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Background: Brown adipose tissue (BAT) activity is triggered by cold exposure resulting in an increased
resting energy expenditure, called cold-induced non-shivering thermogenesis (CIT). Magnetic resonance
(MR)-based proton density fat fraction (PDFF) of the supraclavicular fossa has been proposed as a surrogate
marker of human BAT. The present study investigates supraclavicular PDFF in relation to CIT.

Methods: For this prospective cross-sectional study 39 adults were recruited, from a cross-sectional study,
exploring energy expenditure after cold exposure compared to thermoneutral conditions. Participants
underwent additional MR examination of neck, pelvis, and abdomen. Supraclavicular and subcutaneous
gluteal adipose tissue depots were segmented semi-automatically. Mean PDFF was assessed for each
compartment and the delta PDFF was calculated as the difference of both. Correlation analysis of
supraclavicular PDFF to CIT was performed for the whole cohort and subgroups, sorted by body mass index
(BMI) and body fat percentage.

Results: Median age of participants (61.5% female) was 27 years. BMI ranged from 19.0 to 38.5 kg/m’,
with body fat percentages from 4.6% to 45.3%. Median supraclavicular PDFF of 82.5% and median gluteal
PDFF of 91.1%, were significantly different (P<0.0001). Median delta PDFF was 8.8% (3.9-21.9%). Mean
CIT was 4.7%+9.0%. No statistically significant correlation of supraclavicular PDFF and CIT was found in
the whole cohort and in most of the observed subgroups. Just the subgroup with normal body fat percentage
revealed significant correlations between supraclavicular PDFF and CIT (rho =-0.59; P=0.003). Delta PDFF
was significantly associated with CIT (rho =0.36; P=0.026).

Conclusions: PDFF is influenced by adiposity. Therefore, if supraclavicular PDFF is used as approach
to indirectly assess BAT presence, body composition should be considered. Delta PDFE, as the difference
between gluteal and supraclavicular PDFF, may be a marker of CIT.

Keywords: Magnetic resonance imaging (MRI); brown adipose tissue (BAT); cold-induced thermogenesis (CIT);
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Introduction

Brown adipose tissue (BAT) differs from white adipose
tissue (WAT) in its distribution, morphology, and function.
While white adipocytes are primarily responsible for
energy storage, brown adipocytes are highly specified to
produce heat for human thermoregulation by non-shivering
thermogenesis (1). The supraclavicular fossa represents a
typical adipose tissue depot containing BAT, WAT; as well
as white adipocytes undergoing browning—a crossover
with ability of both thermoregulation and energy storage
depending on external regulation and often referred to as
beige adipocytes (2,3). In general, it is a matter of debate
as to whether BAT may play a role in human energy
metabolism. However, in an activated state, BAT can increase
energy expenditure by up to 400 kilocalories (kcal) per day
(4,5) and may reduce insulin resistance by meal induced
glucose consumption and triglyceride clearance (6,7).
Since obesity plays a leading role in public health (8), those
findings indicate BAT as a promising treatment target (9).
BAT activation can also be induced by cold exposure,
resulting in an increase of resting energy expenditure
(REE) (10), which is especially triggered by activation
of the sympathetic nervous system (11). This increase in
calorie combustion is measured by indirect calorimetry and
referred to as cold-induced thermogenesis (CIT) (12).
Fluorine-18 fluorodeoxyglucose ("*F-FDG) positron
emission tomography (PET) is considered as the gold
standard method for non-invasive BAT detection (13),
even though its use is limited due to exposure to ionizing
radiation, the type of tracer used (mainly glucose), and the
method being bound to a metabolically active status of
BAT. Magnetic resonance imaging (MRI) is an upcoming
method for BAT imaging, mainly using water-fat imaging
techniques to calculate tissue fat fraction both statically
(14,15) and dynamically (16-23). Working with cooling
protocols for BAT activation, while simultaneously
observing changes in fat fraction, multiple studies have
reported significant drops in fat fraction when observing
BAT depots during cold exposure (16-23). In addition,
fat fraction mapping at thermoneutral conditions rests on
morphometric differences in adipose tissue types, with
BAT exhibiting a lower fat fraction than WAT (15,24),
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rendering MRI a potential modality for BAT detection
regardless of its activation state (25). By now, the lower
fat fraction of BAT has been validated in humans by
histological and immunohistochemical confirmation (26,27)
and by PET (25,28,29). Advances in fat fraction mapping
rely on the extraction of the proton density fat fraction
(PDFF), a standardized quantitative MRI-parameter
based on a chemical-shift encoding-based water-fat
separation, additionally accounting for known confounding
factors (multiple fat peaks, T,* decay, T, bias-effects).
PDFF is already well established in MR-based metabolic
phenotyping (30), for example in liver (31) and bone
marrow imaging (32). A consensus implemented PDFF as
MR-based biomarker for standardized fat quantification (33)
and some studies have employed PDFF to study human
supraclavicular fat (34-38). Consequently, exploring the
quantitative relation of CIT and supraclavicular PDFF
has been of rising interest, but so far no stable quantitative
correlation of PDFF and CIT has been reported (39).

The lack in consistent outcomes in supraclavicular
PDFF mapping could be based upon some confounding
factors: First, supraclavicular fat is a mixture of brown,
beige, and white adipocytes in varying proportions
(40,41) and therefore BAT is hard to detect via MRI with
limited resolution and partial volume effects embedded in
complex anatomy. Thus, results are highly dependent on
segmentation methods, for example small manually selected
regions of interest (ROI) compared to segmenting the
entire supraclavicular fossa. Second, adipose tissue PDFF
in itself, both in potentially BAT-containing areas and in
pure WAT, can differ noticeably between individuals and
shows correlations to body mass index (BMI) and other
anthropometric markers (34). Persons with overweight
display a greater proportion of WAT, impairing the
sensitivity of supraclavicular PDFF measurements.

In the present study, a breathing-triggered acquisition,
and a reproducible segmentation technique, covering the
whole supraclavicular fossa, are combined with referencing
supraclavicular PDFF to gluteal subcutaneous PDFE, to
compensate for interindividual and body compositional
PDFF variability. The main purpose of the present work
was to investigate the association between supraclavicular

PDFF and CIT, while considering adiposity and gluteal
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Table 1 Characteristics of study population

Characteristics Value
N 39
Female, n (%) 24 (61.5)

Normally distributed, mean + SD
[range]

Weight, kg

Height, cm

BF%, %

TF%, %

CIT, %

Not normally distributed

Age, years

BMI, kg/m?

SAT volume (normalized to trunk
length), mL/cm

VAT volume (normalized to trunk

77.3+17.1 [50.1-121.4]
174.3+10.5 [157.2-195.2]
25.2+11.6 [4.6-45.3]
30.0+11.7 [11.4-67.2]
4.7+9.0 [-10.6 to 24.3]

27 [20-53]
23.2 [19.0-38.5]
114.6 [28.6-447.8]

23.3[4.0-184.2]

length), mL/cm
Supraclavicular PDFF, % 82.5[69.7-88.1]
Gluteal PDFF, % 91.1 [82.3-93.5]

Delta PDFF, % 8.8 [3.9-21.9]

BF%, body fat percentage; BMI, body mass index; CIT, cold
induced thermogenesis; n, number of participants; PDFF, proton
density fat fraction; SAT, subcutaneous adipose tissue; TF%,
trunk fat percentage; VAT, visceral adipose tissue; SD, standard
deviation.

subcutaneous PDFF as confounding factors.

We present the following article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-986/rc).

Methods
Study design

For this bicentric prospective cross-sectional study
conducted at the Technical University Munich, adult
volunteers were recruited from a cross-sectional study
implemented by the Institute for Nutritional Medicine,
School of Medicine, Technical University of Munich (42),
which investigated the impact of cold exposure on REE.
All procedures performed in this study were conducted in
accordance with the Declaration of Helsinki (as revised in
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2013). Study protocols and procedures were approved by
the Ethics Committee of the Faculty of Medicine of the
Technical University of Munich, Germany. And informed
consent was taken from all individual participants. The
study was registered at the German Clinical Register DRKS
(accession number: DRKS00016629).

Participants

Inclusion criteria were defined as healthy, non-smoking, less
than 10 h of vigorous exercise per week, Caucasian descent,
and stable body weight within the last three months
(<3 kg change in body weight). Pregnant and breast-feeding
women were excluded. REE measurements were conducted
from October 2016 to February 2020. From January 2019
to January 2020, 174 participants of the first study part
received an invitation for additional MRI examination.
Forty-one participants accepted invitation, were screened
for standard contraindications for MRI and an appointment
for MRI examination was set for the next possible date. One
participant was excluded due to MRI contraindications.
Thus, MRI data was gathered for 40 participants. One of
whom showed outlying CIT values in the Grubb’s test was
excluded from the current analysis, leaving 39 participants
(24 female, 15 male) for statistical analysis. Characteristics
of the final cohort are presented in 7able 1. Due to the study
design, time periods in between both appointments show a
wide variation with a median of 411 days (-7 to 928 days)
and a flow chart illustrating the recruitment process can be
found in the supplementary material (Figure S1).

Anthropometric measurements

Body height was measured with a stadiometer (Seca,
Hamburg, Germany). Body weight and body composition
were measured by bioelectrical impedance analysis (BIA)
on a TANITA Body Composition Analyzer Type BC-
418 MA (Tanita Europe GmbH, Sindelfingen, Germany).
Measurements were performed barefoot and in underwear,
on the same day as the CIT examination. BMI was
calculated based on weight and height. Body fat percentage
(BF%) was calculated as the ratio of body fat mass in
kilograms to body weight in kilograms.

CIT measurements

REE was assessed by indirect calorimetry, under
thermoneutral conditions (REE ) and under cold exposure
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(REEy). For indirect calorimetry, measuring consumption
of oxygen (VO,) and production of carbon dioxide (VCO,),
a ventilated canopy hood system by Cosmed (COSMED
Quark RMR, Fridolfing, Germany) was used. Under both
thermal conditions, measurements were performed over
a time frame of 30 min, during which individuals should
reach steady state. Steady state was defined as stable period
of at least 4 min with less than 10% variance in VO, and
VCO,. The respiratory quotient (RQ) was calculated as the
ratio of VCO, and VO,. Energy expenditure was calculated
according to the shortened Weir equation (43).

Controlled thermal environment was achieved utilizing
a combination of a water perfused blanket and mattress,
allowing a precise regulation of water temperature.
First REE [\ was assessed with water temperature set to
32 °C. Afterwards cold exposure was conducted by an
individualized cooling protocol, guaranteeing participants
were kept above their individual shivering threshold. Water
temperature was reduced gradually until when shivering
occurred water temperature was raised by 2 °C. Thus,
determined individual exposure temperature was maintained
for 120 min, before REE; was assessed. The approach was
described in detail elsewhere (42). For the calculation of
CIT, REE | was used as baseline and was set in relation to
the difference of REE | and REEy, generating CIT values
expressed in %.

MRI measurements

Participants underwent an MRI of the neck and abdomen/
pelvis on a 3T-system (Elition, Philips Healthcare, Best,
Netherlands) in an air-conditioning-controlled scanner
room with a steady ambient temperature of 21 °C, using a
head-neck-coil and a combination of anterior and posterior
coil arrays, respectively. Time for adequate acclimatization
was given before the scan while the procedure was
explained, and final consent was collected.

Supraclavicular and gluteal PDFF mapping

An axial six-echo multi-echo 3D-spoiled gradient echo
sequence with bipolar readouts was acquired, of both
the neck and pelvic region. A six-echo acquisition was
employed to correct for T,* decay effects and extract the
PDFF (instead of a signal-weighted fat fraction) in the
supraclavicular and gluteal regions (14,44,45). Based on
localizer sequences, scans were carefully planned. The neck
sequence covered the supraclavicular fat depot including the
coracoid process and vocal cords. The pelvic sequence was
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positioned in the upper pelvic region, for detailed imaging
of subcutaneous adipose tissue (SAT) posterior of the iliac
bone, corresponding to the gluteal region. Pelvic scans were
performed during free breathing, whereas the neck region
required respiratory triggering to reduce motion artifacts.
The respiratory motion was monitored constantly by
breathing belt measurements. Acquisitions only took place
in expiration. Imaging parameters are listed in Table 2. After
phase error correction, the multi-echo data was processed
using a complex-based water-fat separation algorithm
accounting for known confounding factors (multi-peak fat
spectrum and single T,* decay correction) using the online
vendor’s algorithms, resulting in PDFF maps of neck and
upper pelvis (46). The multi-peak fat spectrum from (47)
was employed.

Two stacks of axial two-echo Dixon 3D spoiled gradient
echo images were acquired to cater information about
abdominal SAT and visceral adipose tissue (VAT) volumes.
The sequence covered the trunk at least from liver dome
to femoral head. Data was acquired while participants
performed breath-holds (10.6 s for each stack).

Imaging data analysis

Supraclavicular and gluteal PDFF maps segmentation
Manual segmentation work was conducted using I'TK-
SNAP 3.8.0 (www.itksnap.org) (48), by an experienced
researcher (fifth year of medical training). Supraclavicular
PDFF was assessed segmenting the supraclavicular fat
depot bilaterally. First, the ROI was manually outlined on
every second slice in axial plane, starting from the coracoid
process, which was defined as the caudal border and ending
at the vocal cords, representing the cranial border. With
interpolation a 3D-mask was created, generating the volume
of interest (VOI). Non-adipose tissue was excluded applying
a PDFF- and T,*-threshold (Python language version 2.7;
Python Software Foundation, https://www.python.org/).
PDEFF values below 50% were excluded, ruling out muscle,
vessels and lymph nodes typically exhibiting lower PDFF
values. Bone was excluded by excluding T,* values lower
than 5 ms. The here assessed T,*-values are derived from
a water-fat signal model assuming a common T,* decay
for both the water and fat components, which is sufficient
for T,* decay correction and segmentation. Finalizing the
segmentation mask, an erosion step (using a spherical kernel
and one iteration) was executed in MATLAB (MathWorks,
Natick, MA, USA) to reduce partial volume effects. An
example is shown in Figure 1.
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Parameters Two-echo Dixon, SAT/VAT volume Six-echo Dixon, supraclavicular PDFF  Six-echo Dixon, gluteal PDFF
TR, ms 4.0 7.8 8.3
TE1/TE2/ATE, ms TE1 =1.32 TE1 =1.24 TE1 =1.34

TE2 =2.60 ATE =1.00 ATE =1.10
Flip angle 10° 5° 5°
Bandwidth, Hz/pixel 1,004 1,413 1,437
Acquisition matrix size 332x219x44 268x201x93 200x267x40
Reconstruction matrix size 512x512 288x288 320320
Field of view (FOV), mm® 500x445x220 400x300x140 400x400x60
Acquisition voxel 1.5%2.03%5.0 1.5x1.5x1.5 1.5%x1.5x1.5

Reconstructed voxel, mm?® 0.98x0.98x5.00
Slices 44

SENSE reduction factor 2.5x1.0 (AP 2.5)

Partial Fourier 075x0.80
Respiratory triggering No
Scan time 10s

1.389x1.389x1.500

1.25x1.25x1.50

93 40
2.5x1.0 (AP 2.5) 2.5x1.0 (LR 2.5)
No No
Yes No

2min30s 46 s

TET1, first echo time; TE2, second echo time; ATE, difference between echo times. AP, anterior posterior; FOV, field of view; LR, left right;
MR, magnetic resonance; PDFF, proton density fat fraction; SAT, subcutaneous adipose tissue; TR, repetition time; TE, echo time; SENSE,

sensitivity encoding; VAT, visceral adipose tissue.

Figure 1 Exemplary segmentation mask (green) of the
supraclavicular fat depot. (A) PDFF map with the bilateral
segmentation mask in axial plane. (B) Three-dimensional
reconstruction of the whole segmentation mask presented from

frontal oblique. PDFFE, proton density fat fraction.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The approach was examined by the means of inter-
rater reliability in a subgroup of five participants. Manual
segmentation was performed independently by three
different raters: two researchers (fifth year of medical
training) and one board-certified radiologist (6 years
of experience in whole-body imaging), achieving high
agreement and reproducibility with an intraclass correlation
coefficient of 0.97 (95% confidence interval: 0.73 to 1.0).

Deep gluteal subcutaneous fat was segmented semi-
automatically similar to the supraclavicular fossa. Bilateral
manual crude delineation of deep subcutaneous fat tissue
was performed on every second slice outlined a ROI
posterior of the iliac bone but deep to the great body
fascia—Scarpa’s fascia, to solely include deep gluteal SAT.
Deep gluteal SAT is characterized by large white adipocytes
and widely spaced fascial septa (49) and considered a
reliable WAT depot for adipose tissue imaging without
partial voluming even in lean individuals. Upper and lower
border were defined by the first and last cut through the
fifth lumbar vertebra. Interpolation generated the VOI.
The automated post processing was performed according
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to the supraclavicular segmentation work, adding a PDFF-
(PDFF >50%) and T,*-threshold (T,* >5 ms) and erosion
step (sphere, one iteration).

Mean supraclavicular PDFF (PDFFguppacravicurar) and
mean gluteal PDFF (PDFF; ypa) were extracted, and
delta PDFF (APDFF) was calculated as the difference of
both mean values (PDFF; yrrar = PDFFgupraciavicurar)-

SAT and VAT volumes segmentation

SAT and VAT volumes were extracted from the water-
and fat-separated images of the two-echo Dixon scans,
using a custom-built semi-automatic post-processing
algorithm (https://github.com/BMRRgroup/vatsatseg). The
segmentation was performed as described in earlier studies
(34,50,51). The upper border of the segmentation was
represented by the liver dome and the lower border by the
center of the femoral head. In order to control for height
differences, adapted SAT and VAT volumes were calculated
taking body height into account (34,52). SAT and VAT
volumes in ml were divided by lower trunk length (from
liver dome to femoral head) in cm, resulting in adapted
values in mL/cm. As a substitute for BF% assessed by whole
body MRI, an approximation the lower trunk fat percentage
(TF%) was calculated as the sum of VAT and SAT volumes
divided by total lower trunk volume.

Subgroup definition and statistical analysis

According to WHO guidelines subgroups were defined by
BMI: non-overweight (BMI <25 kg/m’), overweight (BMI
>25 kg/m’) (53). Further subgroups were built by gender
adapted BF%-cutoffs according to several publications
(54-56): normal BF% (male BF% <25%, female BF%
<30%), high BF% (male BF% >25%, female BF% >30%).
Statistical analysis was conducted using IBM SPSS
Statistics for MacOS, version 26 (IBM Corp., Armonk,
NY, USA). Testing was performed on a significance level
of 0.05 (two-sided). Due to the explorative study design
no correction for multiple testing was executed. Measured
parameters were non-normally distributed, except for
weight, height, CIT, BF% and TF%. Therefore, the
majority of the data was expressed as median and range
in parentheses. Normally distributed parameters were
expressed as mean = standard deviation and range in
parentheses. Non-parametric testing (Wilcoxon) was used
for comparison of PDFFsyppacravicurar t0 PDFF g urear-
All correlation analyses were conducted with the help of
Spearman’s rho correlation coefficient. Partial correlation
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analysis was performed as partial rank correlation based on
Spearman’s rho.

Results

Median age was 27 years (20-53 years). Participants
showed a broad range of BMI with a median of 23.2 kg/m’
(19.0-38.5 kg/m’). Mean BF% was 25.2%=+11.6%
(4.6-45.3%). PDFFypraciavicurar With 82.5% (69.7-88.1%)
was significantly lower than PDFF; yrpa, with 91.1%
(82.3-93.5%) (P<0.0001). The PDFF difference of the
two compartments is illustrated in the PDDF maps of a
single person in Figure 2. For APDFF the median was 8.8%
(3.9-21.9%). Mean CIT for the whole cohort was
4.7%+9.0% (-10.6% to 24.3%). Descriptive statistics of
the cohort are presented in 7able 1 and for the different
subgroups as supplementary material (Tables S1,52).

Correlation analysis

Correlation analysis revealed a statistically significant
correlation between BMI and BF% (rho =0.44, P=0.005). In
addition, the BIA-based BF% correlated significantly with the
MRI-measured TF% (rho =0.86, P<0.001). Regarding the
associations of the PDFF measurements, a significant relation
of both PDFFuppacravicurar and PDFF ¢ grpa to SAT and
VAT volumes was found. Moreover, correlations of PDFF
measurements with body composition, characterized by BF%
and to some degree characterized by BMI, were detected.
PDFF measurements in association to anthropometric traits,
as well as to adipose tissue volumes are displayed in Table 3.

Correlation of PDFF and CIT in the whole cohort
In the whole cohort (n=39), correlation analysis of CIT
and PDFFypracravicurar showed no significant association

(tho =-0.17, P=0.302).

Correlation of PDFF and CIT in different subgroups

Similar non-significant findings have been observed for most
subgroups. Results of the subgroup analysis are presented
in Table 4. For the non-overweight cohort (n=25)—
according to BMI—an enhanced Spearman’s rho, but a
still non-significant correlation of PDFFppacravicurar and
CIT (rho =-0.34; P=0.099) was found. Only the subgroup
consisting of participants with normal BF% (n=24) revealed
a statistically significant correlation of PDFFgypracravicurar
and CIT with rho =-0.59 (P=0.003). Scatterplots for the
relationship between PDFFgypraciavicurar and CIT of
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Gluteal PDFF PDFF, %

100

Figure 2 Comparison of supraclavicular and gluteal PDFF maps in the same participant. (A) Supraclavicular region in axial plane with the
region of interest marked by a red box. (B) Gluteal region in axial plane with the region of interest marked by a red box. (C) Enlarged PDFF
map of the supraclavicular region of interest. (D) Enlarged PDFF map of the gluteal region of interest. Note the intraindividual PDFF

difference, by the means of lower PDFF values in the supraclavicular fossa compared to gluteal subcutaneous adipose tissue. PDFFE, proton

density fat fraction.

Table 3 Correlation of supraclavicular and gluteal PDFF to anthropometric measurements and adipose tissue volumes

Variables BMI, kg/m®

BF%, %

SAT, mL/cm VAT, mL/cm

Supraclavicular PDFF, % rho =0.39; P=0.014

Gluteal PDFF, % rho =0.30; P=0.067

rho =0.37; P=0.019
rho =0.49; P=0.002

rho =0.55; P<0.001 rho =0.59; P<0.001

rho =0.64; P<0.001 rho =0.55; P<0.001

BF%, body fat percentage; BMI, body mass index; PDFF, proton density fat fraction; SAT, subcutaneous adipose tissue; VAT, visceral adi-

pose tissue.

Table 4 Correlations of supraclavicular PDFF to CIT displayed for different subgroups

Subgroups N Correlation of supraclavicular PDFF (%) and CIT (%)
Normal weight (BMI <25 kg/m?) 25 rho =-0.34; P=0.099
Overweight/obese (BMI =25 kg/m?) 14 rho =0.23; P=0.427
Normal BF% (male BF% <25%, female BF% <30%) 24 rho =-0.59; P=0.003
High BF% (male BF% =25%, female BF% =30%) 15 rho =0.25; P=0.369

BF%, body fat percentage; BMI, body mass index; CIT, cold induced thermogenesis; n, number of participants; PDFF, proton density fat

fraction.

the whole cohort (n=39) and the subgroup with normal
BEF% (n=24) are presented in Figure 3. An example of
supraclavicular PDFF in a person with a low CIT compared
to one with a high CIT is shown in Figure 4.

Confounders in the whole cohort
A partial rank correlation for PDFFgupraciavicurar and CIT
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adjusted for sex, BMIL, BE% or PDFF g yrea was conducted
for the whole cohort. When controlled by sex and BF%
the correlation improved slightly, but only adjustment
for PDFF yrear, returned a significant correlation (rho
=-0.34; P=0.037). Results of the partial rank correlation
can be found in 7able 5. The calculation of APDFF using

PDFF¢ urraL as an intraindividual reference resulted in a
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Figure 3 Scatterplots of CIT to supraclavicular PDFF in comparison for the whole cohort (A) and the subgroup with normal BF% (male
BF% <25%, female BE% <30%) (B). BF%, body fat percentage; CIT, cold induced thermogenesis; PDFE, proton density fat fraction.

High CIT Low CIT

Figure 4 Comparison of supraclavicular adipose tissue PDFF maps in two different individuals. (A) Supraclavicular region in axial plane
of a participant with high CIT =17.95% and with the region of interest marked by a red box. (B) Supraclavicular region in axial plane of a
participant with low CIT =1.96% and with the region of interest marked by a red box. (C) Enlarged supraclavicular region of interest of the
high CIT participant. (D) Enlarged supraclavicular region of interest of the low CIT participant. Note the lower supraclavicular PDFF of
the participant with high CIT results. CIT, cold induced thermogenesis; PDFF, proton density fat fraction.

Table 5 Partial rank correlation of supraclavicular PDFF to CIT significant correlation to CIT (rho =0.36; P=0.026).
controlled by possible confounders

Correlation of supraclavicular PDFF (%)

Controlled by and CIT (%) Discussion
Sex rho =-0.18; P=0.275 The present study provides evidence for an association
BMI rho =-0.11; P=0.533 between supraclavicular PDFE, as an estimate for brown
fat cell presence in the supraclavicular fat depot, and a
BF% rho =-0.20; P=0.240 . . . . ..
cold-induced increase in REE. This association was not
Gluteal PDFF rho =-0.34; P=0.037 seen in the whole cohort, comprising healthy participants
BF%, body fat percentage; BMI, body mass index; CIT, cold over a wide BMI range, but only in the subgroup with
induced thermogenesis; PDFF, proton density fat fraction. normal body fat mass shown as BF% and representing

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2022;12(5):2877-2890 | https://dx.doi.org/10.21037/qims-21-986



Quantitative Imaging in Medicine and Surgery, Vol 12, No 5 May 2022

normal-weight participants. Using BMI as a crude marker
of body fat mass resulted only in a borderline significant
correlation between supraclavicular PDFF and CIT in those
categorized as normal-weight by BMI (18.5-24.9 kg/m?).
The latter is not surprising, as BMI is a poor indicator of
body fat mass (57). Therefore, measurement of BF%, e.g.,
by bioimpedance analysis may be more accurate and useful
in this context.

The lack of a significant correlation between absolute
supraclavicular PDFF and CIT for the whole study cohort
is in line with studies reporting supraclavicular PDFF (39)
or rather supraclavicular fat fraction (58) in relation to
quantitatively assessed non-shivering thermogenesis. Both
studies addressed the potentially confounding role of body
composition only briefly, by excluding participants with
BMI >30 in advance (39), or simply correcting for body
weight in kg (58). Under these conditions, associations may
be masked in a similar manner as in the present study and a
more precise analysis of body composition may be needed.

In addition, we also observed a positive association
between supraclavicular PDFF and BMI, as already
reported in a previous study from our group (34) and others
(18,35), suggesting that there is less browning capacity
and CIT with increasing BMI. Likewise, we found a
significantly positive correlation between supraclavicular
PDFF and BF% as well as the volumes of VAT and SAT,
other parameters of total and regional body fat mass. Deng
et al. reported those associations of PDFF, and markers
of adiposity, remain unchanged under different thermal
conditions and across all weight groups (18).

Furthermore, our results showed a statistically
significant difference in PDFF between the supraclavicular
adipose tissue depot and the gluteal SAT depot, reflecting
differences in morphology and cellular composition
of both compartments and is in line with many other
studies (22,28,34-36,59,60). Differentiation, without any
stimulatory conditions and BAT in a metabolically inactive
state, was demonstrated several times before (19,25,28),
underlining the value of PDFF measurements for BAT
detection.

Using gluteal PDFF as a WAT reference, it turned out as
a novel finding that the difference between gluteal PDFF and
supraclavicular PDFF was positively associated with CIT,
suggesting that the latter may be explained by the presence
of brown/beige fat cells in the supraclavicular fat depot and
supporting the concept that BAT may contribute to energy
expenditure (1,61,62), at least under cold exposure (4,5).

Therefore, in the current study, a model for BAT
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imaging independent of body composition was developed by
merging the first main finding, adiposity influencing PDFF
measurements, to the targeted correlation of supraclavicular
PDFF and CIT. Partial correlation controlled for gluteal
PDFFE, firstly demasked the correlation of supraclavicular
PDFF and CIT in the whole cohort. By means of this
intra-individual referencing, using a region of pure WAT,
the individual morphological difference of supraclavicular
PDFF to gluteal PDFF was quantified as delta PDFE,
supposedly reflecting the respective likelihood of BAT
presence for every individual. The delta PDFF correlated
positively with CIT, which indicates delta PDFF as a better
approach to indirectly assess BAT. Franssens et a/. showed
accordingly, that BAT presence, as suggested by a large
difference in supraclavicular fat fraction compared to fat
fraction of WAT inversely correlates with the number of
cardiovascular risk factors (35).

The association of supraclavicular PDFF and CIT in
cohorts with a wide BMI range is hard to detect. While in
subgroups with low BF% the relation with CIT was clear
and significant, adiposity makes BAT detection increasingly
difficult as brown/beige fat cells may be replaced by white
adipocytes.

Women naturally display higher BF% than men and
when grouping by BF% is performed a critical investigation
of sex difference is needed. Although grouping by BF%
was performed by sex adapted cut offs, the great majority
in the high BF% group were female (86.7%), compared to
45.8% females in the normal BF% group. Consequentially,
the stronger correlation of supraclavicular PDFF to CIT
in the normal BF% group could be interpreted as BAT
predominance in men—unlike many other studies suggest.
Even though data regarding sex differences in BAT activity
is ambiguous, with studies reporting an existing difference
(63,64) as well as no existing difference (65,66), the large
retrospective PET-CT study of Brendle er 4l. (64) revealed
that BAT positive individuals are predominantly young,
lean, and female. In contrast our related investigation
detected no significant difference in CIT between men and
woman but found more pronounced hormonal changes
in women—also indicating a stronger response to cold
exposure. Granted, that women display more active BAT
compared to men, their higher BF% could obscure results
in heterogenous and predominantly female cohorts, like the
present.

A strength of the current study is the analysis of
subgroups not only by BMI but also by BF%, hence the
poor diagnostic assessment of obesity via BMI is a possible
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origin for inaccuracy. At least widely used BMI cutoffs
show high specificity, but very low sensitivity missing
nearly half the patients who should be considered obese
due to high BF% (57,67). Concerning data quality, one
of the major strengths was the applied breathing trigger
for supraclavicular PDFF mapping, distinguishing this
study from others in the field (39) and rendering the data
more precise with less partial volume effects and less image
blurring. Furthermore, verifying the BIA-scale measurements
with the aid of quantitative MRI ensured robust grouping
into different cohorts. Another strength of our study is the
combination of imaging data with metabolic quantification
under cold exposure, by CIT measurements—a rather
complex and time-consuming technique.

The present study has several limitations. A first
limitation of this study is the lacking comparison of
histological biopsies in this analysis. It is still the gold
standard for adipose tissue characterization and without
histological tissue analysis the presence of BAT cannot
be indubitably proven. However, histology even with
immunohistochemical staining using uncoupling protein 1
(UCP1) antibodies, would only provide information about
BAT presence, not give a quantitative result regarding the
metabolic activity of the tissue. Especially since UCP1-
independent thermogenesis is known to play a significant
role in human thermogenesis (68,69). No cold activation
was applied for the PDFF measurements and given
that the PDFF mapping method is not dependent on
BAT function, histology for validation could have been
beneficial. Furthermore, with the isotropic voxel size being
1.5 mm in each dimension, partial volume effects from
very small vessels and lymph nodes must be considered.
Due to the complicated anatomy of the supraclavicular
fossa, partial volume effects carry probably even more
weight when measuring supraclavicular PDFF compared
to gluteal PDFFE. However, the applied methods minimized
those effects with the help of breathing triggered scans and
erosion algorithms in the segmentations. Furthermore,
average PDFF values over the VOI will always include a
mixture of BAT and WAT, thus only delivering indications
of crude BAT presence in this region.

Due to the discussed confounding factors (adiposity,
individual adipose tissue morphology) and high variability
of both PDFF and CIT measurements, the predictive
value of supraclavicular PDFF for CIT is low. Even
though the calculation of delta PDFF seems to address the
confounding effect of adiposity at least partially, delta PDFF
as predictive parameter must be interpreted with caution
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and larger prospective studies for validation are needed.
Consequentially the rather small sample size limits the
interpretation of predictive power and is smaller compared
to related studies in the field.

In the study design simultaneous CIT and MRI
measurements were not intended, as no cold exposure is needed
to assess supraclavicular morphology with MRI. However, in
some individuals both measurements were conducted with
a long-time separation, which could lead to potentially not
captured individual adaptation in supraclavicular composition.
"This is definitely a limitation based in the applied study design
and subsequent studies should aim for a consistent and short
time period between both measurements.

Limitations finally apply to the employed water-fat
model. The employed multi-peak fat spectrum model
from (47) is constant and could not account for differences
between subjects and adipose tissue depots. Recent magnetic
resonance spectroscopy (MRS) results have showed that the
amount of unsaturated fatty acids is lower in BAT compared
to WAT (70) and such variations in the fat spectrum model
might need to be considered in future PDFF studies in
BAT. Another limitation is the inability to report T,*
values over the supraclavicular fossa. A water-fat model
accounting for a single common T,* decay for the water and
fat components was presently adopted. Since only 6-echo
data were evaluated, which was found to be insufficient for
reliant 'T',* measurements in an earlier publication (71), T,*
values were only used for segmentation purposes to assure
exclusion of bone. Moreover, reporting T,* would depict a
different aspect of adipose tissue characterization (increased
field inhomogeneity in BAT due to iron containing
mitochondria, perfusion, and oxygenation), then the here
highlighted compositional differentiation of BAT and WAT.

Conclusions

MRI-based PDFF measurements of the supraclavicular fossa
could correlate with CI'T] if body adiposity is considered, as
adipose tissue PDFF is highly dependent on adiposity. This
dependence was reflected in the strong association of gluteal
and supraclavicular PDFF to anthropometric markers and
adipose tissue volumes. Still, this study demonstrated an
association between delta PDFF and CIT in a heterogenous
cohort. It is noteworthy that a high interindividual variation
seems to exist, both for delta PDFF and CIT. To further
validate the functional relevance of delta PDFF for energy
metabolism and obesity risk large prospective observational
studies are needed.
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Recruitment period: October 2016 to February 2020
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Figure S1 Flow chart illustrating numbers of participants at different study stages as well as recruitment periods. n, number of participants.

CIT, cold-induced thermogenesis.
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Table S1 Descriptive statistics of subgroups by BMI

Variables Value

Normal weight (BMI <25 kg/m?)

N
Female, n (%)
Normally distributed, mean + SD [range]
Weight, kg
Height, cm
BF%, %
TF%, %
CIT, %
Not normally distributed, mean + SD [range]
Age, years
BMI, kg/m?
SAT volume (normalized to trunk length), mL/cm
VAT volume (normalized to trunk length), mL/cm
Supraclavicular PDFF, %
Gluteal PDFF, %
Delta PDFF, %
Overweight/obese (BMI =25 kg/m2)
N
Female, n (%)
Normally distributed, mean + SD [range]
Weight, kg
Height, cm
BF%, %
TF%, %
CIT, %
Not normally distributed, mean + SD [range]
Age, years
BMI, kg/m?
SAT volume (normalized to trunk length), mL/cm
VAT volume (normalized to trunk length), mL/cm
Supraclavicular PDFF, %
Gluteal PDFF, %
Delta PDFF, %

25
14 (56.0)

68.2+12.0 [50.0-92.5]
175.1+11.2 [157.6-195.2]
19.8+8.5 [4.6-32.7]
24.3+8.7 [10.6-41.4]
5.6+8.5 [-10.6 to 24.3]

26 [20-37]
22.1 [19.0-24.3]
90.3 [28.6-192.8]
19.2 [4.0-90.4]
80.6 [69.7-85.9]
89.8 [82.3-93.5]
8.9 [5.4-21.8]

14
10 (71.4)

93.5+12.3 [72.8-121.4]

172.8+9.0 [157.2-190.1]
34.8+10.2 [10.2-45.3]

45.6+10.1 [21.1-56.4]

3.0+10.0 [-8.2 to 22.9]

29.5 [23-53]
31.7 [25.6-38.5]
334.4 [87.8-447.9]
45.9 [22.2-184.2]
83.3 [78.3-88.1]
92.0 [88.0-93.2]
8.1[3.9-14.5]

Characteristics of subgroups sorted by BMI are presented for normal weight subgroup (BMI <25 kg/m?) and for overweight (BMI =25 kg/m®)
subgroup. BF%, body fat percentage; BMI, body mass index; CIT, cold induced thermogenesis; n, numbers of participants; PDFF, proton
density fat fraction; SAT, subcutaneous adipose tissue; TF%, trunk fat percentage; VAT, visceral adipose tissue; SD, standard deviation.
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Table S2 Descriptive statistics of subgroups by BF%

Variables Value

Normal BF% (male BF% <25%, female BF% <30%)

N
Female, n (%)
Normally distributed, mean + SD [range]
Weight, kg
Height, cm
BF%, %
TF%, %
CIT, %
Not normally distributed, mean + SD [range]
Age, years
BMI, kg/m?
SAT volume (normalized to trunk length), mL/cm
VAT volume (normalized to trunk length), mL/cm
Supraclavicular PDFF, %
Gluteal PDFF, %
Delta PDFF, %
High BF% (male BF% =25%, female BF% =30%)
N
Female, n (%)
Normally distributed, mean + SD [range]
Weight, kg
Height, cm
BF%, %
TF%, %
CIT, %
Not normally distributed, mean + SD [range]
Age, years
BMI, kg/m?
SAT volume (normalized to trunk length), mL/cm
VAT volume (normalized to trunk length), mL/cm
Supraclavicular PDFF, %
Gluteal PDFF, %
Delta PDFF, %

24
11 (45.8)

70.8+14.3 [50.1-97.5]
176.8+11.7 [157.6-195.2]
17.9+7.6 [4.6-29.8]
22.6+7.0 [10.6-37.3]
3.9+8.0 [-10.6 to 24.3]

26 [20-33]
22.3 [19.0-30.4]
88.2 [28.6-153.3]
17.5 [4.4-90.3]
80.6 [69.7-85.8]
89.7 [82.3-92.8]
8.8 [5.4-21.8]

15
13 (86.7)

87.7+16.4 [62.7-121.4]

170.2+6.7 [157.2-182.5]
36.8+5.9 [26.2-45.3]
46.8+6.9 [37.4-56.4]

5.8+10.6 [-8.2 to 22.9]

30 [23-53]
30.6 [21.4-38.5]
306.0 [165.4-447.8]
39.3 [19.7-184.2]
83.6 [78.3-88.1]
92.4 [88.0-93.5]
8.8 [3.9-14.5]

Characteristics of subgroups sorted by gender adapted BF% are presented for normal BF% (male BF% <25%, female BF% <30%) and
high BF% (male BF% >25%, female BF% >30%). BF%, body fat percentage; BMI, body mass index; CIT, cold induced thermogenesis;
n, numbers of participants; PDFF, proton density fat fraction; SAT, subcutaneous adipose tissue; TF%, trunk fat percentage; VAT, visceral
adipose tissue; SD, standard deviation.
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