body surface area on
the lower dorsum to water at 90°C for 9 s. The animals were
immediately resuscitated with saline (15 mL/kg) by intraperito-
neal injection. Sham control animals were treated similarly, with
the exception that the water was at room temperature. After the
procedure, the animals were caged individually in mesh-bottom
cages, and water was provided ab libitum. The mice were kept
fasting overnight at room temperature before radiopharmaceutical
administration.

Cold Stress

To produce cold stress, the mice were placed in a cold room at
4°C for 24 h with overnight fasting with water provided ab libitum.
The mice were housed 3 to a cage in mesh-bottom cages, and the
radiopharmaceutical was administered on the following morning.

Cutaneous Wounds

For the cutaneous wound procedure, the mice were anesthetized
and a 1 cm? section of skin was removed to the level of the fascia
to produce a full-thickness wound. After the procedure, the mice
were housed individually in wire mesh-bottom cages and kept
fasting overnight at room temperature, with water provided
ab libitum before radiopharmaceutical administration.

Animal Care Approval
Animal care was provided in accordance with the procedures
outlined by the Guide for the Care and Use of Laboratory Animals
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FIGURE 1. Time line for studies. Stress indicates cold stress, burn
injury, or cutaneous wound. Temperature measurements by thermal
imaging were performed at 55 min after '8F-FDG injection and were
followed by biodistribution measurements or small-animal PET. Six
animals were studied with each treatment. wPET = small-animal PET.

(16). The study was approved by the Subcommittee on Research
Animal Care of the Massachusetts General Hospital. All animals
survived the procedures, consumed water, and moved freely in
their cages without apparent distress

Biodistribution Studies

The fasted animals were injected (without anesthesia) via the
tail vein with '8F-FDG (1.85 MBq [50.0 pCi]). One hour after
tracer administration, the animals were sacrificed; selected tissues
were excised and weighed; and biodistribution was measured.
Tissue radioactivity was measured with a Wizard ~y-counter
(Wallac). Radioactivity in aliquots of the injected doses was mea-
sured in parallel with the tissue samples to correct for radioactive
decay. All results were expressed as percentage injected dose per
gram of tissue (%ID/g; mean = SEM).

Thermal Imaging

Mice (unanesthetized or anesthetized) were imaged with a
thermal imaging camera (CTI-TIP; sensitivity 0.001°C). The pixel
size was 0.3 x 0.3 mm. The mice were placed on a metal grid in a
plastic box 30 cm below the camera. The tail of each mouse was
held gently, to partially immobilize the animal for the 5 s needed
to record the temperature of the dorsum. The temperature of the
BAT and adjacent tissue was determined by placing the cursor on
the area to be tested and manually recording the temperature dis-
played by the computer. Because the temperature was quite uni-
form over the interscapular region and the color scale represents
1°C increments in temperature, the BAT temperature was assigned
to the value at the central pixel. The outer boundary of the region
was defined as an area with 1°C lower temperature. The areas
tested were confirmed as BAT or WAT at necropsy. The difference
in temperature between BAT and adjacent tissue was recorded
(AT). The results were expressed as AT (mean = SEM).

Thermal Imaging and '8F-FDG Biodistribution in
Same Animals

Thermal imaging and '8F-FDG biodistribution studies were
performed in additional groups of 6 animals exposed to the same
stressors. For these studies, the mice were injected with '8F-FDG,
and AT was determined immediately before sacrifice and measure-
ment of biodistribution. Percentage of dose injected per gram of
wet tissue of '3F-FDG versus %AT was plotted for each animal,
and linear regression analysis was performed.

Small-Animal PET Studies

To further evaluate glucose metabolism in major organs, '8F-
FDG small-animal PET was conducted for a subset of the animals.
Imaging was performed with a Concord P4 small-animal
PET device. One hour after intravenous injection of '8F-FDG
(~0.0185 MBq [~0.5 nCi]), the mice were anesthetized and sta-
bilized in the gantry of the camera, and a 10-min image was
acquired in list mode. The primary imaging characteristics of the
P4 camera are an average intrinsic spatial resolution of approxi-
mately 2 mm in full width at half maximum, 63 contiguous slices
of 1.21-mm separation, and a sensitivity of approximately
650 cps/pCi. A small water cylinder with known amount of '8F-
FDG was used to calibrate the camera to nCi/mL. This calibration
factor was in the normalization files that was used to reconstruct the
images. The data were reconstructed using an iterative algorithm,
maximum a posteriori, in a 256 X 256 matrix with a zoom of 4. Data
for attenuation correction were measured with a rotating point
source containing 3’Co. All projection data were corrected for non-
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uniformity of detector response, dead time, random coincidences,
and scattered radiation. The PET camera was cross-calibrated to a
well scintillation counter by comparing the camera response from a
uniform distribution of an !8F solution in a 5.0-cm-diameter cylin-
dric phantom with the response of the well counter to an aliquot of
the same solution.

Statistical Analysis

Statistical analysis was performed by 1-way ANOVA or linear
regression. Individual means were compared by Duncan multiple-
range testing. Results with P values of less than 0.05 were con-
sidered to be statistically significant.

RESULTS

Thermal Imaging of SKH-1 Mice

Figure 2 illustrates typical thermal images of an unanesthe-
tized hairless mouse with burn injury and a sham-treated con-
trol. Higher temperatures are in the purple range, and lower
temperatures are in green. Mice with burn injury consistently
exhibited an area on the upper dorsum with higher AT than
sham controls. The area with the highest recorded AT was in
the interscapular region, in which BAT is most prominent, as
confirmed by surgical examination. The area adjacent to the

Burn Sham

30.01°C moesss sessssewsm 39.15°C

FIGURE 2. Thermal images of sham unanesthetized fasted SKH-1
hairless mouse with burn injury and sham-treated control. Mice were
all imaged at same time after injury. Arrow indicates region of inter-
scapular BAT in burned mouse. Temperature scale = ~30°C-39°C
(green-purple).
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BAT showed a lower temperature and was surgically confirmed
to be WAT.

Thermal images of shaven CD-1 mice demonstra-
ted diffusely increased AT in the dorsum (data not shown),
most probably due to irritation produced by shaving. Thus,
SKH-1 mice were used in the comparative stressor studies.

Effect of Stressors on '8F-FDG Accumulation in BAT
in SKH-1 Hairless Mice

As can be seen in Figure 3, application of cold stress, burn
injury, and cutaneous wound 24 h previously resulted in
increased '8F-FDG accumulation in BAT. ANOVA showed a
significant main effect of treatment (F3,3 = 149.08; P <
0.0001). All 3 stressors produced significant increases in BAT
accumulation of '8F-FDG when compared with sham control
animals (cold and cutaneous wound [P < 0.0001] and burn
injury [P < 0.001]). The increases in '8F-FDG associated with
cold and cutaneous wounds were significantly greater than the
increase associated with burn injury (P < 0.0001). Overall,
cold and cutaneous wounds produced approximately 15-fold
increases in '8F-FDG, compared with sham control animals,
whereas burn injury produced an approximately S-fold
increase.

Small-Animal PET Studies

Representative '8F-FDG small-animal PET images (sagit-
tal slices) of a sham control hairless mouse and a hairless
mouse subjected to cold stress are shown in Figure 4. '8F-
FDG small-animal PET demonstrated intense focal uptake at
sites of BAT after cold stress. Uptake in BAT was so intense
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FIGURE 3. Effect of cold stress, cutaneous wound, and burn injury
on '8F-FDG accumulation in BAT in hairless mice. Mice were treated
as described in “Materials and Methods” section. There were 6 mice in
each group. Values are expressed as %ID/g, mean + SEM. *P <
0.0001 vs. sham treated control mice. **P < 0.001 vs. sham-treated
control mice. **P < 0.0001 vs. mice with burn injury. %DPG = per-
centage of dose injected per gram of wet tissue.

No. 10 ¢ October 2011


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 13, 2017. For personal use only.

FIGURE 4. Representative '8F-FDG-small-animal PET images of
sham-treated and cold-stressed mice. Uptake in BAT was so
intense that it was associated with significant reductions in uptake
by all other tissues, including brain.

that it was associated with significant reductions in uptake by
all other tissues, including the brain.

Thermal Imaging of Effect of Stressors on
Heat Production by BAT In Vivo

As illustrated in Figure 5, the application of cold stress,
burn injury, and cutaneous wound 24 h previously resulted
in increased BAT temperature. ANOVA showed a signifi-
cant main effect of treatment (F5 3 = 8.71; P < 0.001). All
3 stressors produced significant increases in the temperature
of BAT when compared with sham control animals (cuta-
neous wound [P < 0.0001] and cold and burn injury [P <
0.01]). However, the effects of the treatments were not
significantly different. As illustrated in Figure 6, regression
analysis demonstrated a highly significant linear relation-
ship between '3F-FDG accumulation in BAT determined by
biodistribution measurements and AT determined by ther-
mal imaging (> = 0.835, P < 0.0001).

DISCUSSION

Although nonshivering thermogenesis is usually consid-
ered to be important in hibernating animals and to some
extent in children, recent 8F-FDG PET studies have dem-
onstrated significant BAT activity in adults, particularly
during cold months (3,4,6-8). In this report, we studied
the relationship between '8F-FDG accumulation in BAT
determined by biodistribution and the associated temper-
ature changes in BAT, compared with adjacent tissue, as
determined in vivo by thermal imaging.

In the present study, we used SKH-1 hairless mice to
determine whether the 3 stressors affected BAT temper-
ature, compared with adjacent tissues, in vivo by thermal
imaging. The use of hairless mice in skin research has
been reviewed recently (/7). We chose to use the hairless
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FIGURE 5. Effect of cold stress, cutaneous wound, and burn
injury on AT of BAT. Mice were treated as described in “Materials
and Methods” section. There were 6 mice in each group. Values are
expressed as difference in temperature between BAT and adjacent
area (AT, mean = SEM). *P < 0.01 vs. sham treated control mice.
**P < 0.001 vs. sham-treated control mice.

mouse for our studies because it eliminates variability in
the removal of hair over the BAT area. Mice with hair could
have been treated with a chemical hair remover after shav-
ing to produce a hairless mouse. However, we have found
that this treatment increases mortality after burn injury
because histologic examination of tissue from these ani-
mals shows signs of injury (Ed Carter, unpublished data,
2010). Studies using thermal imaging cameras rely on
measurement of the temperature of the area in question
and a reference point, yielding a change in temperature
between the 2 areas. For our studies, we used the point at
which BAT is expected to be present in large amounts
(interscapular region) and the adjacent area.

We first confirmed that '3F-FDG accumulation in BAT
was activated by cold, burn injury, or cutaneous wound. We
then used thermal imaging to noninvasively measure brown
fat temperature, compared with adjacent tissue. Finally we
determined whether there was a relationship between the
change in BAT temperature, compared with adjacent tissue,
and '8F-FDG accumulation in BAT after activation by cold,
burn injury, or cutaneous wound.

One of the primary functions of BAT is to produce heat
(18). The law of constant heat summation formulated by
Hess states that the decrease in enthalpy of a reaction
sequence (the heat that evolves at constant pressure) depends
only on the initial reactants and final products of the
sequence and is independent of the intervening reaction
steps. Consequently, the heat that evolves by the oxidation
of a substrate such as glucose in BAT will be the same
when a direct chemical combustion occurs as when a
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FIGURE 6. Linear regression analysis of temperature and '8F-FDG
accumulation in BAT of hairless mice. Mice were treated as described
in “Materials and Methods” section. Values are expressed as differ-
ence in temperature between BAT and adjacent area vs. percentage
18F-FDG accumulation per gram of tissue. There was significant linear
correlation (2 = 0.835, P < 0.0001) between AT measured in BAT vs.
adjacent tissue in vivo and '8F-FDG accumulation determined by
biodistribution measurements.

brown adipocyte catalyzes the same overall reaction
through a cascade of some 30 enzymatic steps (/8).
Nagashima et al. (/9) and Inokuma et al. (20) have
demonstrated increased heat production by BAT under
the influence of norepinephrine. These studies involved
insertion of a temperature probe directly into the BAT.
The disadvantage of this approach is that the animal must
be anesthetized and it has been demonstrated that anes-
thesia, especially with volatile anesthetics, can alter BAT
function (27). In addition, there will be some surgical
manipulation of the area. Furthermore, insertion of the
temperature probe may introduce a sampling error unless
the area is surgically manipulated to document the exact
location of BAT versus WAT. An alternative approach
would be to insert devices to monitor BAT temperature
continuously. However, this procedure also requires surgi-
cal manipulations that could introduce sampling errors.

CONCLUSION

Our results indicate that activation of '8F-FDG accu-
mulation in BAT after cold stress, burn injury, and cuta-
neous wound is correlated with an increase in BAT
temperature, compared with adjacent tissue as measured
by thermal imaging. Clearly, thermal imaging of hairless
mice represents an attractive experimental model for
screening drugs for their effects on BAT activation as
treatments for conditions such as diabetes mellitus.
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