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ABSTRACT

Activated brown adipose tissue (BAT) enhances lipid catabolism, and improves cardio-
metabolic health. Quantitative MRI of the fat fraction (FF) of supraclavicular BAT (scBAT) 
is a promising non-invasive measure to assess BAT activity, but suffers from high scan 
variability. We aimed to test the effects of co-registration and mutual thresholding on the 
scan variability in a fast (one-minute) time-resolution MRI protocol for assessing scBAT FF 
changes during cold exposure. Ten volunteers (age: 24.8±3.0 years; BMI: 21.2±2.1 kg/m2) 
were scanned during thermoneutrality (32°C; 10 min) and mild-cold exposure (18°C; 60 
min) using a 12-point gradient-echo sequence (70 consecutive scans with breath-holds, 
1.03 min per dynamic).

Dynamics were co-registered to the first thermoneutral scan, which enabled drawing of 
single regions of interest (ROIs) in the scBAT depot, and the trapezius muscle and humerus 
bone as control tissues. Voxel-wise FF changes were calculated at each time point and 
averaged across ROIs. We applied mutual FF thresholding, where voxels were included 
if their FF was >30% (scBAT), >0% (muscle) and >70% (bone) in the reference scan and 
the registered dynamic. The efficacy of the co-registration was determined by using a 
moving average, and comparing the mean squared error (MSE) of residuals between 
registered- and non-registered data. Registered scBAT ΔFF was compared to single-scan 
thresholding using the moving average method. scBAT FF changes were compared to 
control tissues using a mixed model analysis. Registered scBAT ΔFF had lower MSE values 
than non-registered data (0.07%±0.05% versus 0.16%±0.14; p<0.05), and mutual thresh-
olding reduced the scBAT ΔFF variability by 30%. Relative to the control tissues, scBAT FF 
decreased during the last 30 minutes of cooling by 0.71±0.83% and 0.74±0.84% in muscle 
and bone, respectively.

We demonstrate that co-registration and mutual thresholding improve stability of the 
data two-fold, enabling assessment of small changes in FF upon cold exposure. 
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5.1 INTRODUCTION

Brown adipose tissue (BAT) is a thermogenic tissue that combusts fatty acids and glucose 
into heat. The most potent activator of BAT is cold exposure, upon which norepinephrine 
(NE) is released by sympathetic nerve endings in BAT: NE binds to β-adrenergic receptors 
on the brown adipocytes and activates a thermogenic program, including intracellular 
lipolysis1. Chemical energy is converted to heat via the BAT-specific uncoupling protein 
1 (UCP-1), and BAT activation leads to the combustion of intracellular lipid stores. These 
lipid stores are subsequently replenished by extracting lipids and glucose from the blood2. 
Since BAT is involved in lipid- and glucose metabolism, many studies have addressed its 
protective role against obesity and cardiometabolic diseases3–6. In addition to using cold 
exposure7, pharmacological compounds such as mirabegron can also activate BAT8. 

BAT activity during such challenges is usually indirectly assessed by quantifying the glu-
cose uptake of the radioactively labelled glucose analogue [18F]fluorodeoxyglucose, using 
positron emission tomography/computed tomography (PET-CT)9. However, PET-CT suffers 
from well-recognized limitations: the invasive nature and radiation dose increase the 
participation burden and hamper longitudinal studies. In addition, this modality visualizes 
the glucose uptake, while BAT predominantly combusts lipids rather than glucose10. Most 
importantly, glucose uptake by BAT is reduced in individuals who are insulin resistant such 
as in obesity and type 2 diabetes, and therefore the technique is much less reliable in 
these patients10.

Magnetic resonance imaging (MRI) is a non-invasive and safe method for estimating 
supraclavicular BAT (scBAT) activity during cold exposure using chemical-shift-based 
water-fat separation sequences such as the Dixon technique for quantitative fat fraction 
(FF) mapping11. In previous studies, cold-induced supraclavicular FF changes between 
-0.4 and -3.5% have been reported11,12. Most of these studies have either used pre- and 
post-cooling assessments of scBAT FF12 or have been performed without the use of im-
age registration13–15 or breath-holds16–18. This may have resulted in increased variability in 
estimated FF changes over time since scBAT is located in the supraclavicular area, which 
renders measurements prone to movement artifacts. In addition, most studies acquired 
images at a relative coarse time resolution of 2.5-5 minutes13,18,19. Since BAT activation 
occurs within 10 minutes after applying a cold stimulus13,20, this temporal resolution may 
not be sufficient to study the short-time dynamics of BAT in detail. 

Here, we aimed to minimize inter-scan variability by applying breath-holds and non-rigid 
image registration in a MRI protocol with a high temporal resolution for assessing FF 
dynamics in scBAT during cold exposure.
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5.2 MATERIALS AND METHODS

5.2.1 Subjects
Ten healthy volunteers with an age between 18 and 25 years and a body mass index (BMI) 
between 18 and 25 kg/m2 were recruited from our local healthy volunteer database and 
by using flyers. Exclusion criteria were the use of any medication known to affect lipid and/
or glucose metabolism, recent excessive weight change, smoking and contra-indications 
for MRI. The study was performed in accordance with the Declaration of Helsinki and 
approved by the local medical ethics committee. Written consent was obtained from all 
participants prior to participation. 

5.2.2. Study design and cooling protocol
Participants were instructed to fast overnight for 12 hours, and to withhold from alco-
hol and caffeine consumption for 24 hours prior to the experiment. On the day of the 
experiment, participants were asked to wear a t-shirt, shorts and slippers. Body weight 
and height were measured and BMI was calculated by dividing the body weight by height 
squared (kg/m2). Participants then entered the MRI suite and were positioned on the MR 
table. A water circulating blanket, Blanketrol® III hyper-hypothermia system (Cincinnati 
Sub-Zero, Cincinnati, OH, USA), was placed on top of the participant and the temperature 
was initially set to 32°C. After 10 minutes at thermoneutrality, data were acquired for 10 
minutes before the temperature was lowered to 18°C to initiate the standardized cooling 
protocol for BAT activation (Fig. 1). Every 10 to 15 minutes, participants were asked to 
score their cold perception using a numeric rating scale (NRS; 1=comfortable and 10=ex-
tremely cold). The total cooling duration was 60 minutes. The experiment was stopped 
in case of self-reported shivering. Scans were conducted at the same time of day in all 
participants (10.30 AM-12.00 PM) between April 16th and July 23rd, 2021.

5.2.3. Image acquisition
Data were acquired on a 3T MRI scanner (Philips Ingenia Elition X, Philips Healthcare, 
Best, The Netherlands) using a 16-channel head-and-neck coil, a 12-channel phased array 
placed on top of the subject, as well as the in-table 16-channel array for signal reception. 
A three-dimensional multi-gradient-echo sequence with twelve echoes (mDIXON Quant) 
was used with the following parameters: repetition time TR = 12 ms, first echo time TE = 
1.12 ms, echo time separation ΔTE = 0.87 ms, flip angle = 3°, field-of-view of 400×229×134 
mm3 (Right-Left, Foot-Head, Anterior-Posterior), 2.1 mm isotropic resolution and breath 
hold time of 16 s. We used twelve echoes to ensure reliable T2* decay estimation21. The 
acquisition time per scan was 1.03 minutes, which yielded in total 70 scans: 10 scans at 
thermoneutrality and 60 scans during cooling.
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To evaluate the stability of the sequence over time, a commercial phantom that consisted 
of twelve water-fat emulsion tubes (Calimetrix21) with low FFs (0%, 2.7%, 5.3%, 7.8%), 
intermediate FFs (10.1%, 15.5%, 20.4%, 23.6%) and high FFs (30.2%, 39.9%, 50.1%, 100%) 
was scanned for one hour at room temperature using a 16-channel head-and-neck coil 
with the previously described parameter settings.

Figure 1. A) Participants underwent a standardized cooling protocol to activate BAT. After 20 minutes at thermo-
neutrality (32°C), the temperature was set to 18°C for one hour. Images were acquired during the last 10 minutes 
at thermoneutrality and during cooling. B) The first thermoneutral scan was used as a reference image, and all 
subsequent dynamic scans were co-registered to the first scan. First echo magnitude images were used for co-
registration and the resulting transformation matrix was used to deform the FF map of each dynamic to match the 
image coordinates of the first thermoneutral scan. C) ROIs were only drawn on the first thermoneutral scan and 
voxels below 30% FF were mutually excluded in both fixed and dynamic scans to avoid inclusion of non-fatty tis-
sue for scBAT. No FF thresholds were used for muscle and a 70-100% mutual FF threshold range was used for the 
humerus bone. Fat fraction (FF), Region of interest (ROI).
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5.2.4 Water-fat data reconstruction 
An in-house developed complex-based fitting algorithm was used to estimate voxel-based 
water and fat signals based on the known frequencies and amplitudes of the multipeak 
lipid spectrum22 and a mono-exponential decay of T2*23. The field inhomogeneity map 
obtained from the mDIXON Quant sequence was used as an initial estimate in the water-
fat separation model. FF maps were subsequently calculated by dividing the fat signal by 
the sum of the water and fat signals in each voxel across the three-dimensional image. 

5.2.5 Phantom data analysis
For analysis of the phantom data, a region of interest (ROI) was manually delineated for 
each phantom tube on the first scan. A single rectangular ROI was placed in the middle 
of each tube and ROIs were directly transferred to all subsequent dynamic scans. For 
each tube, voxel-wise FF differences between the first scan and each dynamic scan i, 
ΔFFi(x,y,z)=FFi(x,y,z)-FF1(x,y,z), were computed and averaged across the ROI.

5.2.6 In vivo image registration and ROI segmentation
For analysis of the in vivo data, first-echo magnitude images of each dynamic were 
co-registered to the first thermoneutral scan (reference scan) using the open-access 
registration toolbox Elastix23 (Fig. 1B). Dynamic images were iteratively deformed using 
a three-dimensional B-spline transform with a 10×10×10 mm3 grid, adaptive stochastic 
gradient descent with two resolutions, 4000 iterations, and the Mattes mutual informa-
tion as the similarity metric24. As a result, ROIs only needed to be delineated on the first 
thermoneutral scan. ROIs were coarsely delineated in the scBAT depot, and we applied a 
mutual FF thresholding approach, where voxels were only included in the analysis, if their 
FF was above 30% in both the reference scan and the registered dynamic. As a control, 
ROIs were also drawn in the trapezius muscle and the humeral bone using 0–100% and 
70–100% mutual FF threshold levels, respectively. Voxel-wise FF differences between the 
reference scan and each dynamic scan i: ΔFFi(x,y,z)=FFi(x,y,z)-FFTN1(x,y,z) were calculated 
and averaged across the ROI.

5.2.7 Data analysis and statistics
The following analyses were performed to: i) determine the stability of the high-temporal-
resolution MRI protocol, ii) evaluate the validity and added value of image registration, iii) 
evaluate the added value of mutual FF thresholding, and iv) compare cold-induced scBAT 
FF changes with control tissues. 

Evaluating the stability of our high-temporal-resolution MRI protocol in the phantom
The temporal stability of the MRI protocol was evaluated by assessing FF changes of each 
phantom tube. For each tube, a trendline was fitted of scBAT FF changes using a linear 
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regression analysis. To quantify any decreasing or increasing trends, the vertical distance 
between the last and first point along the fitted trend line was determined. 

Next, a moving average was computed along the FF changes of each phantom tube using a 

[-3,3] time window. As a measure of the variability, the mean squared error (MSE) of 
residuals between the moving average and the measured FF data was calculated. This 
method will be further referred to as the “moving average method”. 

Evaluating the validity and added value of co-registration of in vivo data
The validity of the co-registration was assessed for each subject by registering the first 
thermoneutral (reference) scan to the dynamics in order to emulate the same extent of 
motion in the reference scan. This yielded a forward transformation (reference  dynamic) 
for each dynamic. Each dynamic scan was subsequently registered to the reference scan 
to obtain the backward transformation matrix (dynamic  reference). For each dynamic, 
the forward and backward transformations were composed and applied to the reference 
scan to evaluate the registration error. FF difference maps were generated between the 
resulting deformed reference scan and the original one. The registration error was con-
secutively computed for each dynamic by taking the voxel-wise FF differences between 
the original reference scan and the deformed one, ΔFFerror(x,y,z)=FFdef(x,y,z)-FFTN1 (x,y,z), 
and averaged across the ROI in the scBAT area. To quantify any decreasing or increasing 
trends of the registration error, a trendline was fitted along the ΔFFerror time series for each 
participant. As a measure of the variability along the ΔFFerror time series, MSE values were 
computed for each participant using the moving average method. 

The added value of the co-registration method was determined by comparing scBAT FF 
changes during cold exposure between registered- and non-registered data. The mov-
ing average method was used to determine the variability of scBAT ΔFF obtained from 
registered and non-registered data for each participant separately, as a measure for the 
intra-subject variability. Paired t-tests were performed to compare the intra-subject vari-
ability between registered and non-registered data. 

Evaluating the added value of mutual FF thresholding of in vivo data
The added value of mutual FF thresholding was assessed by comparing scBAT FF changes 
obtained from mutual and single FF thresholding using the moving average method. 
Single FF thresholding was performed by applying a 30-100% FF threshold to each indi-
vidual dynamic. Data were separately analysed for registered and non-registered scBAT 
FF changes, and paired t-tests were performed to compare the within-subject variability 
between mutual- and single FF thresholded data. 
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Comparing the scBAT FF response to control tissues (skeletal muscle and humerus bone)
Next, it was determined whether the scBAT FF changes over time differed from these 
estimated in control tissues: the trapezius muscle and the humerus bone. The moving 
average method was used to determine the variability of FF for both control tissues. Af-
terwards, the ΔFF time series of each control tissues were subtracted from the scBAT ΔFF 
time series, which yielded two difference curves: ΔFFscBAT-ΔFFtrapezius and ΔFFscBAT-ΔFFhumerus. 
To prevent an overestimation of the statistical power, FF differences were averaged 
across every 10 minutes along the measurement interval resulting in seven temporal 
measurements. For each control tissue, it was determined whether the difference curve 
deviated from zero using a mixed model analysis. Thermal perception scores were com-
pared between thermoneutrality and each cooling period using the Wilcoxon signed-rank 
test. Data analysis was performed using Matlab (version R2021a) and SPSS. Results were 
considered significant at p<0.05. 

5.3 RESULTS

Ten young and lean subjects (age=24.8±3.0 years and BMI=21.2±2.1 kg/m2) participated. 
Nine participants were female and one participant was male. All participants completed 
the protocol. Participants reported significantly higher cold perceptions compared to 
thermoneutrality (NRS=1.5±0.7) after 15 minutes of cooling (NRS=3.7±1.0; p=0.004), 30 
minutes of cooling (NRS=3.6±0.9; p=0.005), 45 minutes of cooling (NRS=3.6±1.1; p=0.007) 
and after 1-h of cooling (NRS=4.1±1.3; p=0.005).

5.3.1 Phantom tubes with low, intermediate and high FFs show stable ΔFF 
measurements 
Phantom tubes with low, intermediate, and high FFs showed stable ΔFF measurements 
over time (Fig. 2A-C). The vertical distance along the fitted trendlines were -0.05%±0.08% 
for the low FF tubes, 0.27%±0.10% for the intermediate FF tubes and 0.05%±0.20% for the 
high FF tubes. The MSE values were 0.02±0.005% for the low FF tubes, 0.02±0.005% for 
the intermediate FF tubes and 0.02±0.01% for the high FF tubes.
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5.3.2 Co-registration of in vivo data shows a negligible registration error 
over time and reduces the variability compared to non-registered data
The co-registration error caused substantially small FF changes over time 
(MSE:0.001%±0.002%; Fig. 3A), and resulted in a vertical distance of 0.003±0.01% along 
the fitted trendlines. The within-subject MSE values of registered scBAT ΔFF were lower 
compared to non-registered data (MSE: 0.07%±0.05% versus MSE:0.16%±0.14% respec-
tively; p=0.01; Fig. 3B-C), and resulted in an increase in the ΔFF response over time by a 
factor of two. 

 Figure 2. Fat fraction changes are plotted as a function of time for water-fat emulsion tubes in the A) low fat frac-
tion (FF) range (0%, 2.7%, 5.3%, 7.8%), B) intermediate FF range (10.1%,15.5%,20.4%,23.6%) and C) high FF range 
(30.2%,39.9%,50.1%,100%).
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5.3.3. Mutual FF thresholding reduces the variability of registered scBAT 
ΔFF data compared to single FF thresholding, while it increases the 
variability for non-registered data 
For non-registered data, mutual FF thresholding increased the MSE values compared to 
single FF thresholding (0.16%±0.14% versus 0.13%±0.13%; p=0.01; Fig. 4A). For registered 
data, mutual FF thresholding reduced the MSE values compared to single FF thresholding, 
but this was not significant (MSE: 0.07%±0.05% versus MSE:0.10%±0.10%; p=0.1; Fig. 4B). 

Figure 3. Fat fraction changes for the co-registration validation analysis (A), non-registered data (B) and registered 
data (C). scBAT fat fraction (FF) changes above 1% are shown in red in (A). Image overlap between the first thermo-
neutral (reference) scan and the last dynamic are shown for B and C, where the reference scan and the last dynamic 
are shown in orange and blue, respectively. Red denotes thermoneutrality.
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5.3.4 The FF response in scBAT differs from control tissues during the last 
30 minutes of cooling
As expected, FF changes in the trapezius muscle and the humerus bone revealed no specific 
FF patterns during cooling with small changes over time (skeletal muscle MSE: 0.05±0.05% 
and humerus bone MSE: 0.11±0.06%; Fig. 5A-B). ΔFF in scBAT was significantly reduced 
by -0.68±0.76%, -0.80±0.88% and -0.66±0.81% compared to ΔFF in the trapezius muscle 
at time intervals 5 (40-50 minutes), 6 (50-60 minutes) and 7 (60-70 minutes), respectively. 
Compared to the humerus bone, scBAT ΔFF was significantly reduced by -0.39±0.61% and 
-0.43±0.46% at time intervals 5 and 6 (Fig. 5C). 

Figure 4. Fat fraction changes are shown for non-registered data (A) and registered data (B) after applying a 30-
100% single fact fraction (FF) threshold (black) and mutual FF threshold (orange). Red denotes thermoneutrality.
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Figure 5. Fat fraction changes for the trapezius muscle and humerus bone are shown in A and B. Fat fraction (FF) 
difference curves between supraclavicular BAT, the trapezius muscle (black) and the humerus bone (orange) are 
shown in C. The FF difference curves are averaged across every 10 minutes along the measurement, which yielded 
seven time intervals. *P<0.05.



5

CHAPTER 5	 105

5.4 DISCUSSION 

In this work, we developed a 1-minute time resolution protocol for the assessment of sc-
BAT FF changes using breath-holds and co-registration to minimize motion-induced varia-
tion. Our MRI protocol showed a high stability of FF in the phantom, and co-registration 
and mutual FF thresholding of in vivo data improved the stability of scBAT FF changes 
compared to non-registered data. Upon cold exposure, FF first increased in scBAT, and 
then decreased compared to control tissues. 

Our MRI protocol resulted in a low variability of less than 0.1% FF in all phantom tubes 
over the entire scan duration of 70 minutes. No FF trend of 0.5% or higher occurred in 
any of the phantom tubes. In previous work, similar results were found regarding the 
repeatability of FF measurements in the Calimetrix phantom21, where a FF difference of 
0.8% or lower between measurements that were performed on three different occasions 
was shown. Our data additionally show that the stability across FF measurements is main-
tained while acquiring images consecutively for 1-hour using a 1-minute time resolution. 
As such, influences from the scanner’s hardware, e.g., B0 drift, seem to have a minimal 
effect on the temporal stability of the FF measurements.

The validity of the co-registration method revealed a high registration accuracy of the in 
vivo data, indicated by the absence of any temporal pattern of the registration error and 
small FF changes over time. Due to the location of BAT in the supraclavicular area, the 
measurements are especially prone to movement artifacts. Indeed, our data show that 
co-registration reduces the within-subject variability two-fold compared to non-registered 
data while using mutual FF thresholding. This translated, on average, to double the scBAT 
FF reduction during cooling for non-registered data compared to registered data.

For non-registered data, mutual FF thresholding increased the within-subject variability 
by 23% compared to single FF thresholding. This increase is the result of large spatial 
mismatches between the reference scan and non-registered dynamics, which reduces 
the number of co-located voxels with a FF above 30% in both the reference scan and 
dynamic, thereby confirming the presence of motion across the dynamics. For registered 
data, mutual FF thresholding reduced the within-subject variability by 30% compared to 
single FF thresholded data. Since the spatial mismatches between the reference scan and 
registered dynamics are mostly resolved, the mutual thresholding approach only accounts 
for small spatial mismatches between scans that are still present after the registration, 
such as partial volume effects. 

The added value of the co-registration is less pronounced when comparing registered-
and non-registered data obtained with single FF thresholding, where the within-subject 
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variability was reduced by 23%. Nevertheless, by combining image registration and 
mutual FF thresholding, the within-subject variability of scBAT ΔFF (MSE: 0.07%±0.05%) 
was further reduced by almost 2-fold compared to non-registered data obtained with 
single FF thresholding (MSE:0.13±0.13%) and mutual FF thresholding (MSE: 0.16±0.14). 
Our results, therefore highlight the importance of using both methods for these kind of 
tissues types that are prone to motion artefacts.

Compared to the literature where scans were obtained during cooling, our scBAT FF 
changes are generally smaller than those reported previously (-1.9%20, -2.9%15, -3.0%14,18, 
-3.5%24, -4.7%19). This could be due to several reasons, including the lack of breath-holds 
and/or co-registration or differences in previous study protocols. As a result, the reported 
scBAT FF changes may have been overestimated as a result of motion. Several studies did 
use co-registration in their analysis13,19,20, but images were acquired during free breathing. 
Since the registration error increases with the amount of image displacement24, it cannot 
be excluded that this may have influenced the outcomes. A previous study by Stahl et 
al used both image registration and breath-holds in their protocol15, but images were 
acquired using a two-echo Dixon protocol. It has been shown that a two-echo sequence 
overestimates the FF below 60% and underestimates the FF above 60% compared to a 
six-echo protocol25, which is the result of field inhomogeneities that are not corrected, 
and may therefore produce misleading scBAT ΔFF outcomes.

Moreover, differences in the applied cooling procedures (e.g., cooling garments, dura-
tion, intensity, medium (i.e., water of air) or strategy (i.e., personalized or standardized) 
may also have contributed to the inconsistency in FF outcomes in the literature. Although 
participants reported an increased cold perception during cooling, a larger ΔFF scBAT 
response may have occurred in previous studies18,19,24 since participants were exposed to 
lower temperatures compared to our standardized mild-cooling protocol (18°C). Since 
no thermal perception scores were reported in these previous studies, this hypothesis 
should be further tested by comparing thermal perception measurements and scBAT ΔFF 
outcomes across different cooling procedures. 

Overall, scBAT FF changes were found to be significantly reduced with respect to the con-
trol tissues during the last 30 minutes of cooling. This gradual decrease in scBAT FF is most 
likely attributable to the combustion of lipids within the scBAT depot. While an increase 
in perfusion could produce a change in image intensity leading to an apparent reduction 
in scBAT FF, this seems unlikely for several reasons. First of all, Blondin et al. showed 
that BAT perfusion determined by 11C-acetate PET-CT was unaltered after 3 hours of cold 
exposure in healthy adults, and that intracellular triglycerides were the primary fuel for 
BAT thermogenesis1. Secondly, Coolbaugh et al. reported a mean FF decrease of 14% in 
voxels with a FF in the 90-100% decile after 1-hour of personalized cold exposure16. The 
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authors argued that if half of the water signal came from blood at thermoneutrality (e.g., 
assuming a blood volume fraction of 2.5% at baseline), then the blood volume fraction 
would have increased by 16.5% to explain this reduction of 14%, which is very unlikely. 
In addition, Lundstrom et al., showed that the reduction in scBAT FF determined by MRI 
persisted after the cooling was removed, which argues against perfusion being a domi-
nant factor since it would then be expected that the perfusion would decrease17. Finally, 
the gradual FF increase (+0.4% FF) at the onset of cooling is not in line with a major role 
of perfusion, as increased perfusion would be accompanied by an apparent immediate 
decrease scBAT FF due to the increased volume fraction of water.

To the best of our knowledge, this increase in FF upon cooling has not been reported 
before, but could be due to lipid uptake in scBAT from the blood prior to combustion. This 
would be in line with recent data from Straat et al., who showed that plasma triglyceride 
(TG) levels transiently decreased in response to cold exposure 26. We postulate that soon 
after the initiation of cold exposure, BAT rapidly increases the uptake op triglyceride-
derived fatty acids, resulting in the observed initial scBAT FF increase. Then, after eight 
minutes, the combustion of intracellular lipids possibly exceeds the uptake of fatty acids, 
leading to an overall decrease in scBAT FF. Future research could, therefore, combine 
these measures with repeated blood sampling to experimentally address this hypothesis.

This study has several limitations: in our protocol, 140 breath-holds of 16s were needed 
from the subject, which involved a high burden for patients. Since our data showed an 
inter-image variability (MSE) of less than 0.1% in scBAT, this may allow the use of lower 
time resolutions at intervals for which scBAT FF changes are stable (e.g., thermoneutral-
ity or prolonged cooling14). Another limitation is that the study population only included 
young and healthy adults, and thus our results cannot be extrapolated to more general 
populations.

In conclusion, our MRI protocol and analysis pipeline enables 1-minute resolution mea-
surements of scBAT ΔFF with a small inter-image variability. Co-registration and mutual FF 
thresholding showed a two-fold lower variability compared to non-registered data, and its 
use is therefore highly recommended to improve the stability of scBAT ΔFF measurements.
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