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ARTICLE INFO ABSTRACT

Context: Brown adipose tissue is of metabolic interest. The tissue is however poorly explored in children.
Methods: Sixty-three 7-year old subjects from the Swedish birth-cohort Halland Health and Growth Study were
recruited. Care was taken to include both normal weight and overweight children, but the subjects were
otherwise healthy. Only children born full term were included.

Water-fat separated whole-body MRI scans, anthropometric measurements, and measurements of fasting
glucose and levels of energy homeostasis related hormones, including the insulin-sensitizer osteocalcin, were
performed. The fat fraction (FF) and effective transverse relaxation time (T5*) of suspected brown adipose tissue
in the cervical-supraclavicular-axillary fat depot (sBAT) and the FFs of abdominal visceral (VAT) and sub-
cutaneous adipose tissue (SAT) were measured. Volumes of sBAT, abdominal VAT and SAT, and thigh muscle
volumes were measured.

Results: The FF in the sBAT depot was lower than in VAT and SAT for all children. In linear correlations in-
cluding sex and age as explanatory variables, sBAT FF correlated positively with all measures of adiposity
(p < 0.01), except for VAT FF and weight, positively with sBAT T»>* (p = 0.036), and negatively with osteo-
calcin (p = 0.017). When adding measures of adiposity as explanatory variables, sBAT FF also correlated ne-
gatively with thigh muscle volume (p < 0.01).

Conclusions: Whole-body water-fat MRI of children allows for measurements of SBAT. The FF of sBAT was lower
than that of VAT and SAT, indicating presence of BAT. Future studies could confirm whether the observed
correlations corresponds to a hormonally active BAT.
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1. Introduction

The adipose tissue in humans can be crudely divided into two dif-
ferent types; brown (BAT) and white (WAT). BAT dissipates chemical
energy as heat when thermogenically active, a process known as non-
shivering thermogenesis, as opposed to the shivering thermogenesis of
muscles. This dissipation of energy might protect against fat accumu-
lation in energy storing WAT [1]. In infants, BAT is found mainly as an
interscapular depot, but also in the cervical-supraclavicular-axillary

region amongst other regions. However, with age the interscapular
depot vanishes or decreases significantly in size, and the cervical-su-
praclavicular-axillary depot becomes the main location of BAT, herein
denoted sBAT. In this depot, brown adipocytes are interspersed as
clusters between unilocular white adipocytes [2]. Studies in adults have
shown a negative association between BAT activity and adiposity [3,4].
There is optimism that the properties of BAT could be used to coun-
teract overweight and obesity [5].

In humans WAT is an active endocrine organ which secretes
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adipokines, such as adiponectin and leptin. There is support that these
hormones play a role in energy balance, insulin sensitivity, and fat
metabolism [6]. Furthermore, in rodents BAT plays an endocrine role
that differs from that of WAT, and there are indications that the same is
true for humans [7]. In adult humans, BAT has been shown to be highly
insulin sensitive [8]. By [18F]-ﬂudeoxyglucose (*®F-FDG) positron
emission tomography (PET)/computed tomography (CT) scanning of
adults, it has been shown that cold exposure activation of BAT increase
whole-body glucose disposal and insulin sensitivity [9].

Studies suggest that BAT is mainly regulated by sympathetic neu-
rons from several hypothalamic nuclei which are centrally stimulated
by e.g. leptin and bone proteins [10,11]. On the other hand, it has been
shown in humans that peripheral stimulation of BAT is exerted by cold
[9], and in mice by e.g. adiponectin [12].

Certain hormones produced by the skeletal muscle may promote the
recruitment of BAT [13]. In studies on rodents, it has been found that
endurance exercise training stimulates the recruitment of brown-like
adipocytes [13-15]. However, this effect has not been found in humans
[16,17]. On the other hand, positive correlations between muscle
quantity and BAT activity in humans have been reported in children
and adolescents [18] as well as in adults [19].

Osteocalcin is a hormone produced by bone cells and is a marker of
osteoblast activity and bone formation [20]. In mice it has been shown
that osteocalcin is, in its undercarboxylated form, released into the
blood stream and influences glucose metabolism by beta cell pro-
liferation, increasing insulin secretion and by increasing adiponektin
and thus augmenting insulin sensitivity in muscle and adipose tissue
[21]. In mice, the secretion of osteocalcin is stimulated by leptin [22] as
well as insulin [21]. Moreover, in mice it has been shown that osteo-
calcin is produced in BAT [23]. In vitro models have shown that os-
teocalcin stimulates thermogenesis in brown adipocytes [24]. In human
cell cultures, the secretion of osteocalcin has been observed to be sti-
mulated by adiponectin [25], but adiponectin also exert a direct effect
on BAT to reduce energy expenditure. In young adults, osteocalcin has
been shown to be negatively related to BMI and waist circumference
[26].

To characterize human BAT with non-invasive methods is challen-
ging. The pioneering, and still most widely used, method for estimating
BAT activity in humans is PET, using '®F-FDG as the radiotracer.
[4,27-29]. An alternative imaging method, free from ionizing radia-
tion, is magnetic resonance imaging (MRI). The lack of ionizing ra-
diation is especially useful for studies on children, or in longitudinal
studies, since the radiation the subjects otherwise would be exposed to
is considered potentially harmful. By acquiring gradient echoes at
multiple echo times, it is possible to perform water-fat separated MRI.
In addition to images of the water and fat signal components, it is also
possible to use the gradient echoes to calculate fat fraction (FF), i.e. the
percentage of the signal originating from fat, and effective transverse
relaxation time (T,*), a measure of how quickly the signal declines.

Differences in FF and T,* between BAT and WAT could be used to
differentiate and characterize the two tissues [30-32]. The FF and Ty*
in BAT is lower than in WAT in humans, likely because of differences in
mitochondrial abundance, triglyceride content, and vascularization
[30]. In adult humans, a higher FF and T»* in the sBAT depot has been
found to be associated with less cold activated BAT [33,34]. In these
studies, dynamic ®F-FDG PET scanning was used to quantify glucose
uptake rate of the sBAT depot during cooling. In [33], the glucose
uptake rate of sBAT correlated linearly with its FF measured during
ambient temperatures (R?> = 0.39) and during cooling (R? = 0.42), and
also with Ty* (R* = 0.43 respectively R? = 0.63). In [34], the differ-
ence between the glucose uptake rate of sSBAT and that of a reference
WAT region correlated linearly with the FF of sBAT measured during
ambient temperatures (R%2 = 0.56). In contrast, another study [35]
found no correlations between the FF or T,* of sBAT and different
measurements of the depot using '®F-FDG PET during individualized
cooling.
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In this study measurements (FF, To* and volumes) of sBAT using
water-fat separated MRI in children, a previously poorly explored group
when it comes to BAT, were performed. Associations between the sBAT
FF and the remaining sSBAT measurements, body composition measured
by MRI, anthropometric measurements, and energy homeostasis related
blood measurements, including novel measurements when it comes to
associations to BAT, were performed. The knowledge gained could
contribute to metabolic research with long-term objectives including
reliable non-invasive assessment of BAT amount, metabolic activity,
and function.

2. Subjects and methods
2.1. Study participants

Subjects were recruited from the Swedish birth-cohort on healthy
children Halland Health and Growth Study consisting of 388 children
born full term, as previously described [36]. Out of these children, 200
dropped out before follow up when 6.6 years old, leaving 188 children.
Eighty-seven of these were asked to be scanned using MRI, out of which
5 declined, leaving 82 participants. Those recruited for MRI scanning
were selected to consist of equal parts normal weight and overweight/
obese children based on their BMI at 5 years of age. For 12 of these
children, only the abdomen was scanned, leaving a total of 70 children
that underwent the whole-body MRI scanning. Out of these 70 children
a total of 7 children showed water-fat swaps in the cervical-supracla-
vicular-axillary area that were judged as too severe for sBAT FF to be
estimated. The remaining 63 children were included in this study.

2.2. Anthropometric measurements and serum sampling

At approximately age 6.6 years the children underwent anthropo-
metric measures and blood sampling. This was performed year round.
This was approved by the regional research ethics committee in Lund
(study number 2014/531). Written consent was obtained from the
parents involved as well as assent from all children to perform the ex-
amination.

The children were weighed in underclothes and measured to the
nearest 0.1 kg on electronic step scales (Tanita WB-100MA, Tanita,
Tokyo, Japan). Their height was measured to the nearest 0.1 cm with a
wall mounted stadiometer (Hyssna M, Hyssna, Sweden). Waist cir-
cumferences were measured midway between the iliac crest and lowest
rib after a gentle expiration. BMI and waist-to-height ratio (WHtR) were
calculated. Using their BMIs, the children were categorized into weight-
groups according to the cut-offs set out by Cole et al. [37]. Pubertal
status was assessed according to the definition by Tanner and White-
house [38].

Blood was sampled after a night's fasting. Sampling was performed
during the morning, typically between 8:00 AM and 9:30 AM. All blood
samples were immediately centrifuged, and sera were frozen at —80 °C
within 1 h.

Glucose was measured by an enzymatic method with hexokinase,
and insulin was measured by an electrochemiluminescence im-
munoassay, both on a Cobas 6000 analyzer (Roche Diagnostics GmbH,
Mannheim, Germany). The intra-assay coefficient of variation was 2.2%
for glucose and 2.0% for insulin. Total osteocalcin was measured using
an automated chemiluminescence immunoassay (IDS-iSYS N-MID®
Osteocalcin, IDS Immunodiagnostic Systems Deutschland GmbH,
Frankfurt am Main, Germany). Adiponectin concentrations were mea-
sured by ELISA (R&D System Inc., Minneapolis, MN, USA). Leptin
concentrations were measured by RIA (Merck Millipore, Darmstadt,
Germany). For coefficient of variations of these measurements at dif-
ferent concentrations, see Table S1 in the supplementary materials.
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Fig. 1. Axial FF images showing different delineations used. In a-c a representative normal weight subject, in d—f a representative obese subject. Both subjects are
females. In a/d images of the sSBAT depot are shown. The red delineations were manually created. The green delineations, containing only voxels with a FF = 30%,
were used for measuring the sBAT volumes. In b/e images centered on the umbilicus are shown. The areas delineated in red were used for measuring the SAT
volumes and the areas delineated in green were used for measuring the VAT volumes. In ¢/f images of thighs are shown. The areas delineated in red were used for
measuring the thigh muscle volumes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Magnetic resonance imaging

At approximately age 7 years the children were scanned using a
whole-body MRI protocol. Scanning was performed year round. This
was approved by the regional research ethics committee in Gothenburg
(study number 375-15). Written consent was obtained from the parents
involved. The children were informed about the procedure of the ex-
amination and gave their assent.

The scanning was performed at normal room temperature without
cooling. The children could listen to audio or watch a video of their
choice during the examination. The children were in supine position
during scanning, and no sedation or anesthesia was used. On the day of
the MRI examination the children had eaten a fat-free breakfast. The
breakfasts were provided by the families at home. They had received
written and oral instructions for the contents of the breakfast. All dairy
products were prohibited, as well as eggs, meat, and fat containing
toppings for sandwich/toast, e.g. peanut butter or chocolate. They were
recommended white bread with jam, fruits, and juice.

The children were examined with a whole-body 3D fast spoiled
gradient 6-echo sequence (IDEAL-IQ), using a 3.0 T clinical MR system
(Discovery 750w, GE Healthcare, Waukesha, WI, USA), producing
water, fat, FF, and T,* images. A combination of a 19-elements head
coil, 32-elements body coil, and a 36-elements peripheral vascular
array was used. MRI was performed at 10 stations of 28 transversal
slices each. At four stations images were acquired during breath hold,
the children had been trained to hold their breath beforehand.

For most of the included subject the following scan parameters were
used: repetition time = 6.2ms, echo times = 0.9-4.6ms, flip
angle = 3°, echo train length = 3, receiver bandwidth = * 111 kHz,
field of view =48 x 28.8cm? acquisition matrix = 160 x 128,
number of excitations = 0.69, parallel imaging (ARC) acceleration
factor =2 in both phase and slice direction, nominal resolu-
tion = 1.88 x 1.88 x 6 mm>. The scan time per station was 13 s, with a
total scan time of 10-12 min.

For 5 of the included subjects the some scanning parameters were
slightly different, with the following parameters being the main di-
vergence: field of view =42 x 25.2cm?  acquisition ma-
trix = 128 x 116, nominal resolution = 1.64 X 1.64 x 6 mm?>.

2.4. Segmentation and measurement of sSBAT

A standardized manual delineation in the cervical-supraclavicular-
axillary area was performed in a manner similar to that described in a
previous publication [39]. The delineation mainly included the sBAT
depot, but also the interscapular depot, which is much smaller than the
sBAT depot in this age group. For simplicity, all the fat depots within
the delineation are referred to as sBAT in this manuscript. Delineation
was performed from the first axial slice above the heart to the last slice
where the sBAT depot was visible.

For measuring the sBAT volume, only the voxels with a FF = 30%
(considered as likely BAT) within the delineation were included.

For measurements of FF and T,* at first voxels with a FF = 30%
were segmented and thereafter eroded using a 6-neighborhood struc-
tural element to decrease the effect of partial volumes. The remaining
voxels within the manual delineation were used for calculating the
values. The mean FF was calculated, and T,* was calculated as the
inverse of the mean effective transverse relaxation rate.

The reason for setting the FF cutoff to 30% and not to 50% (as for
visceral (VAT) and subcutaneous adipose tissue (SAT), see below) for
the sBAT was that otherwise the resulting volume would in many cases
be extremely small. In some cases no voxels would remain after erosion.

For an unbiased comparison of the FF of the sBAT depot to the FFs
of VAT and SAT, measurements of sSBAT FF were performed as above,
but the FF cutoff was set to 50%. This was solely done for these com-
parisons. The resulting FFs are not presented or used in regressions.

An example of the manual delineation and the voxels used for vo-
lume measurement can be seen in Fig. 1a.

2.5. Segmentation and measurement of VAT and SAT

Measurements of VAT and SAT were centered on the umbilicus and
spanned 162 mm in the feet-head direction. The body was segmented
from the background using threshold levels determined slicewise using
Otsu's method [40] on the sum of the water and the fat images. Arms
were automatically removed by considering only the largest connected
component. VAT and SAT were automatically segmented using the in-
side lean tissue filter [41], with voxels of FF = 50% considered as
adipose tissue. Bones and adipose tissue near the spine belonging to
neither depot were manually removed. Errors of the automated method
were manually corrected. The volumes were measured. Erosions were
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performed separately for VAT and SAT using a 6-neighborhood struc-
tural element before FFs were measured as the mean in the remaining
volumes. This erosion was performed to decrease the effect of partial
volumes. To* was not measured due to poor quality. An example of the
resulting volumes used for measuring volumes can be seen in Fig. 1b.

2.6. Segmentation and measurement of thigh muscles

Thigh muscle volumes were automatically measured. The volumes
were measured over 96 mm in the feet-head direction, with the topmost
slice of the volume manually defined as the slice below the bottommost
slice in which the gluteus maximus muscle was visible. Background was
removed in the same way as for the VAT and SAT measurements. The
remaining voxles with a FF = 50% were removed, and finally only the
two largest remaining connected components (the muscles of the two
thighs) were kept. Volumes were measured. A resulting segmentation
can be seen in Fig. 1c.

2.7. Statistics

The FF of sSBAT was compared to that of VAT and SAT. Correlations
between sBAT FF and other parameters were studied using multiple
linear regressions, with adjustment for age at the time of the MRI ex-
amination and sex. Multiple linear regressions were also performed
with the addition of adjustment for adiposity by means of BMI or SAT
volume. The reasons for selecting these two measurements for re-
presenting adiposity were that BMI is a common anthropometric mea-
surement, and SAT volume, with the exception of sBAT volume, was
observed to be the volumetric MRI measurement with the highest
correlation to sBAT FF. p-Values < 0.05 were considered statistically
significant.

3. Results

Sixty-three children underwent whole-body MRI scans at ages
6.97-7.47 years. Thirty-four of the children were males, and 29 fe-
males. Two children had thinness, 38 were normal weight, 19 were
overweight, 3 were obese, and one was morbidly obese. They were all
found to be prepubertal. With a couple of exceptions, they were all of
Western European decent. Characteristics of the included children are
shown in Table 1. In Tables S2 and S3 in the supplementary materials
the characteristics for groups split by sex respectively weight class are
shown. The highest measured sBAT FF was lower than the lowest
measured FF in both SAT and VAT. This was true both when setting the
SBAT cutoff to 30%, as can be seen in Table 1, and also when setting the
cutoff to 50%.

The results of the multiple linear regressions for sBAT FF against the
other parameters, with age and sex as additional explanatory variables,
are shown in Table 2. The same regressions, but with sSBAT volume
replacing sBAT FF can be found in Table S4a and b in the supplemen-
tary materials. The different measurements reflecting adiposity, with
the exception of weight and VAT FF, but including leptin, correlated
positively with sBAT FF. Additionally, sBAT Ty* correlated positively
and osteocalcin correlated negatively with sBAT FF.

The results of the multiple linear regressions for sBAT FF against
thigh muscle volume and blood serum analyses, with age, sex, and BMI
as explanatory variables, are shown in Table 3. The results of the same
regressions, but with SAT volume as an explanatory variable instead of
BMI, are shown in Table 4. In these regressions, thigh muscle volume
and osteocalcin correlated negatively with sBAT FF, while no correla-
tion was found between leptin and sBAT FF. Additionally, the same
regressions, but with SAT FF replacing BMI or SAT volume as an ex-
planatory variable, can be found in Table S5a, and the same regressions
with both SAT FF and SAT volume as explanatory variables can be
found in Table S5b, both in the supplementary materials.

Selected individual coefficient plots [42] are shown in Fig. 2.
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Table 1

Characteristics of the included subjects (n = 63).
Variable Mean Standard deviation Range
Age [years] 7.15 0.12 6.97-7.47
Weight [kg] 25.3 4.0 18.6-35.0
Height [cm] 122.4 4.8 114.0-131.5
WC [em] 56.7 5.0 48.5-71.5
BMI [kg/mz] 16.8 2.1 13.0-22.4
WHtR 0.464 0.037 0.396-0.581
MRI data
SBAT FF [%] 57.2 5.2 44.8-68.6
SBAT T,* [ms] 8.7 2.7 3.1-17.2
SBAT volume [1], n = 62 0.048 0.026 0.017-0.181
SBAT volume [1], n = 61° 0.046 0.019 0.017-0.109
VAT FF [%], n = 61 86.1 1.9 80.6-89.8
VAT volume [1], n = 62 0.19 0.15 0.05-0.97
VAT volume [1], n = 617 0.17 0.11 0.05-0.53
SAT FF [%], n = 61 88.8 29 80.3-93.3
SAT volume [1], n = 62 1.21 0.60 0.33-3.07
Thigh muscle volume [I], n = 62 1.13 0.18 0.83-1.55
Serum analyses
Insulin [pmol/1], n = 56 32 14 6-72
Glucose [mmol/1], n = 53 4.54 0.49 3.0-5.3
Osteocalcin [ug/1], n = 61 113 32 20-192
Adiponectin [mg/1], n = 61 10.4 5.1 2.1-29.8
Leptin [pg/1], n = 60 5.3 2.8 2.0-15.4

In case data was not available for all subjects, the number of included subjects is
noted.
2 Excluding one extreme outlier, same subject in both cases.

4. Discussion

To our knowledge, this is the first study to show a negative corre-
lation between the sBAT FF and the serum osteocalcin concentration in
humans. The correlation was found both with and without correction
for adiposity. This finding led us to hypothesize that osteocalcin may
have a direct or indirect influence on energy expenditure. It can also be
interpreted as BAT stimulating bone anabolism [43]. Previous papers
have shown a correlation between bone structure and BAT [19,44,45].
Moreover, recently it was shown in vitro in mice that osteocalcin in part
regulates energy homeostasis by regulating BAT thermogenesis [24].
On the other hand, osteocalcin could also be produced in BAT itself, as
it recently was shown in male mice that the osteocalcin gene is upre-
gulated in bone and BAT after cold-stress [23].

After correction for adiposity, a negative correlation between thigh
muscle volume and FF in sBAT was found. No correlation was found
without correction for adiposity, probably due to positive correlations
between adiposity and both thigh muscle volume (correlations in Table
S6 in the supplementary materials) and sBAT FF. On the other hand, the
correlation found after correction for adiposity could potentially be due
to mediation via irisin, fibroblast growth factor 21, interleukin-6, or
some other myokine released during physical activity [13], although
such hormones were not measured in this study. This finding is in line
with a previous retrospective study in children and adolescents, in
which a positive association between neck and gluteus muscle volumes
and the presence of active BAT was observed [18]. Our findings are also
supported by findings in adults, with a positive correlation between
active BAT volume and thigh muscle cross sectional area [19]. In
contrast, a paper studying young adult men during cold exposure using
18E.FDG PET/CT found that endurance trained individuals had less BAT
activity compared to sedentary individuals [16]. A similar study on
young adult women found no correlation, but a trend towards less BAT
activity in the physically active group [17].

The current findings of BAT in correlation to osteocalcin and thigh
muscle volume are interesting as it is since decades known that there is
a strong correlation between bone and muscle mass [46]. Further, in
mice it has been shown that osteocalcin, during exercise, improves
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sBAT FF in linear regressions against other measurements, with correction for sex and age (n = 63).

Independent variable Beta of independent variable [95% confidence interval]

Adjusted R?

p-Value of independent variable p-Values of explanatory variables (sex/age)

Weight [kg] 0.27 [—0.06 0.60]

Height [cm] —0.26 [—0.55 0.02] 0.02
WC [cm] 0.37 [0.12 0.63] 0.09
BMI [kg/m?] 1.0 [0.4 1.6] 0.13
WHtR 68 [37100] 0.21
MRI data

SBAT Ty* [ms] 0.52 [0.04 1.01] 0.04
SBAT volume [1] 123 [80166] 0.33
SBAT volume® [1] 200 [149251] 0.50
VAT FF [%] 0.48 [-0.21 1.17]

VAT volume [1] 14 [5 23] 0.13
VAT volume® [1] 23 [11 34] 0.18
SAT FF [%] 1.0 [0.6 1.4] 0.25
SAT volume [1] 4.1 [2.0 6.1] 0.18
Thigh muscle volume [I] —1.0[-9.27.2]

Serum analyses

Insulin [pmol/1] 0.038 [—0.073 0.149]

Glucose [mmol/1] 0.63 [—2.59 3.85]

Osteocalcin [pg/1] —0.058 [—0.105-0.011] 0.06
Adiponectin [mg/1] —0.060 [—0.347 0.228]

Leptin [ug/1] 0.80 [0.29 1.32] 0.11

< 0.01 0.10 (0.82/0.51)
0.068 (0.83/0.22)
0.0051 (0.68/0.60)
0.0013 (0.97/0.44)
5.8e-05 (0.82/0.46)
0.036 (0.92/0.67)
4.1e-07 (0.80/0.59)
1.1e-10 (0.78/0.80)
< 0.01 0.17 (0.88/0.32)
0.0017 (0.94/0.32)
0.00027 (0.83/0.30)
2.0e-05 (0.14/0.36)
0.00023 (0.30/0.29)
< 0.01 0.81 (0.94/0.36)
< 0.01 0.49 (0.87/0.46)
< 0.01 0.69 (0.55/0.69)
0.017 (0.23/0.71)
< 0.01 0.68 (0.84/0.50)
0.0029 (0.18/0.42)

Statistically significant p-values in bold.
2 Excluding one extreme outlier, same subject in both cases.

muscle function, promotes muscle uptake and utilization of glucose and
fatty acids, and promotes muscle interleukin-6 secretion [47]. The Utah
paradigm of skeletal physiology states that bone and muscle form a kind
of operational unit. Could the bone-derived osteocalcin be the link
between bone, muscle, and BAT? Some findings support the view of
BAT and skeletal muscle being synergistic partners [48]. Indeed, as
mentioned above, correlations between bone structure and BAT have
been reported before [19,44,45,49]. It is possible that BAT stimulates
bone anabolism, and that the two tissues communicate via secreted
factors [49].

Previous studies in adults have shown a negative association be-
tween BAT activity and adiposity [3,4]. Furthermore, sBAT FF has been
found to be positively associated with BMI and weight in the age group
9.2-19.0 years [50], and another study on children aged 9-15 years
found that obese children showed higher FF in sBAT than normal
weight children [51]. In a study on prepubertal children aged
6.5-10.2years, where measurements of the supraclavicular region by
thermal imaging before and after a cold stimulus was used to assess BAT
activity, a higher BAT activation associated with a lower amount of
visceral fat and with a favorable metabolic profile [52]. With this in
mind, the observed positive correlations between sBAT FF and adiposity
measurements, including those measured using MRI, in this study were
expected. This link is probably due to the mixture of brown and white
adipocytes in sBAT and the ‘whitening’ of brown adipocytes when in-
active [53]. The only measures of adiposity that did not correlate with
SBAT FF were weight and VAT FF. The lack of a correlation between
SsBAT FF and weight is probably due to the strong and well known
correlation between absolute weight and height (also found in this

Table 3

population, correlation presented in Table S7 in the supplementary
materials). The significant correlation between sBAT FF and SAT FF,
but not with VAT FF is potentially an indication that the sBAT depot is
more closely related to the SAT than to the VAT in this 7 year-old co-
hort. In rodents, there have been studies that show that SAT is more
prone to switch to brown fat-like behavior as a consequence of exercise
training than VAT [13], which could be construed as support of this
thesis.

Even the highest measured FF in sBAT was lower compared to the
lowest value in SAT or VAT in these young children, which indicates the
presence of BAT [30-32]. The children in this study had sBAT FFs
higher than what has previously been measured in infants [50], but
lower than children aged 9.2-19.0 years [50], and even lower com-
pared to adults [31,32,39]. Although it should be noted that it is dif-
ficult to compare these values between studies due to methodical dif-
ferences. There is currently no consensus of how these measurements
should be done.

A significant positive correlation between sBAT-FF and sBAT-T,*
was found in this study. A similar finding in children has been reported
earlier [50]. This is likely due to both a decreased triglyceride content
and an increase of the vascularization and the number of mitochondria
in BAT as compared to WAT. This correlation could be seen as an in-
dication that the measured sBAT indeed consists at least partly of BAT.

Previous retrospective studies of pediatric patients that had been
scanned using '®F-FDG PET/CT at ambient temperatures found no
difference in BAT activity between the sexes [54,55]. One of the studies
found a nonlinear correlation between BAT activity and age [54], while
the other found that the detection of BAT by '®F-FDG uptake was less

SBAT FF in linear regressions against thigh muscle volume and serum analyses, with correction for sex, age, and BMI (n = 63).

Independent variable Beta of independent variable [95% confidence

interval]

Adjusted R?

p-Value of independent variable p-Values of explanatory variables (sex/age/

Thigh muscle volume [1]
Insulin [pmol/1]
Glucose [mmol/1]
Osteocalcin [ug/1]
Adiponectin [mg/1]
Leptin [pg/1]

—17 [-26-8]

—0.082 [—0.202 0.039]
0.0045 [—3.0480 3.0570]
—0.054 [—0.097-0.011]
—0.030 [—0.293 0.233]
0.22 [—0.66 1.09]

BMI)
0.28 0.00050 (0.34/0.041/3.6e-06)
0.16 0.18 (0.88/0.57/0.00073)
0.08 1.00 (0.59/0.58/0.0073)
0.22 0.014  (0.30/0.69/0.00063)
0.13 0.82  (0.96/0.47/0.00085)
0.14 0.62 (0.63/0.44/0.11)

Statistically significant p-values in bold.
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Table 4
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sBAT FF in linear regressions against thigh muscle volume and serum analyses, with correction for sex, age, and SAT volume (n = 62).

Independent variable Beta of independent variable [95% confidence

interval]

Adjusted R?

p-value of independent p-values of explanatory variables (sex/age/SAT

—12 [-20-4]

—0.079 [—-0.189 0.032]
—0.78 [—4.01 2.45]
—0.055 [—0.097-0.013]
—0.030 [—0.285 0.225]
—0.086 [—0.900 0.727]

Thigh muscle volume [1]
Insulin [pmol/1]
Glucose [mmol/1]
Osteocalcin [pg/1]
Adiponectin [mg/1]
Leptin [pg/1]

variable volume)
0.28 0.0045 (0.046/0.043/3.8e-06)
0.22 0.16  (0.27/0.40/8.4e-05)
0.14 0.63 (0.17/0.51/0.0014)
0.27 0.011 (0.92/0.56/6.7e-05)
0.18 0.81 (0.30/0.35/0.00017)
0.19 0.83  (0.24/0.33/0.010)

Statistically significant p-values in bold.

frequent in prepubertal than in pubertal subjects [55]. Sex and age were
only significant contributors in a few of the correlations in this study,
and even in these cases the p-values were relatively high (> 0.04).
These significant values could likely be explained by multiple testing.
The lack of significance is probably due to that the cohort studied was
homogenous. The age range was very narrow and the children pre-
pubertal without influence of sex hormones.

Again, studies in adults using '®F-FDG PET/CT after cold activation
has shown a significant impact of BAT on glucose metabolism [9,56].
However, in our study no correlations between sBAT FF and fasting
levels of markers related to glucose homeostasis, such as adiponectin,
glucose, or insulin, with or without correction for adiposity, were
found. The reason for this could be that the studied children are young
and relatively healthy, and have not yet developed any severe symp-
toms of the metabolic syndrome such as increased glucose levels, and in
that sense are too homogenous. Interestingly, serum adiponectin did
not correlate at all with adiposity in this healthy population (correla-
tions presented in Table S8 in the supplementary materials), and
therefore the lack of a correlation to sBAT FF not surprising.

Serum leptin levels and sBAT FF correlated, but not when correction
for adiposity was performed. Without adiposity correction, the

explanatory power of leptin was lower than that of most measures of
adiposity, and leptin is known to correlate well with adiposity both in
children [57] and in adults [58], and did so in this study as well (cor-
relation presented in Table S9 in the supplementary materials). This
likely explains the lack of a correlation when correcting for adiposity.

As mentioned in Section 1, some studies have found negative cor-
relations between sBAT FF and glucose uptake rate of the sBAT depot
during cooling [33,34], while another study failed to find such a cor-
relation [35]. While it is likely that the sBAT FF to some degree reflects
the tissue's potential for cold activated energy expenditure, it is not a
certainty.

Finally, it should be noted that the study is limited in that the
whole-body protocol employed was not optimized for measuring the FF
of sBAT, VAT, or SAT. A protocol designed for this could potentially
result in stronger correlations. Further, it was noted that the T»* in the
SBAT area measurements varied considerably, with some voxels having
extremely high values, but more voxels having extremely low values. It
is therefore likely that the calculated T»* values were underestimated.
An additional weakness is that the MRI examinations were performed
approximately half a year after the anthropometric measurements and
blood sampling. This may have weakened the correlations. Since BAT

Individual coefficient plots
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Fig. 2. Individual coefficient plots for the measurements indicated along the x-axis against sSBAT FF. The solid lines represent fitted regression lines and the dotted
curves represent the corresponding 95% confidence bounds. All values are adjusted for sex and age, additionally, the values in plot b are adjusted for SAT volume. All
plots include all data points, except for plot e, which excludes an outlier with an extreme VAT volume, indicated with ¥ in plot d.
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and WAT co-exist in the sBAT depot, the measured values most likely do
not purely reflect upon the properties of the brown adipocytes. This
problem would exist even if 1®F-FDG scans were available to use as a
reference, although it could possibly be mitigated to some degree by
focusing the measurements in the areas with a higher '®F-FDG uptake.

5. Conclusions

It was found that whole-body water-fat MRI of children allows for
measurements of SBAT. The FF of sBAT was lower than that of VAT and
SAT, indicating presence of BAT. Expected positive associations be-
tween sBAT FF and adiposity measurements, including serum leptin
levels, were found. Additionally, a negative association to thigh muscle
volume after adiposity correction and a negative association to osteo-
calcin concentration, with and without correction for adiposity, were
found. This could imply a hormonal active BAT.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.02.001.
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