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Incidental finding of low brown adipose tissue activity in
endurance-trained individuals: Methodological considerations
for positron emission tomography
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Brown adipose tissue (BAT) in adults has been shown to have
a meaningful impact on energy expenditure and cold-induced
thermogenesis. Data from rodent research have suggested
that exercise may be a promising method of increasing BAT
activity, with potential applications to the treatment and
prevention of obesity and diabetes. However, emerging human
research using positron emission tomography (PET) with [18F]
Fluorodeoxyglucose (FDG) has identified lower BAT activity in
endurance-trained athletes compared to sedentary controls,
despite similar metabolic rate responses to cold exposure.
Here we report a similar incidental finding in a pilot study that
included a sample of 2 endurance athletes and 10 untrained
individuals. This incidental finding motivated a retrospective
analysis of the data aimed at assessing the potential
confounding influence of muscle FDG uptake on BAT
estimation. Results indicated that athletes skewed the
relationship between body mass index (BMI) and
supraclavicular fat (sFAT) FDG uptake, while a non-significant
inverse relationship between muscle FDG uptake and sFAT
FDG uptake was also observed. The current retrospective
analysis provides preliminary evidence suggesting that BAT
estimation may be biased in endurance-trained individuals,
which may relate to skeletal muscle FDG uptake. These results
point to important methodological considerations for
estimating BAT activity via FDG uptake, for which we propose
potential solutions that facilitate unbiased estimation of BAT
activity in groups that differ in terms of lean body mass and
physical activity level.

Human research utilizing FDG-PET has indicated that BAT
activity is not uniform across all adult populations. Previous
investigations have suggested that BAT activity may be higher in
the young compared to the elderly (3), and in lean individuals
compared to obese (4). Given the high prevalence of obesity and
its associated comorbidities, this observed disparity in BAT
activity between lean and obese individuals has received much
attention. The uncoupled respiration observed with BAT
activation results in a pronounced increase in energy expenditure
(5), which may help to promote negative energy balance and
facilitate the prevention or treatment of obesity in humans, as it
does in mice. While studies utilizing PET have identified an
inverse relationship between body mass index (BMI) and/or body
fat percentage with BAT activity (4), the direction of causation is
not fully understood (6,7). In addition, the magnitude by which
lean mass differences influence this relationship is not fully
understood. Individuals with high BMI are more likely to have
larger amounts of muscle tissue and lean mass; skeletal muscle is
WKHERG\¶VPDMRUVLWHRIJOXFRVHGLVSosal, which has been shown
to take up the overwhelming majority of an infused FDG dose (8).
In addition to exploring characteristics that correlate with
BAT activity, researchers have sought to identify interventions
that may increase BAT activity. It has been hypothesized that
exercise training may have chronic effects on BAT activity by
increasing catecholamine secretion, uncoupling protein-1 (UCP1) gene transcription, mitochondrial biogenesis, hyperplasia of
BAT, and the conversion of white adipocytes to a more brownlike phenotype (9). Previous research has also identified a number
of exercise-related endocrine factors that are thought to influence
BAT activity, including irisin, interleukin-6 (IL-6), cardiac
natriuretic peptides, fibroblast growth factRU  )*)  DQG ȕaminoisobutyric acid (BAIBA) (9). Preliminary research in rodent
models has suggested that exercise may increase the activity of
classical BAT (10) RU SURPRWH WKH ³EURZQLQJ´ RI VXEFXWDQHRXV
white adipose tissue (11,12), although there is ongoing debate
whether exercise increases UCP-1 expression in classical BAT in
the absence of cold exposure, high-fat diet, or low baseline UCP1 levels (13). The theoretical potential for exercise to enhance
uncoupled respiration in brown adipocytes, or BAT
thermogenesis, is further supported by rodent data indicating that
irisin and IL-6 can alter energy expenditure, glucose homeostasis,
and uncoupled respiration (14,15).
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Introduction
Brown adipose tissue (BAT) has been recognized as a source of
body heat in small mammals and human infants for decades, but it
was previously believed that BAT content was negligible in adult
humans. In 2007, researchers first acknowledged physiologically
meaningful amounts of BAT in adults (1). In the years since,
research has been conducted to uncover the physiological
implications of BAT in adult humans, and to identify factors
related to intra- and inter-individual variation in BAT content.
Acute cold exposure is the primary stimulus for BAT activation,
which markedly increases metabolic activity and glucose uptake
in the tissue (2). As such, the most widely used methodology for
in vivo detection of BAT is positron emission tomography (PET)
performed in combination with the infusion of a glucose analog
radiotracer, [18F] Fluorodeoxyglucose (FDG), after the
application of a cold stimulus to increase the metabolic activity of
BAT. In FDG-PET examinations, activity and volume of BAT is
then estimated based on the magnitude and extent of [18F]FDG
uptake in common human BAT depots, typically in the
supraclavicular region.
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Despite promising results in animal models, human studies
have not identified consistent positive relationships between
physical activity level and BAT volume or activity. A recent
cross-sectional study identified a positive correlation between
habitual physical activity and BAT activity (16). However, the
use of a sample comprised of cancer patients significantly limits
the generalizability of the results, and patients were not cooled
before or during imaging. A study comparing lean, endurancetrained male athletes to lean, healthy controls found that trained
individuals had significantly lower BAT activity, despite a similar
increase in energy expenditure, during cold exposure (17). More
recently, female athletes were found to have lower BAT volume
and activity than non-athletes (18). These reports of unexpectedly
low BAT activity in highly active subjects challenge data from
animal models indicating that exercise may increase BAT
activity. To explore the potential relationship between exercise
and BAT, more data are needed to quantify BAT activity in
endurance-trained athletes, and to evaluate the relationship
between BAT activity and cold-induced thermogenesis in this
population.
Previous research has demonstrated that a significant amount
of infused FDG is taken up by skeletal muscle during cold
exposure (8), that acute exercise increases muscle glucose uptake
(19-21), and that longitudinal aerobic exercise training increases
the amount of FDG taken up by skeletal muscle, while reducing
uptake in adipose tissue (22). These findings are problematic for
FDG-based estimation of BAT activity, because standardized
FDG doses are typically administered without regard to body size,
lean mass, or physical activity level. Increased muscle uptake of
FDG may result in underestimation of BAT activity in individuals
with high amounts of lean mass, such as athletes or obese
individuals, or high levels of aerobic exercise. To date, the effects
of high physical activity levels on BAT activity are not fully
understood, and it is possible that methodologies utilizing FDG
for BAT identification may require researchers to account for
skeletal muscle FDG uptake related to lean mass and exercise
volume. Here we report an incidental finding of very low FDG
uptake in BAT of two endurance-trained athletes compared to
healthy volunteers of similar BMI and age. We hypothesize that
the low FDG uptake found in endurance-trained athletes may
relate to skeletal muscle FDG uptake, which can confound the
estimation of BAT activity, and discuss potential methodological
considerations for future research in this area.

identification of BAT in the supraclavicular region, participants
were exposed to cold for 1 hour before and about 90 minutes after
receiving an intravenous injection of 5mCi of FDG. Imaging
began approximately one hour after tracer injection, to provide
sufficient time for the tracer to accumulate in body tissues without
extensive radioactive decay. Six of the participants also
completed resting metabolic assessments in thermoneutral
conditions, and during cold exposure, within 24 hours of imaging
to estimate resting metabolic rate (RMR). All testing was
performed following at least six hours of fasting, and at least 24
hours of abstention from exercise. Testing sessions were
performed in the morning hours, with no visits beginning later
than 12:00.
Cooling Protocol
An individualized cooling protocol was used to activate BAT
thermogenesis and stimulate FDG uptake within BAT in the
supraclavicular region, in accordance with methodological
considerations outlined by van der Laans, et al. (23). For imaging,
the cooling protocol took place inside the PET/MR scanner to
minimize artifact from movement and repositioning. Participants
were cooled using an ArcticSun 2000 temperature management
system (Medivance, Louisville, CO), which consists of four
water-perfused pads. Two of the pads were wrapped around each
RIWKHVXEMHFW¶VWKLJKVZKLOHWKHRWKHUWZRZHUHZUDSSHGDURXQG
WKH VXEMHFW¶V WRUVR 6XEMHFWV ZHUH ILUst acclimated to a
thermoneutral condition for thirty minutes, with the water flowing
through the pads set at 30° C. After this 30-minute acclimation
period, the water temperature was reduced until the subject began
to shiver. Shivering status was monitored by visual inspection by
laboratory staff, and by verbal discussion with the participant.
Once the subject reached the shivering threshold, the water
temperature was increased by 1-4° C, until shivering completely
subsided. The absence of shivering during maximal stimulation of
NST was also confirmed by the absence of small motion artifacts
in the MR images. The individualized cooling procedure was
necessary to guarantee maximal stimulation of BAT
thermogenesis while avoiding muscle shivering, as recently
reported by van der Lans et al. (23). After 60 minutes of exposure
to this cold condition, an intravenous injection of 5 mCi of FDG
was administered; participants remained under cold condition for
approximately 90 minutes from the time of the FDG injection to
the end of the imaging scans. For the metabolic study, which
occurred within 24 hours of the imaging scan, a similar cooling
protocol was followed.

Methods
Imaging
A hybrid PET/MR scanner (Biograph mMR, Siemens Healthcare,
Germany) was used to simultaneously acquire all PET and MR
images. Fat fraction maps were acquired using a two-echo
chemical-shift Dixon protocol with a repetition time of 10 ms,
echo time of 2.46 ms, flip angle of 13°, field of view of 500 × 370
× 120 mm, matrix of 512 × 384, resolution of 0.98 × 0.96 × 1.00
mm, and with 96 slices of 1 mm thickness. Static PET images
were acquired in 3D mode with a resolution of 4.1 mm × 2.6 mm
× 3.1 mm, using 3-4 bed positions to cover the area from the head
to kidneys, and took approximately six minutes per bed position.
PET/MR images were analyzed using MIM software (MIM
software Inc., Cleveland, OH). To correct for slight movement of
subjects between scans, intensity-based deformation software was
applied to each water component image. Fat fraction (FF) images
(Figure 1) were created from deformed water component images
(W) and co-deformed fat component images (F) using the formula
)) )Â ): -1. Within the supraclavicular region, a fat fraction
threshold of 40% was used to identify and measure the volume of

Experimental design
This study was approved by the Institutional Review Board of the
University of North Carolina at Chapel Hill. Data from twelve
healthy men and women (Mean ± SD; Age = 27.3 ± 8.6 years;
Height = 175.4 ± 5.2 cm; Weight = 74.9 ± 8.3 kg; BMI = 24.3 ±
NJÂP-2) were available for retrospective analysis of previously
collected data. At the time of enrollment, two subjects selfidentified as recreational endurance athletes that were engaged in
rigorous training for competitions involving long-distance
running and/or cycling (one marathon, one triathlon). Upon
imaging, both participants were found to have unusually low FDG
uptake in the supraclavicular region, prompting further analysis.
The endurance-trained subsample consisted of one male and one
female; the untrained subsample consisted of eight males and two
females that were sampled from the general population and did
not appear or report to be engaged in rigorous endurance-training
programs. All participants underwent a PET/MR imaging session,
following a standardized cooling protocol. To allow for the
ISSN 2377-2700 | www.jnsci.org/content/335
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the supraclavicular fat depot (sFAT) while excluding blood
vessels, muscle and bones; this method and 40% FF threshold is
consistent with previous work published by Lundstrom et al. (24).
Images were analyzed to determine peak and mean SUV
(Standardized uptake value; a weight-normalized ratio of
radioactivity in a region of interest to the total injected dose of
radioactivity) and total volume of the supraclavicular fat depot.
Total sFAT activity was calculated as the product of the mean
SUV of supraclavicular adipose tissue and the total volume. Small
regions of interest were selected to measure muscle FDG uptake,
similarly to the method previously described by Vosselman et al.
(17). Spherical regions of interest were placed bilaterally in the
superficial sternocleidomastoid muscles, which is the same
muscle utilized by Singhal et al. (18). Mean SUV values within
these superficial muscle regions were used to approximate muscle
FDG uptake. Muscle SUV was calculated as the average between
bilateral ROIs placed within the superficial neck musculature.

Statistical Analysis
Due to small sample size, analyses for the current study are
primarily descriptive and exploratory in nature. Variables of
interest included mean SUV in supraclavicular adipose tissue
(sFAT mean SUV), total SUV in supraclavicular adipose tissue
(sFAT total SUV, commonly referred to as total BAT activity),
mean muscle SUV, RMR, and BMI. A series of Pearson bivariate
correlations were used to explore linear relationships between
sFAT FDG uptake, muscle FDG uptake, BMI, and RMR
measures, and to examine the influence of training status on these
relationships. All analyses were completed using R software
(Version 3.2.2, R Foundation for Statistical Computing, Vienna,
Austria).

Results
FDG uptake in supraclavicular adipose tissue
Mean SUV of sFAT was 2.66 ± 2.17 SUV. Large differences
between individuals were observed, with values ranging from
0.37 to 7.37 SUV. Four subjects had mean sFAT SUV values
below 1.0 SUV, including both endurance athletes (Figure 2).
Total sFAT activity also revealed a wide range of values (38.4 to
790.0 total SUV), with a mean value of 282.8 ± 256.8 total SUV.
Values for total sFAT activity followed a similar pattern, with
both endurance athletes accounting for the two lowest values
observed in the sample (Figure 3). Peak SUV for the sample was
11.05 ± 8.96 SUV (range = 1.77 - 24.40 SUV), and volume of the
supraclavicular fat depot was 110.10 ± 55.43 mL (range = 38.76 216.41 mL). An example of markedly different sFAT FDG uptake
between athletes and non-athletes is provided in Figure 4.

Figure 1. Top: Fused FDG-PET/MR image of the upper torso. Bottom:
Glucose uptake map overlaid onto a fat fraction MR map. Green line
contours adipose tissue within supraclavicular area with a fat fraction
>40%; blue line contours sFAT with SUV values above 1.5.

Metabolic Rate Assessment
Within 24 hours of imaging, resting metabolic rate (RMR) was
measured. Metabolic rate was assessed using a portable indirect
calorimetry device (Fitmate Pro, COSMED, Italy), which
analyzes expired respiratory gases to estimate energy expenditure.
Participant age, height, weight, and sex were entered into the
device; respiratory gases were collected for fifteen minutes as
each participant rested in a seated position, with the first five
minutes discarded from analysis by default. Resting metabolic
UDWH ZDV FDOFXODWHG XVLQJ WKH GHYLFH¶V GHIDXOW VRIWZDUH 7KLV
device has previously been shown to have acceptable validity and
reliability (25,26), with an intra-day intra-class correlation
coefficient (ICC) of 0.981 and standard error of measurement
(SEM) of 70.6 kcal, and inter-day values of ICC = 0.946 and
SEM = 116.9 kcal (25). To evaluate cold-induced thermogenesis
by comparing RMR at room temperature to RMR during cold
exposure, metabolic rate was first assessed under thermoneutral
condition and then under cold condition. Subjects rested in a
seated position for 30 minutes prior to each RMR measurement to
ensure that energy expenditure from locomotion would not
increase RMR values, and to allow participants to acclimate to the
temperature being applied. After this 30-minute acclimation
period, RMR testing began. For measurements taken in the cold
condition, body cooling was performed using the same device and
same water temperature setting used for metabolic imaging.
Values are presented DV UDZ YDOXHV NFDOÂGD\-1) and as a
SHUFHQWDJH RI WKH LQGLYLGXDO¶V SUHGLFWHG 505 XVLQJ WKH +DUULV%HQHGLFW HTXDWLRQ WR SUHGLFW DQ LQGLYLGXDO¶s RMR based on sex,
height, weight, and age (27).
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Figure 2. Mean standardized uptake values (SUV) in supraclavicular
adipose tissue vs. mean SUV in bilateral spherical regions of the
sternocleidomastoid muscle.

FDG uptake in musculature of the neck
Standardized uptake values in the superficial neck musculature
(sternocleidomastoid) ranged from 0.27 to 1.51 SUV, with a mean
of 0.75 ± 0.38 SUV. Values for the endurance athletes were each
within one standard deviation of the mean (0.58 and 1.04 SUV,
respectively). There appeared to be an inverse relationship
between mean sFAT SUV and muscle SUV (Figure 2), and
between total sFAT activity and muscle SUV (Figure 3). Both
correlations resulted in a Pearson correlation coefficient of r = 0.48, but were not statistically significant (p = 0.11).
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FDG uptake and BMI
When excluding the endurance athletes from analysis, a nonsignificant inverse relationship was observed between BMI and
mean sFAT SUV (r = -0.50, p = 0.14; Figure 5A). When
evaluating this relationship with endurance athletes included, the
strength of this association was reduced (r = -0.19, p = 0.55;
Figure 5B).
When excluding the endurance athletes from analysis, a nonsignificant inverse relationship was observed between BMI and
total sFAT activity (r = -0.39, p = 0.27; Figure 6A). When
evaluating this relationship with endurance athletes included, the
strength of this association was reduced (r = -0.10, p = 0.75;
Figure 6B).

Metabolic testing
Resting metabolic rate during cold exposure (2230 ± 459
NFDOÂGD\-1) was higher than RMR during thermoneutral conditions
NFDOÂGD\-1). On average, RMR during cold exposure
URVH E\    NFDOÂGD\-1 in comparison to thermoneutral
conditions, which represents an increase of 13.3 ± 9.7%.
One of the six subjects that underwent metabolic testing was
an athlete; this athlete registered the lowest change from
thermoneutral to cold conditions when expressed as percent
change (8.1%). In absolute terms, the endurance athlete displayed
the third-highest increase in energy expenditure during cold
H[SRVXUH NFDOÂGD\-1), and also had the second-highest RMR
GXULQJ FROG H[SRVXUH  NFDOÂGD\-1). When expressed as a
percentage of predicted BMR using the Harris-Benedict
prediction equation (27), mean RMR for the sample rose from
111.2 ± 13.4% (thermoneutral) to 126.7 ± 22.5% (cold). During
cold exposure, the endurance athlete had the second-highest
metabolic rate as a percentage of the predicted value (139%;
Figure 7). Despite low statistical power, RMR during cold
exposure, expressed as the percentage of predicted RMR,
appeared to show a strong relationship with total sFAT activity in
untrained subjects (r = 0.85, p = 0.07). This relationship was
weakened by the inclusion of the endurance-trained athlete (r =
0.65, p = 0.16; Figure 7).

Figure 3. Total supraclavicular fat (sFAT) activity, calculated as the
product of supraclavicular adipose tissue volume and mean SUV of
supraclavicular adipose tissue, vs. mean SUV in bilateral spherical regions
of the sternocleidomastoid muscle.

Figure 4. Maximum Intensity projection FDG maps of an untrained
subject and endurance-trained subject of similar age (20, 25 years) and
%0, NJÂP-2). Reduced FDG uptake is seen in the sFAT of the
endurance-trained subject.

Figure 5. (A) Mean SUV in sFAT vs. body mass index (BMI), with endurance athletes excluded. (B) Mean SUV in sFAT vs. body mass index (BMI),
with the full sample.
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Figure 6. (A) Total sFAT activity vs. BMI, with endurance athletes excluded. (B) Total sFAT activity vs. BMI, with the full sample.

Figure 7. (A) Resting metabolic rate (RMR) during cold exposure, presented as a percentage of predicted RMR, vs. total sFAT activity (total SUV). (B)
Cold RMR, presented as the percent increase from the thermoneutral condition, vs. total sFAT activity (total SUV). Best fit lines calculated from untrained
subjects only. Predicted values were determined based on sex, weight, height, and age using the Harris-Benedict equation.

Discussion

were quite variable across participants, both endurance athletes
showed lower mean and total sFAT SUV than would be expected
based on their BMI (Figure 5B, 6B). These results are supported
by previous findings of lower mean and total FDG uptake in
supraclavicular BAT of athletes when compared to controls,
despite similar BMI and cold-induced changes in energy
expenditure (17,18). Although preliminary in nature, the current
results combined with previous literature suggest that additional
methodological considerations may be required when assessing
BAT in highly active populations.
Results from metabolic testing do not appear to support the
conclusion that the low mean and total sFAT SUV observed in
endurance athletes is the result of a reduced capacity for coldinduced non-shivering thermogenesis. While the endurance

Data from the current pilot study support previous reports of an
inverse relationship between BMI and sFAT activity (4), and
demonstrate a positive relationship between RMR during cold
exposure and sFAT activity. A marked change in RMR was
observed during acute cold exposure, yielding an increase of 268
  NFDOÂGD\-1 (13.3 ± 9.7% increase) in comparison to
thermoneutral conditions, as is expected from BAT activity in
adult humans (28). Interestingly, the inclusion of endurancetrained athletes in the analysis weakened the relationship between
sFAT FDG uptake and BMI, as well as the relationship between
cold exposure RMR and sFAT FDG uptake. Although values for
mean SUV in sFAT (Figure 2) and total sFAT activity (Figure 3)
ISSN 2377-2700 | www.jnsci.org/content/335
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athlete tested demonstrated the lowest percent change in RMR
from thermoneutral to cold conditions (8.1%), half of the sample
changed by less than 9%, with 5 of the 6 subjects changing by
less than 11.6%. More importantly, the eQGXUDQFH DWKOHWH¶V
change score was likely influenced by a high RMR measured in
WKHUPRQHXWUDOFRQGLWLRQV NFDOÂGD\-1; 128% of the predicted
RMR value), which supports previous research showing a trend
for higher resting energy expenditure in athletes compared to nonathletes in thermoneutral conditions (18). When evaluating coldinduced thermogenesis in absolute terms, the endurance athlete
displayed the third-highest increase in RMR from thermoneutral
to cold conditions, and had the second highest RMR during cold
H[SRVXUHERWKLQDEVROXWHWHUPV NFDOÂGD\-1) and expressed
as a percentage of predicted RMR (139%; Figure 7). While the
current analysis utilized a small sample size, Vosselman et al.
(17) also observed a similar trend, with athletes having higher
absolute energy expenditure in thermoneutral and cold conditions
compared to untrained controls, and a similar magnitude of
change in RMR from thermoneutral to cold, despite lower FDGbased estimates of BAT activity. Taken together, results do not
indicate that low observed sFAT activity in endurance-trained
athletes can be attributed to impaired cold-induced thermogenesis.
It is also possible that lower values in athletes may relate to a
blunted sympathetic nervous system (SNS) response to cold
stress, as endurance training has been shown to reduce SNS
activity in response to a number of other stimuli (29). However,
this theory is not supported by the data of Vosselman et al. (17),
in which endurance-trained athletes displayed significantly lower
BAT volume and activity, despite similar heart rate and blood
pressure responses to the cold condition.
Reduced glucose uptake in sFAT of athletes may, on the other
hand, be caused by an increase in glucose uptake in skeletal
muscle. It is known that a substantial percentage of an intravenous
FDG dose will be taken up by skeletal muscle (8). When given a
standardized dose of a tracer, increased uptake from skeletal
muscle will logically result in reduced tracer concentration in
other tissues, such as BAT, resulting in underestimated BAT
activity.
Lean mass may also contribute to the inverse
relationship observed with sFAT activity and BMI (Figure 5A,
Figure 6A), as individuals with higher BMI generally tend to have
higher absolute amounts of lean body mass and skeletal muscle.
For example, in a previous study reporting lower BAT activity in
overweight/obese subjects compared to lean subjects (4), lean and
overweight groups differed by over 8 kg of lean mass, but were
given the same standardized dose of FDG. It is also known that
longitudinal aerobic exercise training increases insulin-stimulated
muscle FDG uptake (22). Exercise training increases insulin
sensitivity (20,21) and glucose uptake of the trained musculature
(19); in theory, these glucose-partitioning effects of exercise
could divert a larger proportion of the FDG dose toward skeletal
muscle and away from supraclavicular BAT.
Contrary to this hypothesis, and similar to the findings of
Vosselman et al. (17), the endurance athletes did not display
higher muscle FDG uptake when compared to untrained
participants. This unexpected finding could be due, in part, to
overlooked methodological considerations involving skeletal
muscle uptake calculations. In Vosselman et al. (17), for example,
average muscle SUV values were calculated from select regions
that included the deltoids, biceps, and triceps. These muscles have
been shown to express low mean SUV values (8), which is likely
to reduce variability between individuals. In addition, the trained
group had an addition 3.6 kg of lean mass in comparison to the
control group (17); a similar average muscle SUV value would
therefore suggest a greater absolute uptake of FDG by muscle
tissue. In the current study, the sternocleidomastoid was selected
ISSN 2377-2700 | www.jnsci.org/content/335

for muscle uptake estimation because it has been shown to display
relatively high uptake of FDG during cold exposure (8), it has
been used previously in similar research (18), and imaging was
only conducted on the area of the body above kidney-level. While
previous studies have shown increased muscle FDG uptake
following longitudinal exercise training (22), exercise-induced
increases in muscle uptake are likely most pronounced in the
musculature being trained (19). It is plausible that analysis of the
musculature that is consistently trained by the endurance athletes
in the sample, such as the knee flexors and extensors during
running and cycling, may be necessary to identify potential
differences in muscle FDG uptake. It is also pertinent to note that
studies quantifying BAT typically require anywhere from 24-48
hours of abstention from exercise prior to FDG-based imaging
(8,17,22), but it is possible that longer abstention periods may be
required. The acute effects of a single bout of exercise on glucose
transport, insulin sensitivity, and glycogen replenishment may
persist for at least 48 hours post-exercise (21), and chronic effects
of consistent exercise training likely persist even longer (20). The
muscle uptake analysis of the current study is limited by a narrow
region of interest and small sample size, but future investigators
are encouraged to consider measuring regions of interest that
more globally approximate muscle FDG uptake, with special
attention paid to muscle groups that are relevant to the
LQGLYLGXDO¶VH[HUFLVHKDELWV
Results of the current analysis must be interpreted within the
context of its limitations. Due to low sample size, statistical tests
for the current study are underpowered, and generalizability is
limited. As a result, the reported observations should be
interpreted as preliminary in nature, and the purpose of this
analysis is to provide data to inform the design of future research
in this area. Assessment of muscle uptake was confined to the
sternocleidomastoid muscle, while a more global analysis of
muscle uptake would be preferred. In the future, researchers
should investigate more global assessments of muscle FDG
uptake during cold exposure, with special interest paid to the
muscle groups that are habitually trained by the athletes sampled.
Similarly, the assessment of BAT activity was limited to the
supraclavicular region; if exerFLVHLQGHHGLQGXFHVWKH³EURZQLQJ´
of white adipocytes that are broadly dispersed outside of the
supraclavicular region, quantification of uncoupled respiration in
these adipocytes would be challenging to reliably identify and
quantify using PET imaging with FDG. Body fat percentage was
not calculated for the current sample; future studies should
include this measurement to further evaluate the role that lean
body mass plays in the relationship between BMI and FDG
uptake in the supraclavicular fat depot, particularly in trained
athletes, and to potentially allow for mathematical adjustments or
FDG dosing adjustments that account for skeletal muscle mass
and physical activity level.
While the current study featured a limited sample size, the
retrospective analysis of this small sample was primarily intended
to investigate the plausibility and likelihood that skeletal muscle
FDG uptake plays a confounding role in BAT activity estimation.
The resultant findings provide preliminary but compelling
justification for further research evaluating methodological
strategies to account for lean mass and physical activity level
when using FDG-based imaging to estimate BAT activity. Future
research should seek to determine how FDG doses can be
appropriately scaled to account for lean body mass, skeletal
muscle mass, and physical activity level to ensure unbiased
estimates of BAT activity, and to determine if mathematical
adjustment can allow for unbiased estimation of BAT activity in
individuals engaged in large amounts of physical activity or
exercise training.
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Conclusions

mass, increasing the duration of abstention from exercise prior to
imaging, or developing mathematical methods to correct for
skeletal muscle FDG uptake in trained or highly active
individuals. Addressing these methodological considerations may
be a critical step in assessing population-based differences in
BAT activity, and in moving toward interventions to increase
BAT activity in the management of obesity and diabetes.

In agreement with previous reports (17,18), the current pilot data
demonstrate unexpectedly low sFAT activity in endurance-trained
athletes compared to untrained individuals with similar BMI.
Interestingly, the current data do not indicate that endurance
athletes have abnormally low energy expenditure during cold
exposure, nor do the data published by Vosselman et al. (17).
These data and the literature currently available indicate that
studies attempting to estimate BAT volume and activity using
PET/FDG methods should carefully consider the effects of
skeletal muscle mass and physical activity on BAT FDG uptake.
Based on these preliminary observations, future research is
encouraged to determine if this methodology can be improved
upon to allow for unbiased estimation of BAT activity across
adult populations. Potential methodological improvements may
include scaling FDG doses to lean body mass or skeletal muscle
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