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Summary 
To assess BAT activity in humans at a population level, infrared 
thermography (IRT) represents a safe, readily repeatable and 
affordable alternative to 18F-FDG-PET. Building upon a previously 
proposed method by our laboratory, we further refined the image 
computational algorithm to quantify BAT activation in the 
cervical-supraclavicular (C-SCV) region of healthy young men 
under thermo-neutral and cold exposure conditions. Additionally, 
we validated the whole-body calorimeter (WBC) in reliably 
measuring cold-induced thermogenesis. The temperature 
gradient between C-SCV-deltoid regions, and the corresponding 
difference in heat power output, increased upon cold air 
exposure relative to thermo-neutral conditions (by 74.88 %, 
p<0.0001; and by 71.34 %, p<0.0001 respectively). Resting and 
cumulative energy expenditure (EE) rose significantly (by 
13.14 % and 9.12 % respectively, p=0.0001) while positive 
correlations between IRT measures and EE were found with cold 
air exposure (percentage change in heat power gradient between 
ROI and deltoid, cold air: r2=0.29, p=0.026, Pearson's 
correlation). IRT and WBC can be used to study BAT activation. 

The refined algorithm allows for more automation and objectivity 
in IRT data analysis, especially under cold air exposures. 
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Introduction 
 

The global obesity epidemic represents a rapidly 
escalating threat to public health. The underlying basis 
common to the plethora of causes and pathways of 
overweight and obesity is chronic excessive positive 
energy balance (i.e. energy intake>energy expenditure). 
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Unfortunately, the modern obesogenic environment 
promotes overweight and obesity, and poor adherence to 
lifestyle interventions aimed at correcting the energy 
imbalance (e.g. eating in moderate amounts and 
exercising frequently) further compounds this burgeoning 
problem. This ultimately leads to significant morbidity 
and mortality, including atherosclerosis and increased 
susceptibility to infections (Hainer et al. 2015, Pitha et al. 
2015). As such, it is imperative to explore novel 
strategies for attenuating obesity. 

Adipose tissue have complex roles in energy 
balance; white adipose tissue (WAT) functions as an 
energy store, while brown adipose tissue (BAT) 
dissipates energy in the form of heat (Gesta et al. 2007). 
BAT includes both classical brown adipocytes as well as 
beige/brite adipocytes (Ishibashi and Seale 2010, Petrovic 
et al. 2010, Vegiopoulos et al. 2010, Waldén et al. 2012 
Zhang et al. 2018). The thermogenic capacity of BAT is 
predominantly mediated by the activity of uncoupling 
protein-1 (UCP1) which resides in the inner 
mitochondrial membrane. When activated, UCP1 initiates 
a futile cycle of proton pump and leak that uncouples 
oxidative phosphorylation and results in thermogenesis 
(Cannon and Nedergaard 2004, Lowell and Spiegelman 
2000). 

With the establishment of the existence of 
functional BAT in healthy adults (Cypess et al. 2009, 
Saito et al. 2009, van Marken Lichtenbelt et al. 2009, 
Virtanen et al. 2009), the exciting prospect of 
manipulating BAT for obesity management becomes 
tenable. Through the use of 18F-fluoro-2-deoxy-d-glucose 
(18F-FDG) positron emission tomography-computed 
tomography (PET/CT) imaging in healthy adults, 
substantial BAT depots have been found to be distributed 
over many sites in the body, with the cervical-
supraclavicular (C-SCV) region being the largest and 
most metabolically active (Sacks and Symonds 2013). 
Given that BAT activity in adult humans may be 
stimulated by various endogenous or external stimuli 
such as cold exposure (Greenhill 2013) and 
capsaicin/capsinoid consumption (Ang et al. 2016, 
Masuda et al. 2003, Saito and Yoneshiro 2013), there has 
hence been much interest in developing environmental, 
dietary and pharmacological interventions to augment 
BAT volume and/or activity for increasing energy 
expenditure. 

To measure BAT volume and/or activation at 
a population level, non-invasive, safe, objective, 
repeatable and reproducible assessments of BAT activity 

are crucial for determining whether adipose tissue 
thermogenic capacity has been altered by various 
interventions in clinical research settings. The current 
“gold standard” of 18F-FDG PET/CT imaging is costly, 
and involves substantial ionizing radiation that is 
undesirable for repeated measures especially among 
healthy volunteers in prospective intervention studies. 
Moreover, instant visualization of BAT metabolic activity 
is limited by the inability to perform serial scans over  
a short period of time. Other imaging modalities such as 
functional magnetic resonance imaging (fMRI) 
techniques (Chen et al. 2012, Hu et al. 2013, Lau et al. 
2014) and ultrasound (Clerte et al. 2013, Flynn et al. 
2015) have the advantage of being ionizing radiation free 
to permit continuous real-time imaging, yet they hinge 
upon the tenuous assumption that BAT activity can be 
reliably measured from circulating substrate uptake or 
blood flow. Given that heat is a specific end-product of 
UCP-1 dependent thermogenesis, its detection via 
infrared thermography (IRT) at BAT specific regions thus 
represents a potential surrogate marker for BAT activity. 
Furthermore, IRT constitutes a non-invasive, painless and 
low-cost technique that can be effectively employed 
within the clinical research setting for rapid acquisitions 
of thermal images or videos. 

IRT is an accepted technique to assess BAT 
activity in mice (Carter et al. 2011, Crane et al. 2014). 
Recent studies in humans have also validated the use of 
IRT with PET/CT images, whereby both modalities 
displayed significant concordance in monitoring BAT 
activity before and after cold exposure (Jang et al. 2014, 
Salem et al. 2016, Symonds et al. 2012). Of note, Law  
et al. (2018) demonstrated conclusively the positive 
correlation between IRT-identified supraclavicular (SCV) 
hotspot and the area of maximal uptake on PET-CT-
derived metabolic rate of glucose uptake maximum-
intensity-projection (MR(gluc)MIP) images, complemen-
ted by greater increases in relative SCV temperature with 
greater glucose uptake (Law et al. 2018). Nevertheless, 
there still exists some incongruencies in infrared (IR) 
image processing; for instance, there are varying methods 
with which the region of interest (ROI) corresponding to 
a potential BAT depot is identified and the manner 
whereby temperature values are reported – e.g. mean of 
entire ROI (Ang et al. 2016) versus mean of upper  
10th percentile of temperatures in ROI (Symonds et al. 
2012, Law et al. 2018). 

This study therefore refines an algorithm to 
analyze thermal images capturing BAT activity under 
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cold air exposure. In addition, this study also aims to 
validate the sensitivity of the whole-body calorimeter 
(WBC) in measuring cold-induced thermogenesis, and to 
subsequently correlate IRT and WBC measurements for 
determining BAT activity under cold air exposure. The 
cold air exposure was aimed to represent a realistic cold 
experience that free-living humans can go through, such 
that this cooling protocol can be used to better model the 
effects of BAT activation following environmental and 
pharmacological interventions. 
 
Materials and Methods 
 
Ethics approval and consent to participate 

Written informed consent was obtained from all 
subjects before enrolment in the study. This research 
project, acronymed the ‘BRIGHT Study’, was approved 
by the National Healthcare Group Domain Specific 

Review Board, Singapore (DSRB approval reference: 
C/2014/00721), registered with ClinicalTrials.gov 
(NCT02790255) and performed in accordance with the 
Declaration of Helsinki. 
 
Subjects 

A total of 17 healthy Chinese males (age 
24±0.52 years, BMI 21.7±0.63 kg/m2) were recruited 
(Table 1), following a screening session consisting of 
a health questionnaire as well as measurements of BMI 
and fasting blood glucose levels. Exclusion criteria 
included smoking, training for and participating in 
competitive sports for the past 6 months, regular 
medication and major medical conditions including 
cardiovascular disease and diabetes. Females were 
excluded from the study to minimize variability that may 
arise from menstrual cycle effects. 

 
 
Table 1. Baseline characteristics of subjects. 
 

Characteristics Mean (± S.E.) 

Males (n) 17 
Age (years) 24 ± 0.52 
Body weight (kg) 64.7 ± 1.30 
Height (m) 1.73 ± 0.018 
BMI (kg/m2) 21.7 ± 0.63 
Total fat mass (kg) 20.8 ± 0.81 
Body fat (%) 13.4 ± 0.64 
Fasting blood glucose (mmol/l) 4.6 ± 0.09 
Resting heart rate (b.p.m.) 72 ± 2.71 
Systolic BP (mm Hg) 125 ± 2.78 
Diastolic BP (mm Hg) 71 ± 2.10 
RMR (kcal/day) 1482 ± 31.72 
Resting RQ 0.82 ± 0.03 
BMD (g/cm2) 1.16 ± 0.02 

 
Abbreviations: BMI, body mass index; BP, blood pressure; RMR, resting metabolic rate; RQ, respiratory quotient; BMD, bone mineral 
density. Results are expressed as mean ± S.E. 
 
 
Body composition 

Body composition including bone mineral 
density (BMD), total fat mass and body fat percentage 
was measured by dual-energy X-ray absorptiometry 
(Hologic Discovery Wi, APEX Software version 4.0.1, 
USA). BMI was calculated as the body weight in 
kilograms divided by the square of the height in meters 
(kg/m2). 

Study visit 
Subjects were exposed to cold air of 18±2 °C 

and compared against thermo-neutral ambient 
temperature (24±1 °C). The experiments were entirely 
conducted inside the dual chamber whole-body 
calorimeter (WBC) (Omnical, Maastricht Instruments 
BV, Maastricht, Netherlands) that was furnished with 
features typical of a normal room, with windows at sides 
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of the chamber that allow experimenters to visually 
monitor the subjects for shivering and any other 
movements. Being hermetically sealed, the calorimeter 
allows for precise interior climate control of ambient 
temperature and humidity, as well as accurate 
measurements of energy expenditure. 

Subjects spent 45 minutes in the WBC 1 under 
a thermo-neutral ambient temperature of 24±1 °C (as per 
Singapore’s tropical rainforest climate – Köppen climate 
classification Af). Following this thermo-neutral period, 
they were exposed to cold air in the adjoining chamber 
WBC 2. Shivering was neither observed by the 
experimenter nor reported by the subjects during cold 
exposure. 

This involved 45 min in WBC 2 programmed to 
an ambient temperature of 18±2 °C. IR imaging of the  
C-SCV and deltoid regions was performed at 2.5-min 
intervals for 2 x 45 min over both the thermo-neutral and 
cold exposure conditions for each study session (Fig. 1). 
The skin over the deltoid was selected as a negative 

control as it is known to be devoid of BAT. 
A temperature gradient between the ROI and the deltoid 
was subsequently calculated, which better captures the 
differential heat production in BAT-positive versus  
BAT-negative regions under global skin cooling. 

Prior to the study visit, subjects fasted and drank 
only plain water from 22:00 h the evening before. In 
addition, they abstained from caffeine, alcohol and 
strenuous exercise 24 h prior to testing. Upon arrival 
between 08:00 h and 09:00 h on the day of testing, 
subjects changed into the standardized testing attire of 
cotton singlet and Bermuda shorts, which has  
an estimated clo value of 0.2 (Hoyte et al. 2013). The clo 
unit provides a measure of thermal insulation provided by 
clothing (Gagge et al. 1941). The choice of attire ensures 
adequate exposure of the neck and upper thorax for 
thermal imaging. A peripheral venous cannula was 
inserted at the antecubital fossa of the forearm for blood 
sampling.

 
 

 
 
Fig. 1. The unshaded areas correspond to periods when non-shivering thermogenesis was assessed, with IR imaging of the C-SCV 
regions being performed at 2.5-min intervals (1-second long videos, 30 frames per second) and concurrent measurement of EE by the 
WBC. The shaded areas correspond to periods when blood samples were drawn (3 in total for each study session). The numbers 
represent time elapsed in minutes. 
 
 
Infrared thermography (IRT) imaging 

Subjects were seated in an upright posture on  
an armchair, with head positioned in a neutral position 
and arms adducted. A thermal imaging camera (FLIR 
T440, FLIR Systems, Sweden; sensor array size 320 x 
240 pixels, noise equivalent temperature difference 
(NETD)<45 mK) was mounted on a tripod, placed on the 
left of the subject and positioned at the neck level 1 m 
away from the subject’s face. The subject is seated in 
a neutral position and the camera's optical axis makes  
an angle of 45 degrees with the subject's line of vision in 
the horizontal plane, with the camera slightly below eye 
level and focused on the subject's left C-SCV region. All 
IRT video recordings were acquired over a standard 
recording period of 1 s (at a rate of 30 frames per 
second), whereby anterolateral views of the left C-SCV 

region as well as the upper section of the left deltoid were 
captured. Subjects were requested to remain as still as 
possible, with their shoulders unrotated against the back 
of the chair to minimize movement within the image 
frames during thermal video recordings. 
 
Whole-body calorimetry (WBC) 

Measurements of energy expenditure (EE; 
kcal/min) and respiratory quotient (RQ) throughout the 
study sessions were conducted in the dual room WBC. 
They were performed in conjunction with IRT under both 
the thermo-neutral (24±1 °C) and cold (18±2 °C) 
exposure conditions. 

EE was measured using the principle of indirect 
calorimetry through gaseous exchanges in the open 
circuit air-tight WBC chambers (Goh et al. 2016). Prior 
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to the study visit, both WBC chambers were calibrated 
against standard calibration span gases. During a study 
visit, both oxygen consumption and carbon dioxide 
production were measured continuously via inlet & outlet 
differences, under standard temperature, pressure and dry 
(STPD) (Goh et al. 2016). The accuracy of the WBC 
chambers was regularly assessed via complete 
combustion of a known quantity of methanol, and 
reported by Henry et al. (2017): O2=100.6± 
0.5 % (chamber 1) and 100.9±0.4 % (chamber 2), 
CO2=99.2±0.5 % (chamber 1) and 99.7±0.5 % (chamber 
2), and coefficient of variation=3.0 % (n=21) for repeated 
30-minute resting metabolic rate (RMR) measurements 
with the WBC chambers (Henry et al. 2017). 
 
Infrared video analysis 

Thermal data was initially recorded in 
a radiometric infrared video format, and was exported 
into .avi and .csv files using the FLIR ResearchIR 
Software (Version 3.3, Wilsonville, OR, USA). Using 
MATLAB (R2013a), an in-house algorithm was 
developed to detect local ROIs (Ang et al. 2016), which 
in this study refer to the hot regions overlaying potential 
left C-SCV BAT depots (Fig. 2A). This algorithm 
employs a modified Seeded Region Growing (SRG) 
technique for its purpose (Fig. 2B). 

At the start of the algorithm, a bounding box 
encompassing likely C-SCV BAT depots is manually 
drawn on the first frame of the IR video, from which the 
pixel of the highest temperature value Tmax is 
automatically selected as a “seed”. The same bounding 
box is used on the remaining frames, based on the 
assumption that the subject kept still over video 
acquisition such that the “seed” always falls within the 
box. 

The seed initializes the ROI, which is iteratively 
grown by comparing all unallocated neighboring pixels to 
the region. The difference between a pixel's 
intensity/temperature value and the region's mean is used 
as a measure of similarity, such that adjoining pixels with 
high similarity will be allocated to the region until the 
intensity difference between the region’s mean and the 
temperature value of the new pixel exceeds a threshold Tt. 
In our study, Tt was adjusted manually for individual 
subjects to achieve reliable segmentation. ROIs from all 
frames are obtained via this process. 

In the second part of the algorithm, all frames in 
a single IR video are calibrated by detecting and utilizing 
circular aluminum foil disks that were placed on the 

subject’s skin (diameter of 5 mm; 4 on the face and 1 on 
the upper section of the deltoid, about 2 cm below the 
lateral border of the acromion). Morphological opening is 
applied to every frame to enhance circular objects, which 
facilitates the identification of the aluminum markers as 
regional minima via the H-minima transform. The  
H-minima transform suppresses all minima in the 
intensity image whose depth is less than a pre-set 
threshold h to sieve out potential candidates (Soille 
1999), and a roundness metric is computed for each 
candidate as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  4 ∗ 𝜋𝜋 ∗ 𝑎𝑎/𝑝𝑝2, 
 

Where a and p are its area and perimeter 
respectively. The candidates with highest metric 
values/roundness correspond to the aluminum markers. 
Following marker identification on every frame, the 
center of the 4 facial markers (i.e. the intersection point 
of both diagonals within the square formed by the facial 
markers) is used to align all frames in the IR video. The 
subsequent mathematical set union of every frame’s ROI 
produces an overall ROI for the particular time-point at 
which the video was taken. The pixel count of the overall 
ROI is provided by the algorithm, and it can be used to 
estimate the actual area of the hot region overlaying the 
potential left C-SCV BAT depots. 

Subsequently, the algorithm calculates the mean 
temperature of the pixels and the heat power output of the 
overall ROI. Frame averaging is first performed across 
the aligned frames of the entire video to augment signal-
to-noise ratio, following which the overall ROI is 
superimposed over the averaged image for derivation of 
the ROI’s mean temperature. The algorithm subsequently 
quantifies heat power output in watts (W) by 
implementing a modified Stefan-Boltzmann law (Ang  
et al. 2016): 
 

BAT heat power output =  𝜀𝜀 ∗ 𝜎𝜎 ∗ 𝑀𝑀 ∗ 𝐴𝐴 ∗ 𝑇𝑇4, 
 

Whereby 𝜀𝜀 refers to emissivity (0.98 for human 
skin), 𝜎𝜎 is the Stefan-Boltzmann constant (5.676 x  
10-8 W/m2K4), r defines the pixel-to-meter conversion 
factor that is computed from the area enclosed by the  
4 facial markers (which demarcates a 5 cm by 5 cm 
square), A is the area of the overall ROI in pixels and  
T refers to the mean ROI absolute temperature in  
Kelvin (K). 
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Fig. 2A. Schematic representation of analysis of IR data. Note that Step 2 is performed on the 1st frame, and the same bounding box is 
used for subsequent frames for Tmax determination. This relies on the assumption that the subject does not move significantly in 1 s, 
such that bounding box will always encompass likely C-SCV BAT depots. 
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Fig. 2B. Schematic representation of the SRG algorithm. In Step 0, the seed S is selected (via a bounding box – not shown in this 
diagram). The ROI is then expanded further by computing the temperature difference between the seed and its adjoining pixel, and by 
only accepting the adjoining pixel when the temperature difference is within a pre-defined threshold value (Steps 1 and 2). This 
iterative operation is repeated until the temperature difference exceeds the threshold value, with which a ROI of spatially connected 
pixels of similar temperature values representative of the BAT depot is derived (Step 3). 
 
 

ROIs from different time-points may be 
calibrated using the aforementioned principle involving 
the fiducial markers. Next, the set union of all aligned 
ROIs produces a maximized ROI that is further refined 
via thresholding, whereby only pixels whose temperature 
values are within the pre-determined range will be 
included. The temperature range (reported in degrees 
Celsius [°C]) is defined as: 
 

𝑥𝑥 ≥ 33  
 

Where x refers to the temperature value of 
a pixel in the maximized ROI. The lower limit is set at 
33 °C to eliminate background pixels, if any, arising from 
noise or non-BAT regions picked up in the maximized 
ROI such as zones overlaid by the cotton singlet. 

In this study, a maximized, refined ROI specific 
to each study visit was defined on a subject-by-subject 
basis from which downstream assessments of BAT 
volume and activation were conducted. The ROI was 
determined using the aforementioned workflow on data 
from the cold challenge, following which the same ROI is 
superimposed on data from the corresponding thermo-
neutral phase via the fiducial markers. This permits 
a direct comparison of the heat output of a subject’s  
C-SCV BAT depot without variation introduced by 
incongruences in segmented area. 
 
Statistical analyses 

Statistical analysis was carried out with the 
SPSS software package (version 23.0; SPSS, Chicago, 
IL, USA). Due to a non-Gaussian distribution, the 
Wilcoxon matched pairs signed-rank test was used to 
determine if there were any differences in C-SCV heat 

production under cold exposure relative to thermo-neutral 
conditions. For correlations between measures of BAT 
activity and various parameters of interest, normality was 
first evaluated with the Shapiro-Wilk test before using the 
Pearson’s correlation and Spearman’s rho correlation for 
appropriate datasets. Data were expressed as mean ± 
standard deviation (S.D.) or standard error (S.E.) 
wherever appropriate, and the significance level of all 
tests was set at 5 %. 
 
Results 
 
IRT quantification of cold-stimulated heat production in 
the C-SCV region 

The final 10-min period of cold air exposure 
(t=35 min to 45 min) was used for analysis of IRT data. 
The cold exposure condition was then compared to the 
preceding isochronal thermo-neutral stages. Mean deltoid 
temperature fell to a greater extent than mean ROI 
temperature (10.32 % vs. 1.71 % respectively, p<0.0001). 
Consequently, the temperature gradient between ROI and 
deltoid, as well as the corresponding difference in heat 
power output computed, increased upon cold exposure 
relative to thermo-neutral conditions (Table 2). 
 
Effect of cold exposure on WBC-quantified EE and  
IRT-EE correlations in cold air exposure 

The resting EE increased during cold air 
exposure by 201 kcal/day as compared to baseline, 
thermo-neutral conditions (13.14 % rise, p<0.0001; Table 
2). Similarly, the cumulative EE increased during cold air 
exposure by 4.46 kcal (9.12 % increase over BMR, 
p<0.0001; Table 2). 

The percentage changes in temperature gradient 
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between ROI and deltoid (r2=0.27, p=0.031, Pearson's 
correlation) as well as in heat power gradient between 
ROI and deltoid (r2=0.29, p=0.026, Pearson's correlation; 
Fig. 3) displayed modest positive correlations with that in 

EE. This thereby suggests that a greater increase in total 
energy expended upon cold air exposure may be 
contributed by an increase in BAT activity as measured 
by IRT. 

 
 
Table 2. Changes in temperature and heat power output of ROI and deltoid, as well as in resting and cumulative EE during cold air 
exposure. 
 

Variables Before After Percentage change (%) 

Cold air challenge 
Mean ROI temperature (°C) 34.99 ± 0.36 34.39 ± 0.48 -1.71* 
Mean deltoid temperature (°C) 31.44 ± 0.44 28.19 ± 0.73 -10.32* 
Temperature gradient between 
ROI and deltoid (°C) 

3.55 ± 0.46 6.20 ± 0.80 74.88* 

Heat power gradient between 
ROI and deltoid (W) 

0.0625 ± 0.018 0.107 ± 0.03 71.34* 

Resting EE (kcal/day) 1486 ± 144 1687 ± 274 13.14* 
Cumulative EE (kcal) 48.9 ± 4.4 53.4 ± 7.7 9.12* 

 
* Significant difference at p<0.0001 (Wilcoxon matched pairs signed-rank test) between cold exposure and thermo-neutral conditions. 
Values are presented as the mean (± S.D.). ROI heat power is calculated based on the Stefan-Boltzmann law, using the refined, 
maximized ROI on a subject- and study visit-specific basis. 
 
 

 

Fig. 3. Correlation between 
percen-tage change in heat 
power gradient between ROI 
and deltoid and that in 
cumulative EE (cold air 
exposure). 
 
 

 
 
Discussion 
 

The purpose of this study is to further explore 
the use of IRT in quantifying BAT activity, by modifying 
a method previously proposed by our laboratory (Ang  
et al. 2016). The image segmentation method was 
modified and optimized to permit automated detection of 
the “seed” pixel after defining the bounding box 
encompassing likely C-SCV BAT depots on the video 
frames. This reduces operator dependence and introduces 

greater automation, thereby removing the need to 
arbitrarily plant the “seed” solely based on heuristics. 

The use of MATLAB to generate a maximized, 
refined ROI on a subject- and study session-specific basis 
helps to reduce error in calculating ROI heat power 
output. A Monte Carlo simulation was performed to 
determine the sources of error in the measurement of heat 
power output using the Stefan-Boltzmann equation 
(Suppl. Fig. 1). Given that area is most likely the primary 
contributor of error in ROIs with small areas, keeping the 

Tay_Suppl_Fig_1.pdf
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ROI area constant under the assumption that the 
maximized, refined area demarcates maximal BAT area 
in the C-SCV region, will most likely to improve signal-
to-noise ratio. 

In addition, to better analyze IRT data collected 
over cold air exposure to ascertain potential 
BAT activation, MATLAB functions were also employed 
to define the thermal activity of the deltoid. The skin 
temperature over the C-SCV region is an indirect marker 
of BAT activity during cold exposure, while the  
BAT-devoid deltoid can be taken as a proxy of peripheral 
vasoconstriction (Boon et al. 2014, Chondronikola et al. 
2016, van der Lans et al. 2016, Lee et al. 2011). Subse-
quent computations of temperature between ROI and 
deltoid revealed the contribution of BAT activation to the 
maintenance of a relatively constant temperature of skin 
overlaying the BAT depots during cold air exposure 
unlike non-BAT areas which exhibited a marked decrease 
in skin temperature, which thus translated to a large 
increase of 71.34 % in the heat power gradient between 
the two regions. In conjunction with a 13.14 % rise in 
resting EE and corresponding positive correlations 
between IRT and WBC measurements, it is thus plausible 
that BAT contributed to non-shivering thermogenesis in 
the subjects. 

This study also reviewed the potential of the 
WBC to reliably capture changes in EE during BAT 
activation, which is shown by the expected increase in 
resting and cumulative EE under cold air exposure. 
Similar increases were also reported in prior literature on 
cold-induced thermogenesis in lean subjects measured by 
indirect calorimetry, such as a 13.7 % rise following two 
hours of cold exposure (16 °C air) captured by 
a respiratory gas analyzer with the use of a ventilated 
hood system (van Marken Lichtenbelt et al. 2009). The 
advantage of a room calorimeter lies in the ability to 
mimic free-living conditions in a controlled environment 
– this sets the stage for future prospective BAT studies to 
investigate how novel nutriceuticals and pharmaceuticals 
as well as human behaviour (e.g. food, physical activity) 
influence BAT activity in a physiological setting. 

There are several limitations to this study. 
Despite having refined the SRG algorithm to permit more 
automation in IRT image processing, the threshold 
parameter for the segmentation algorithm still had to be 
manually optimized for each subject since any single pre-
set threshold was not successful in reliably segmenting all 
subjects. As such, future work will demand the definition 
of a suitable range of threshold values that is applicable 

to the general population for further automation. The 
thickness of subcutaneous adipose tissue is thought to 
confound heat transfer from underlying BAT depots to 
skin (Gatidis et al. 2016), which may underestimate 
actual BAT heat power output. However, all 17 subjects 
were relatively lean with body fat levels below the 
Singaporean mean (Bi et al. 2018). 

Shivering was not quantitatively measured via 
the use of electromyograms (EMGs) to determine the 
extent of shivering thermogenesis following cold 
exposure. However, none of the subjects had any 
subjective report of shivering when directly questioned 
nor was there any overt shivering observed by the 
experimenter. The use of such a shivering threshold and 
its acceptance as a valid method to maximize non-
shivering thermogenesis and activate BAT lends further 
credence to our justification that our subjects did not 
exhibit significant shivering thermogenesis (Boon et al. 
2014, Cypess et al. 2014). In addition, our results are in 
line with those reported in two similarly designed studies 
by Haq et al. (2017) and Acosta et al. (2018), who were 
able to exclude shivering via subjective reporting as well 
as surface EMG by the lack of burst activity/superficial 
muscle activity over the entire cooling period, thereby 
conclusively demonstrating that the increases in SCV 
temperature and energy expenditure were most likely 
from BAT-induced non-shivering thermogenesis (Acosta 
et al. 2018, Haq et al. 2017). It has been proposed that 
shivering thermogenesis is the last cold-defense 
mechanism to be activated as its thermal threshold is at 
a lower core temperature than that for either cutaneous 
vasoconstriction or BAT thermogenesis, which supports 
the notion that BAT thermogenesis can be and is rapidly 
elicited in response to cold stress (Morrison 2016). While 
shivering is essential in the thermoregulatory response to 
an intense cold stimulus, it should be appreciated that 
thermogenic shivering is an ancillary function of skeletal 
muscles that are normally used to produce movement and 
posture. On the other hand, non-shivering or adaptive 
thermogenesis in BAT is the specific metabolic function 
of this tissue, and BAT activation in mild cold exposure 
would thus be physiologically relevant (Boon and van 
Marken Lichtenbelt 2016). 

The WBC is largely conducive for detecting  
EE changes during cold-induced thermogenesis, but 
a shortfall is that it does not allow for a rapid alteration of 
ambient temperature. As such, we were unable to 
implement an individualized cooling protocol for the cold 
air challenge, which would have been preferred given the 
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variation in cold tolerance amongst different individuals. 
Nevertheless, the use of a fixed cooling temperature in 
this study is reasonable given that the subject population 
is largely homogenous and has been exposed to 
standardized environmental conditions. 

This study supports the combination of IRT with 
WBC to study BAT activation under cold air exposure. 
This process improves the semi-automated detection of 
anatomically appropriate ROIs and the progressive 
analysis of spatially corrected thermal images collected in  
a time series. The resultant output provides reliable 
estimates on the degree of activation of BAT over time 
for each subject, which may then be correlated with 
EE data to confirm non-shivering thermogenesis. Future 
work will focus on further automation in IRT to assess 
BAT metabolic activity in diverse subjects and 
populations, so as to allow reliable and reproducible 
measurements in clinical trials exploring the therapeutic 
targeting of BAT in treating metabolic disorders. 
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