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Abstract: This study investigates differences in computed tomography
Hounsfield units between metabolically active (brown fat) and inactive
adipose tissues (white fat) due to variations in their densities. Positron
emission and computed tomographic data from 101 pediatric and adoles-
cent patients were analyzed. Regions of metabolically active and inactive
adipose tissues were identified, and standard uptake values and Hounsfield
units were measured. Hounsfield units of active brown fat were more
positive (P G 0.001) than inactive fat (j62.4 T 5.3 vsj86.7 T 7.0) and the
difference was observed in both males and females.
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In conventional radiology, imaging regions with negative
Hounsfield units (HUs) have traditionally been interpreted as

fat, and no additional stratification of the negative HU scale is
further considered. In contrast, all other soft tissues and bone
occupy the positive HU range. However, adipose tissue (fat)
is composed of both white and brown adipocytes. Although
white adipose tissue (WAT) is studied in obesity research, brown
adipose tissue (BAT) has emerged as a topic of interest in en-
ergy balance and metabolism.1Y8 Recent reports continue to
probe BAT’s physiological function and existence, particularly in
humans.9Y13 Whereas WAT is a fat reservoir and its cells are
composed of large intracellular lipid droplets, BAT, in contrast, is
involved in energy homeostasis and nonshivering thermogen-
esis. Brown adipose tissue is highly vascularized, rich in mito-
chondria, and innervated by the sympathetic nervous system,
and most importantly, it is metabolically active.6 Brown adipo-
cytes are characterized by multiple smaller intracellular lipid
droplets and have lower lipid content than white adipocytes.

Findings of metabolically active adipose tissues (MAATs),
presumed to be BAT, with positron emission and computed to-
mography (PET/CT) in humans have been reported by numerous
investigators.14Y22 These studies have demonstrated symmetrical
foci in the interscapular and supraclavicular regions that are
characterized by both high PET radiotracer uptake and negative
Bfatlike[ CT HUs. Histologic analyses have confirmed these
foci to be BAT.23 In addition, several studies have also shown

WAT to be metabolically inert, as indicated by minimal radio-
tracer uptake. However, despite these reinvigorating findings,
human BAT studies remain limited. First, PET/CT can only be
performed in clinically warranted patients, and the modality is
not broadly applicable to other potential research subjects be-
cause of costly radiotracer usage. Second, all imaging studies of
BAT to date have been functionally based and confined to the use
of an exogenous agent that is selective for the tissue only when it
is metabolically active under stimulation.24 Third, PET/CT
indications of 18F-fluoro-2-deoxyglucose (FDG)-avid BAT foci
from the same subject can be highly variable and are influenced
by environmental factors and the subject’s state at the time of
the examination.25 With PET/CT as the current criterion stan-
dard in active BAT studies, the imaging of inactive BAT has not
yet been pursued.

Although PET standard uptake values (SUVs) have been
used to distinguish BAT and WAT based on tracer uptake and
tissue activity, the question of whether there is a parallel differ-
ence in CT HUs and tissue densities has only recently been
explored.26 In this study, we investigate whether stratification of
the negative HU scale is feasible in differentiating metabolically
active BAT and inert WAT. We retrospectively examined fusion
PET/CT data from oncology patients to first identify regions of
metabolically active and inactive adipose tissues (MIATs) based
on SUVs and negative HUs. With precedence established by
previous reports, we assumed in this work that the source of
MAAT was only from BAT. Conversely, we made no further
distinction and assumed that the source of MIAT could be either
of unstimulated BAT or inert WAT, or a mixture of both, as it
remains not possible to differentiate these 2 tissue pools with
PET/CT. We hypothesized that MAAT (eg, BAT) will be char-
acterized by more positiveVbut still in the negative rangeVHUs
and greater tissue density than MIAT because of its greater in-
tracellular water and lower triglyceride contents.

MATERIALS AND METHODS

Study Cohort
The institutional review board and ethics committee ap-

proved this retrospective study and waived informed consent.
One hundred one consecutive PET/CT patient cases performed
between October 2008 and February 2010 were retrospectively
analyzed. Demographics of the pediatric and adolescent cohort
are summarized in Table 1. There were no significant differ-
ences between males and females in anthropometry. Height was
obtained using a digital stadiometer and body mass index
was calculated as weight (kg) divided by the square of the height
(m2), in accordance with formulas set forth by the National
Institutes of Health. Seventy-five cases were diagnosed with
lymphoma (56 Hodgkin, 4 Burkitt, 5 B cell, 5 anaplastic large
cell, 1 lymphoblastic, and 4 unspecified), 12 were diagnosed with
neuroblastoma, 4 with Ewing sarcoma, and 3 with melanoma; and
there was 1 case each with thyroid cancer, rhabdomyosarcoma,
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nasopharyngeal carcinoma, hepatocellular carcinoma, hepato-
blastoma, cardiac angiosarcoma, and adenosarcoma.

PET/CT Imaging
Scans were performed on a Gemini system (GXL 3.3;

Philips Healthcare, Cleveland, Ohio). The x-ray tube was oper-
ated with a peak voltage of 120 kV, average current of 80 mA
(ranging from 60 to 100 mA), and a pitch of 0.81. Patients were
injected between 2.2 and 12.9 mCi of 18F-FDG tracer depending
on body weight. Because all of the PET/CT examinations were
clinically warranted, no patient was subjected to cold and warm
temperature preparations before scan.17,18 All patients were in-
doors under temperature-controlled conditions (22-C) for at least
1 hour before examination. We also retrospectively gathered the
average monthly outside temperature from the local weather sta-
tion’s database. All studies were performed after intravenous and
oral contrast enhancement as set forth by the PET/CT protocol of
our institution’s oncology and imaging departments. Children
6 years or younger underwent sedation via general anesthesia
to minimize motion. No additional agents or relaxants were
administered. Diet was not controlled before examination, and
blood glucose levels were not measured before FDG adminis-
tration. Total acquisition time for each study was 1 hour. The
axial in-plane spatial resolutions for PET and CT slices were
4 and 1.17 mm, respectively, and the slice thicknesses were
4 and 5 mm, respectively.

Image Analysis
Coregistered and attenuation-corrected PET/CT data were

analyzed on a workstation (Philips Extended Brilliance Work-
space, V3.5.2.2260; Philips Healthcare) linked to the scanner.
We adopted an analysis approach similar to that of Pfannenberg
et al.22 Standard uptake values were computed by the work-
station’s software based on each subject’s total body weight.
All images from the base of the skull to the manubrium were
reviewed together by 2 pediatric radiologists with 31 and
15 years of clinical experience, respectively. The 2 physicians
also have a combined experience of more than 25 years in
reading CT and PET/CT images. On the basis of their visual
interpretation, the 2 radiologists first identified cases and re-
gions where metabolically active BAT (eg, MAAT) was present
in the common interscapular, neck, supraclavicular, and para-
vertebral areas. All PET/CT studies were reviewed indepen-
dently by the 2 radiologists. A patient was considered to have
BAT if both radiologists diagnosed its presence. Of the
101 studies, the 2 radiologists disagreed only on 3 studies, and
these discrepant determinations were then reevaluated by the
pair together to arrive at a consensus. The positively identified
cases will be referred heretofore as BAT-visualized, and these
were determined by assessing both SUVmean and SUVmax

metrics within each visualized region of interest (ROI) on the

workstation. The radiologists also assured that the underlying
CT HUs were negative and indicative of fatlike tissue densities
and that the foci were bilaterally observed in the interscapular,
neck, and/or supraclavicular regions. The ROIs were also ex-
clusive of muscles, tissue boundaries, joints, and possible pa-
thology.22 The distributions of HUs and SUVs within these
BAT-visualized ROIs were then measured and tabulated.

Next, in the remaining cases where BAT was visually ab-
sent (eg, BAT-nonvisualized), distributions of HUs and SUVs
were also measured in corresponding anatomic areas (ROIs) of
interscapular, neck, and supraclavicular fat depots that were
similar in location to the previous BAT-visualized cases. No
distinctions were made at this point as to whether these ROIs on
the BAT-nonvisualized cases contained metabolically active or
inactive tissues. The lack of radiologist’s visual identification
does not necessarily imply the absence of active BAT in these
cases but rather that the SUV intensities were not evident or
strong enough for visual recognition. Lastly, HUs and SUVs in
areas of MIAT, as evidenced by low SUVs (G1.0 SUV)22,26 and
negative attenuation values and presumed to be subcutaneous
WAT, were additionally measured in all cases at the level of the
neck, shoulder, and sternum. Throughout this image analysis
process, the radiologists used schematics of known human BAT
depots found in recent literature as an initial guide.7,8 Figure 1
provides a flowchart summary.

Statistical Analysis
Statistical tests were performed using Statview (v5.0.1;

SAS Institute, Inc, Cary, NC). Unpaired t tests and Pearson
correlation coefficients were used for comparisons and to ex-
amine associations between variables, namely HUs and SUVs
and anthropometry. All distribution results were expressed as
mean and SDs. P G 0.05 was considered statistically significant.

RESULTS
Of the 101 cases, 48 (31 males and 17 females) were iden-

tified as BAT-visualized. Thus, the incidence of BAT-visualized
cases was higher, although not significant (P = 0.74), in females

TABLE 1. Subject Characteristics

Males (n = 69) Females (n = 32)

Age, yr 14.9 T 6.6 (2Y31) 13.6 T 4.6 (4Y21)
Weight, kg 51.4 T 20.6 (13.8Y92.2) 46.3 T 19.6 (12.9Y95.3)
Height, cm 154.8 T 25.2 (91.6Y189.0) 148.3 T 18.7 (93.1Y172.6)
Body mass
index,
kg/m2

20.4 T 4.3 (13.1Y29.3) 20.0 T 4.5 (13.2Y32.2)

Data are given in mean T SD with range in parentheses.

FIGURE 1. Flowchart of image analysis process. All cases were
first reviewed by radiologists to determine the presence or absence
of visually evident MAAT. From the BAT-visualized cases, HUs and
SUVs of metabolically active bilateral regions at the interscapular,
neck, and supraclavicular levels are computed first. Corresponding
regions in the BAT-nonvisualized cases were then computed next.
Finally, distributions in MIAT, selected to be subcutaneous fat,
were computed from all cases.
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(53%, 17/32) versus males (45%, 31/69). The bilateral inter-
scapular, neck, and supraclavicular BAT depots (eg, at least 6
ROIs) were observed and measured in all 48 BAT-visualized
cases. Figure 2 plots the total number of PET/CT cases per month,
and the black portion highlights the BAT-visualized cases. The
gray portion represents the 53 BAT-nonvisualized cases. Table 2
tabulates the incidence of BAT-visualized cases versus monthly
outside temperature. Note that although BAT-visualized cases
were observed in all months, there were more occurrences during
the cooler months (eg, November to January) than the warmer
months (June and July).17,21

Figure 3 illustrates the differences in SUVs between active
and inactive adipose tissues separately for the 48 BAT-visualized
and 53 BAT-nonvisualized cases. For the BAT-visualized cases,
the MAAT SUV range was 1.4 to 4.3. The SUV range was 1.3 to
2.5 for the corresponding interscapular, neck, and supraclavic-
ular ROIs in the BAT-nonvisualized cases (gray bars). On the
basis of this measured SUV range and previous cutoffs used in
literature,22,26 these ROIs were subsequently labeled as MAAT.
The MAAT SUV ranges between BAT-visualized and BAT-
nonvisualized groups were significantly different (P G 0.001).
In contrast, the SUV distribution of MIAT between the BAT-
visualized (range, 0.25Y0.65) and BAT-nonvisualized (range,

0.22Y0.73) groups were not statistically different (P = 0.14,
white bars). As anticipated, SUVs of MAAT were 4- to 5-fold
significantly greater than that of MIAT (P G 0.001) in both
groups.

Parallel trends were observed in the HUs (Fig. 4). Again, in
each of the 2 groups, the HUs of active BATwere significantly
more positive than those of MIAT (P G 0.001). Likewise, for the
BAT-visualized cases, the MAAT HU range was j53.0 to
j73.6, which was also more positive overall (P G 0.001) than
the HU range of j55.3 to j90.7 for MAAT in the BAT-
nonvisualized cases. The HU distributions of MIAT between the
2 groups (j75.3 to j100.0 vs j72.8 to j106.4) were not sta-
tistically different. These observations collectively corroborate our
hypothesis.

The distributions of SUVs and HUs between sexes, along
with age and body mass index, are summarized in Table 3.
Although differences in SUVs and HUs were observed in both
males and females, there were no significant differences in any
of the variables between the sexes.

FIGURE 2. Histogram of the distribution of cases analyzed across
the months during which PET/CT examination was performed.
Black portions denote the BAT-visualized cases, and gray
portions represent the BAT-nonvisualized cases.

TABLE 2. Incidence of BAT-Visualized Cases per Month and
the Average Outside Temperature

BAT-Visualized, % Outside Temperature, -C

January 60 21.4
February 25 20.8
March 43 21.1
April 56 28.3
May 75 24.4
June 17 22.2
July 20 26.7
August 67 29.4
September 80 29.4
October 56 28.9
November 53 23.1
December 58 19.2

FIGURE 3. Bar plot illustrating the differences in PET SUVs
between MAAT and MIAT.

FIGURE 4. Bar plot illustrating the differences in CT HUs
between MAAT and MIAT.
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Figure 5 shows a scatter plot of the HUs and SUVs. Several
key observations are evident and supportive of our hypothesis.
First, SUVs for MAAT (solid circles) are significantly higher
than those ofMIAT (open circles) in all cases. Second, there is no
overlap between the SUVs of MAAT and MIAT (gray region).
Third, HUs of highly metabolically active BAT from the 48 BAT-
visualized cases (black circles) are significantly more positive
than all MIAT data points (open circles), with very little overlap
along the HU scale. Lastly, although statistically significant,
there remain HU overlaps between slight to moderately active
BAT from the 53 BAT-nonvisualized cases and all MIAT data
points. There was a significant correlation (r = 0.29, P G 0.01)
between HUs and SUVs for MAAT when all 101 cases were
considered. However, the correlation was not significant when
the BAT-visualized and BAT-nonvisualized cases were consid-
ered separately.

Figure 6 contains image examples from a 12-year-old male
(left column) and a 19-year-old male (right column), both of
whomwere diagnosed with Hodgkin lymphoma. Slices from CT
and PET are shown in the first and second rows, respectively.
There is evident bilateral uptake of tracer in the PET images from
both subjects, which correspond to areas of negative HU voxels
and fatlike tissue densities on the associated CT images. The
third row illustrates segmented MIAT (mostly subcutaneous
WAT) and interscapular MAAT (active BAT) and the evident
differences in average HUs within each of these regions.

DISCUSSION
In radiology, CT regions with negative HUs have histori-

cally been considered as fat. Past investigators have used SUVs
from PET to differentiate metabolically active and inactive adi-
pose tissues. In a recent study, the range ofj250 toj50 HUwas
used to classify all fat voxels with no further categorization.22

This study, along with others,26 have provided evidence of a
parallel difference in HUs between metabolically active BATand
inactive fat. The results suggest that highly active BAT is char-
acterized by more positive HUs, and hence greater tissue den-
sities, than MIAT. As supported by Figure 5, the range of MAAT
HUs in the 48 BAT-visualized cases overlapped minimally with
MIAT HUs, and the 2 distributions were separated by more than
3 SDs. Similarly along the vertical axis, there was no overlap
between in SUVs between the 2 tissue groups. Thus, adipose
tissues with significantly more positive HUs than typical sub-
cutaneous WAT may alone be a possible morphologic imaging
signature of metabolically active BAT, independent of additional
functional PET markers. This is the key finding and contribution
of the present work.

This study has indicated that BAT is quite common in
children and adolescents, regardless of the time of the PET/CT
examination or season.17,21 Newborns and young children are
known to have greater amounts of BAT than adult humans,10 and
several recent studies have corroborated this observation
trend.18,20,22 Whereas only a small proportion of adults under-
going PET/CT have been found to display metabolically active
BAT in past literature reports,15Y21 the radiologists in this study
visualized BAT in nearly half (48/101) of the cases, with a
greater incidence in females than males.22 We believe the find-
ings in HU differences between MAAT and MIAT in this study
can also be observed and translated in an older adult cohort.26

Several reasons could explain the greater x-ray attenuation
property of MAAT, which we presumed to be BAT. Brown ad-
ipose tissue has unique cytologic characteristics composed of
multiple lipid droplets surrounded by significant amounts of
intracellular water. Brown adipocytes are also densely packed
with mitochondria and are heavily vascularized and innervated.
The greater proportion of nonlipid components in metabolically
active BAT versus any other inactive adipose tissues (eg,WAT) is
the cause for its more positive HUs and greater tissue density.

Furthermore, BAT metabolizes fat and dissipates the re-
leased energy as heat rather than channeling the energy through
the classic adenotriphosphate production pathway. Thus, as the
tissue becomes more active, its intracellular fat stores are
expected to decrease because of expenditure, consequently
leading to higher HUs. This notion was supported by positive
trends observed between HUs and SUVs in Figure 5, with higher

TABLE 3. Distributions of SUVs and HUs Between Males and Females for MAAT and MIAT in BAT-Visualized and
BAT-Nonvisualized Groups

Males Females

BAT-Visualized BAT-Nonvisualized BAT-Visualized BAT-Nonvisualized

Age, yr 18.4 T 6.7 (8.5 to 30.6) 11.9 T 4.9 (2.7 to 24.8) 13.6 T 4.1 (5.7 to 18.8) 13.6 T 5.2 (4.3 to 20.2)
Body mass index,

kg/m2
20.8 T 4.0 (15.2 to 29.3) 20.1 T 4.6 (13.1 to 29.3) 21 T 5.2 (14.1 to 32.2) 19.1 T 3.5 (13.1 to 25.2)

MAAT PET, SUV 2.4 T 0.8 (1.4 to 4.3) 1.7 T 0.2 (1.3 to 2.3) 2.5 T 0.6 (1.8 to 3.8) 1.7 T 0.3 (1.3 to 2.5)
MAAT CT, HU j62.8 T 5.4 (j73.2 to j53.0) j72.7 T 9.8 (j90.7 to j55.3) j61.7 T 5.3 (j73.5 to j56.2) j72.3 T 9.3 (j89.0 to j56.9)
MIAT PET, SUV 0.48 T 0.1 (0.25 to 0.65) 0.45 T 0.1 (0.22 to 0.73) 0.43 T 0.07 (0.32 to 0.56) 0.41 T 0.1 (0.23 to 0.59)
MIAT CT, HU j86.0 T 7.4 (j100.0 to j75.3) j86.1 T 9.6 (j106.4 to j69.7) j88.3 T 6.1 (j99.4 to j75.9) j87.3 T 5.3 (j96.1 to j80.1)

Data are given in mean T SD with range in parentheses.

FIGURE 5. Scatter plot of HUs and SUVs for MAAT (solid circles)
and MIAT (open circles). The gray region denotes a range of
SUVs (0.8Y1.2) where no data points reside.
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tissue densities reflecting a greater degree of metabolic activity.
It is also supported by our finding that the mean HU forMAAT in
the 48 BAT-visualized cases was 10 HUs greater than those from
the 53 BAT-nonvisualized cases. The current study bears some
resemblance to the report by Baba et al,26 which showed HUs of
metabolically active BAT to be significantly more positive than
WAT in mice and adults. Histology data from that report also
indicated that a decrease in lipid density in BATwas responsible
for the increased HUs of the tissue.

From Figure 5, we retrospectively noted that no resultant
PET data points for any adipose tissues were located between 0.8
and 1.2 SUV. This suggests that a SUV cutoff within this range
may be useful for stratifying metabolic activity. In a recent report
by Baba et al,26 the mean T SD SUVof WATwas reported to be
0.9 T 0.5. In another report by Pfannenberg et al,22 the authors
used a relatively high SUVmax threshold of 2.0 to categorize
metabolically active BAT. This 2.0 threshold seems in agreement
with our findings in Figure 4, where the MAAT in BAT-visualized
cases had a mean SUV of 2.46, whereas those from the BAT-
nonvisualized cases had a mean SUV of 1.72. Thus, the 2.0
cutoff also seems to reasonably reflect a visual threshold for
the radiologist’s interpretation. We believe the MAAT in our
BAT-nonvisualized cases were not visually evident to the radi-
ologists because of their lower SUVs and hence darker ap-
pearance on the PETworkstation images.

We observed no statistically significant differences in HUs
and SUVs across sexes (Table 3). However, we did find positive
correlations between HUs of metabolically active BAT versus
anthropometry when considering all 101 cases. The trend sug-
gested that with adolescent growth and age, the cytology of BAT
evolved to become leaner and denser (more positive HUs), with a
progressive decrease in intracellular lipid content. This obser-
vation is in agreement with recent studies22 and supports the
notion that BAT is involved in muscle development.27Y29

We recognize several limitations in this work. First, it in-
volved oncology patients, and it is unknown whether our findings
can be extrapolated to healthy populations.30 Second, the results
can vary based on equipment and technique used in PET/CT
scanning and image reconstruction. However, any bias would
likely apply to both adipose tissues equally. Additional validations
that incorporate phantoms will be useful to account for mea-
surements drifts, particularly HUs. Third, all patients received
contrast enhancement as part of the routine clinical PET/CT
protocol. This may have been a confounder in the resulting HU
measurements of this retrospective study. A prospective cross-
sectional comparison consisting of a control patient group that
does not receive contrast is further needed to rule out its effects. A
recent study in adolescents and adults has reported similar HU
findings without the use of contrast agents.26 Fourth, the sensi-
tivity and specificity of CT for identifying metabolically active

FIGURE 6. Coregistered CT (A) and PET (B) images from 2 subjects. Arrows point to symmetrical uptake of radiotracers by BAT in
foci with high SUVs, which correspond to negative HU voxels in the associated CT images. The third row illustrates segmented MIAT
(mostly subcutaneous WAT) and interscapular BAT, with a difference of more than 20 HUs in both subjects. Note that the BAT
foci are located bilaterally and ventrally.
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BAT need additional corroboration. We were not able to perform
histology and pathology in our study cohort for validation owing
to the retrospective nature of the work. Lastly, our retrospec-
tive study cohort had more males than females, which may have
affected sex-based comparison results.

It currently remains not possible to identify metabolically
inactive BAT alone with fusion PET/CT. In the current study,
aside from logical anatomic locations, we were also not able to
differentiate between inactive BATand inert WAT based on HUs
alone as both were presumed to be possible sources of MIAT.
Furthermore, as shown in Figure 5, only the data distributions of
highly MAAT from the 48 BAT-visualized cases (black circles)
were uniquely separated from the MIAT data points (open cir-
cles) along both HUs and SUVs axes. This is the key finding of
our study. Although statistically different, there remained sig-
nificant data overlaps between the HUs of MAAT in the 53 BAT-
nonvisualized cases (gray circles) versus the MIAT data points
(open circles). Likewise, there is also overlap between the HUs
and SUVs of MAAT from the visualized and nonvisualized cases
(black circles vs gray circles). Thus, the identity of adipose tis-
sues with slight to moderate metabolic activity levels remains
ambiguous in BAT or WAT if interpretation was based on HUs
alone.

Recent work has shown that inactive BAT has similar HUs
to white fat.26 This supports the notion that if unused, meta-
bolically inactive BAT will accumulate its intracellular lipid
stores, thereby becoming more WAT-like (more negative HUs).
Past literature has also shown that brown adipocytes can contain
varying sizes of lipid droplets, depending on the tissue’s level of
stimulation and activity state among subjects.31,32 Furthermore,
recent findings have also suggested that certain BAT cells can
differentiate from WAT progenitors and exhibit an intermediate
phenotype that satisfies both classic definitions of BAT and
WAT.33Y35 In contrast, the cytology of white adipocytes has been
more consistent across subjects and studies. It thus remains
plausible that the range of HUs occupied inactive BAT extends
broadly across the negative HU range, partly overlapping both
WAT and active BAT HU values (Figs. 4 and 5). The capability
of CT to differentiate active and inactive BATwill thus require
further exploration, perhaps with the use of a standardized cal-
ibration phantom. Lastly, because of the size of PET/CT voxels
in comparison to the size of BAT depots, volume averaging can
be expected and should be considered because brown and white
adipocytes are likely clustered together in vivo.31,32

In conclusion, this work has suggested that detectable dif-
ferences between the HUs of highly metabolically active BATand
MIAT exist, particularly subcutaneous WAT. Study results pro-
mote the possibility that CT, or even more sensitive and novel
magnetic resonance imaging approaches,36,37 can identify highly
metabolically active BAT morphologically, without requiring a
concomitant exogenous functional biomarker. The ability of HUs
to locate metabolically active BAT alone should facilitate studies
in broader populations in the future.
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