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relative positions of the fixtures.
Figure 2.3. Picture of the author demonstrating how the steel door is locked to
seal the room hermetically for precise gas (oxygen consumed vs.
carbon dioxide produced) measurements and interior climate
control.

Figure 2.4. Research dedicated Hologic Discovery Wi DXA scanner housed in
the CNRC for measurement of body composition.
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Figure 2.5. State-of-the-art FLIR T440 model high resolution thermal camera
used in all the studies described here showing both normal visible
light photograph and video screen for IR images.

Figure 2.6. FLIR T440 Infrared Thermal Camera mounted on a tripod set up
at the CNRC.

Figure 2.7. Seed growing algorithm (SRG) of image segmentation based on
pixel temperature.

Figure 2.8. Segmentation of ROI to define BAT positive regions in the lateral
neck and SCV.

Figure 2.9. Increase in temperature of ROI during cold stimulation over 15
minutes.

Figure 2.10. Schematic flow chart of TACTICAL-II procedures and study
visits.

Figure 2.11. Phlebotomy and venipuncture as shown by author in action
during study visits.
Figure 2.12. Author aliquoting plasma samples after centrifuging blood
samples.
Figure 2.13. Author performing bench work in his wet laboratory.
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Figure 2.14.

MRI of abdominal white adipose tissues (WAT) depots with
auto-segmentation using 2-point Dixon algorithm into SAT and
VAT; MRS spectrum quantifying hepatic triglycerides.

Figure 2.15. Fusion PET-MRI scanner at the CIRC facility at MD6 building of
NUS.

Figure 2.16. Schematic flow chart of TACTICAL-II procedures and study
visits.

Figure 2.16. MRI sequence: 1) localizer, 2) T2W FSE, 3) T1W, 4) multi-echo
Dixon, 5) T2 mapping.

Figure 2.17. Flow chart of TRIBUTE study

Figure 2.18. The author explaining and taking an informed consent from a
research participant.

Figure 2.19. Figure reproduced from D. Zarin, Overview of ClinicalTrials.gov
presentation, Dec 2008 with permission from National Library of
Medicine (NLM) Customer Support (see Appendix 21)
http://prsinfo.clinicaltrials.gov/webinars/module1/resources/Over
view_Handouts.pdf

Figure 3.1. Implemented BAT detection method and its underlying principle
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Figure 3.2. Thermal images of cold induced BAT activity. Representative
images taken at 0 min (A, B, C) and 5 min (D, E, F) of cold
challenge, showing increase in the area and temperature of the
thermally active region. The subject’s head is turned to his left in
A and D, facing forward in B and E, and turned to his right in C
and F. ROI detection over the C-SCV regions are circumscribed
by green contour lines. White pixels, >37.4C; red pixels, 36.837.4C; yellow pixels, 36.5-36.8C.C-SCV, cervicalsupraclavicular; ROI, region of interest.
Figure 3.3. The bar chart (Fig. 3.3a) shows a significant increase (p<0.05)
in heat flux with cold stimulation. Fig 3.3b is an IRT of the
anterior neck and supraclavicular regions with circumscribed
ROIs over SCRs (epicentres to 37.5C).
Figure 3.4. Change in energy expenditure and SCV heat output after
capsinoids (black circles) compared with placebo (white circles) in
subjects with low BAT vs high BAT (defined as those with >1SE
above mean in heat response with cold stimulation.

Figure 3.5. Capsinoids increase energy expenditure and diet induced
thermogenesis. Panel A: Change in energy expenditure (ΔEE) was
measured over 2.5 hours after ingestion of placebo (○) or 9mg
capsinoids (●) with standard portion of rice, relative to baseline
resting EE (n = 19). Panel B: Diet-induced thermogenesis (DIT)
measured over 2.5 hours after placebo or capsinoids ingestion,
expressed as percentage of energy intake (n = 18).
*P<0.05capsinoids vs placebo. Values shown are mean ± SEM.
Energy expenditure, EE.
Figure 3.6. Capsinoids ingestion increases fat oxidation. The change in fat
oxidation is shown over 2.5 hours after ingestion of placebo (○) or
9mg capsinoids (●) with standard portion of rice (n = 18).*P<0.05
capsinoids vs placebo. Values shown are mean ± SEM.
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Figure 3.7. Capsinoids ingestion increases total BAT heat production as
measured by IRT. The change in heat energy output is shown over
2.5hrs after ingestion of placebo (○) or 9mg capsinoids (●) with
standard portion of rice (n = 20). *P<0.05capsinoids vs placebo.
Values shown are mean ± SEM. BAT, brown adipose tissue; IRT,
infrared thermography.
Figure 3.8. The increase in heat output from BAT varies inversely with the
mean fasting blood glucose. This is consistent with the physiology
of BAT as its glucose uptake is increased during its activated state.

Figure 3.9. TACTICAL study illustrating the strong correlation between
infrared heat power emitted by activated BAT and the resting
energy expenditure measured by indirect calorimetry.
Figure 3.10. Cold air exposure, IRT and EE measurement in a whole body
calorimeter.

Figure 3.11. IRT image segmentation algorithm using MATLAB functions.

Figure 3.12. Statistically significant positive relationships observed between
IRT output and energy expenditure data.

Figure 4.1. Participant recruitment flow chart of TACTICAL-II.

Figure 4.2. Dynamic PET frames in a BAT negative subject. These are anteroposterior views of a subject from the head to the upper chest and
there is absence of uptake over the supraclavicular and lateral neck
regions where BAT normally resides.
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Figure 4.3. Dynamic PET frames in a BAT positive subject using cold
stimulation. There is a pronounced level of 18-FDG uptake at the
supraclavicular regions, lower lateral neck bilaterally and the
mediastinum.

Figure 4.4. Kinetic analysis via compartmental modeling of blood FDG influx
parameters based on previously reported population data and
scaled to the individual patient tracer dose.

Figure 4.5. Good agreement between kinetic analysis and SUV.

Figure 4.6. 3 BAT positive subjects via FDG-PET by cold stimulation (upper
half panels); SUV of capsinoid stimulation (lower half panels) was
below the cutoff for definition of BAT positivity but clearly
showing BAT FDG uptake when re-windowed through varying the
greyscale values of the displayed window without adjusting the
SUV thresholding. Figure adapted from my own publication with
permission from the journal publisher (see Appendix 21) (Sun LJ
et al, AJCN 2018; 107:62-70).

Figure 4.7. Correlation between energy expenditure post-cold and postcapsinoids.
Figure 4.8.

Fused co-registered PET-MRI image showing active BAT (red).

Figure 4.9. Fat fraction functional MRI against 18F-FDG-PET in 2 BAT
positive subjects.
Figure 4.10.

Fat fraction functional MRI against 18F-FDG-PET in 2 BAT
negative subjects.

Figure 4.11. Inverse correlation between cold exposure and fat fraction MRI.
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Figure 4.12. Correlation between PET SUV and fat fraction MRI.

Figure 4.13. Correlation between HOMA-IR and fat fraction MRI.

Figure 4.14. Correlation between NEFA and fat fraction MRI.

Figure 4.15. Correlation between fasting triglycerides and fat fraction MRI.

Figure 4.16. Correlation between HDL-C and fat fraction MRI.

Figure 4.17. Using a thermal camera to capture infrared radiation (heat
signature), whoever was BAT-positive showed a marked rise in
skin temperature over the sides of the neck and supraclavicular
regions bilaterally (Panels A, B, C). Such a temperature response
was noticeably absent among a corresponding BAT-negative
subject (Panels D, E, F).
Figure 4.18. Correlation between PET SUV during cooling vest (x-axis) and
maximal temperature over the supraclavicular region (Tscv max)
in BAT positive subjects.
Figure 4.19. Correlation between PET SUV and temperature gradient between
the BAT site (supraclavicular region) and a non-BAT reference
ROI.
Figure 4.20. Comparison between heat power output (watts) of BAT-positive
versus BAT negative subjects over 120 minutes of cold
stimulation using a cooling vest and post-capsinoids ingestion.
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Figure 4.21.

Heat power difference between Supraclavicular ROI region
(TSCR) and reference skin heat power (H REF) (Δ heat power=
HSCR-HREF) after cooling vest (A), capsinoids ingestion (B)
interventions between BAT positive subjects (n=6, 2 female) and
BAT negative subjects (n=4, 1 female) in 120 mins and the total
area under curve in 120 mins (C).

Figure 4.22.

Change in energy expenditure (kcal) above baseline (BMR)
versus the PET SUV during the cooling vest session.

Figure 4.23.

2 hour cumulative energy expenditure (kcal) above baseline
(BMR) for BAT negative and BAT positive subjects during the
cooling vest session.

Figure 4.24.

2 hour cumulative energy expenditure (kcal/min) above baseline
(BMR) for BAT negative and BAT positive subjects during the
capsinoid session.

Figure 4.25. Mean delta (±SEM) energy expenditure (%) compared to baseline
(BMR) for BAT negative and BAT positive subjects during the
cooling vest session. * p < 0.05.

Figure 4.26. Mean delta (±SEM) energy expenditure (%) compared to baseline
(BMR) for BAT negative and BAT positive subjects during the
capsinoid session. * p < 0.001.

Figure 4.27. Correlation between delta energy expenditure (kcal/min,
compared to baseline) during the capsinoids (x-axis) and cold
vest (y-axis) session.
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Figure 4.28. Correlation between delta energy expenditure (kcal/min,
compared to baseline) during the cooling vest (x-axis) and delta
heat power gradient iAUC between 60-120 min (y-axis) session.

Figure 4.29. An example of an 18F-FDG-PET image of a BAT-positive
subject (PET volume uptake in white against a grey-scale image
on the left panel) and the corresponding IRT thermogram of the
same subject showing segmentation of BAT in white right panel

Figure 4.30. 18F-FDG-PET image co-registered with IRT thermogram of a
healthy volunteer proven BAT-positive. Both images are
superimposed upon each other with the help of the maximum
intensity projection algorithm. As illustrated here, the IRT
segmentation coincided with the FDG uptake BAT regions
reasonably well, thus supporting the utility of IRT as a BATimaging modality.

Figure 4.31. Correlating the imaging modalities of BAT
(A) T2-weighted anatomical image showing the sBAT
(B) Quantitative fat fraction map where sBAT is highlighted
(C) 18FDG-PET map with colour scale showing SUV values
(D) PET overlaid on MRI
(E) IRT map with color bar showing temp in ºC
(F) 2D projected PET image overlaid on the MR image
(G) wrapped IRT image on the MR-PET image
(H) overlaid images of IRT and MR-PET.
This figure is reproduced from my own publication (Sun LJ et al,
Obesity 2019) under the terms of the Creative Commons
Attribution provided the original work is properly cited and is not
used for commercial purposes.

Figure 4.32. Correlation between heat power and energy expenditure at 2h
post-cold stimulation.
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Figure 4.33. Correlation between SAT and fasting plasma insulin.

Figure 4.34. Correlation between SAT and MR FF with cold stimulation.

Figure 4.35. Correlation between SSAT (superficial SAT) and MR FF with
cold stimulation.

Figure 4.36. Correlation between SSAT and MR FF with capsinoids
stimulation.

Figure 4.37. Correlation between DSAT (deep SAT) and MR FF with cold
stimulation.

Figure 4.38. Correlation between DSAT and MR FF with capsinoids
stimulation.
Figure 4.39. Correlation between DXA (total body fat percent) and MR FF.

Figure 4.40. Correlation between SAT (L1-L5) and IRT heat power (anterior
neck and SCV).
Figure 4.41. Correlation between SAT (L1-L5) and IRT heat power (right
lateral neck).

Figure 4.42. Correlation between VAT and fasting plasma triglycerides (TG).
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Figure 4.43. Correlation between VAT and MR FF post-capsinoids
stimulation of BAT.

Figure 4.44. Correlation between VAT and MR FF post-cold stimulation of
BAT.

Figure 4.45. Correlation between VAT and IRT heat power (right lateral
neck).

Figure 4.46. Correlation between Est VAT mass (g) by DXA during screening
visit (x-axis) and BAT volume (cm3) calculated from BAT
SUV>2 among the subjects who had cooling vest to stimulate
BAT.

Figure 4.47. Correlation between PET SUV and free T3.

Figure 4.48. Correlation between IRT heat power and free T3.

Figure 4.49. Correlation between basal metabolic rate (BMR) and free T3.

Figure 4.50. Correlation between free T4 (FT4) and basal metabolic rate
(BMR).

Figure 4.51. Correlation between free T3 and fat oxidation.

Figure 4.52. Correlation between free T4 and fat oxidation.
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Figure 4.53. Correlation between FT3 and LDL-C.

Figure 4.54. Correlation between FT4 and LDL-C.

Figure 4.55. Three representative patients with Graves’ disease illustrating
their baseline 18F-FDG-PET scans at Visit 1 (hyperthyroid)
compared to Visit 2 (euthyroid). The PET images at Visit 1
showed an increased FDG uptake whereas the PET images at
Visit 2 revealed a significantly reduced to absent FDG uptake.
All scans were performed at ambient temperature without any
extra cold or capsinoid stimulation.

Figure 4.56. Changes in total fat mass from the hyperthyroid to euthyroid
state. * Significant (p <0.05)

Figure 4.57. Changes in lean mass from the hyperthyroid to euthyroid state.
* Significant (p <0.05)

Figure 4.58. Changes in resting metabolic rate (RMR) from the hyperthyroid
to euthyroid state. ** Significant (p <0.01).

Figure 4.59. Changes in WAT fat depots from the hyperthyroid to euthyroid
state. ** Significant (p <0.01)

Figure 4.60. Changes in fasting lipids from the hyperthyroid to euthyroid
state. ** Significant (p <0.01)
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Figure 4.61. Correlation between SAT (umbilical slice) and Tscv max from
anterior aspect in hyperthyroid patients (at baseline Visit 1).

Figure 4.62. Correlation between SSAT (umbilical slice) and Tscv max from
anterior aspect in hyperthyroid patients (at baseline Visit 1).

Figure 4.63. Correlation between DSAT (umbilical slice) and Tscv max from
anterior aspect in hyperthyroid patients (at baseline Visit 1).

Figure 4.64. Correlation between VAT (umbilical slice) and Tscv max from
anterior aspect in hyperthyroid patients (at baseline Visit 1).

Figure 4.65. VAT and TG in hyperthyroid patients (baseline) showing a very
strong correlation.

Figure 4.66. Negative correlation between VAT and HDL-C in hyperthyroid
patients (baseline) showing strong inverse correlation.

Figure 4.67. Positive correlation between SAT and HOMA-IR in hyperthyroid
patients.

Figure 4.68. Positive correlation between SSAT and HOMA-IR in
hyperthyroid patients.

Figure 4.69. Positive correlation between DSAT and HOMA-IR in
hyperthyroid patients.

xxxv

Figure 4.70. Positive correlation between VAT and HOMA-IR in
hyperthyroid patients.

Figure 5.1. Study protocol of BEACON BEAMS which is scheduled to start
towards the end of the 2019 or beginning of 2020.

Figure 5.2.

Infrared images from the FLIR ONE (top panels) and the FLIR
T440 (bottom panels) of the same individual taken at
corresponding time points progressively during cold stimulation.

Figure 5.3. Eppendorf tubes containing pooled plasma from 3 selected groups
showing the most extreme results in BAT responses to cold and
capsinoids, and the most biochemically hyperthyroid compared
against euthyroid states. (Legend - tube 1: P baseline – untreated
hyperthyroid patients; tube 2: Bl capsinoid – pre-capsinoid
baseline; tube 3: PCV – post cooling vest; tube 4: P treatment –
euthyroid patients treated with antithyroid drugs; tube 5: Post
capsinoid – post-capsinoid stimulation; tube 6: BLCV – baseline
pre-cooling vest)

Figure 5.4. Volcano plot of exosomal proteins in cold-stimulated BAT (FDR
< 0.05, FC cutoff = log2(1.3).

Figure 5.5. Pathways significant at p < 0.05 for cold-activated BAT. We found
78.57% of pathways activated in cold stimulation belonging to the
RHO GTPases, activate WASPs and WAVEs signaling pathways.

Figure 5.6. Volcano plot of exosomal proteins in capsinoids-stimulated BAT
(FDR < 0.05, FC cutoff = log2(1.2).
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Figure 5.7. Pathways significant at p < 0.05 for capsinoids-activated BAT. We
found 92.59% of pathways activated in capsinoids BAT
stimulation belonging to platelet degranulation.

Figure 5.8. Volcano plot of exosomal proteins in hyperthyroid state (FDR <
0.05, FC cutoff = log2(1.5).

Figure 5.9. Pathways significant at p < 0.05 for hyperthyroid-associated BAT
activation. These include plasma lipoprotein assembly, glycolysis
and gluconeogenesis, Rap1 and Grb2 SOS signaling and immune
system and interleukins signaling pathways.

Figure 5.10. Percentage contributions of the different pathways significant at p
< 0.05 for hyperthyroid-associated BAT activation.

Figure 5.11. Correlations of exosomal protein expressions for cold vs
capsinoid vs hyperthyroid states of BAT activation.

Figure 6.1. Different quantities of T4 relative to T3 secreted daily by the
thyroid.

Figure 6.2. A potential novel BAT-thyroid axis to sustain thermogenesis.

Figure 7.1. Unequal and different gene expression profiles (L ≠ L’) in the
transition from hyperthyroid to euthyroid states and vice versa can
contribute to incongruent or discordant changes in phenotypic
endpoints (P ≠ P’) such as fat depots, leading to decrease in VAT
during thyrotoxicosis but no detectable changes in VAT during
recovery to euthyroidism.
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AMPK – Adenosine Monophosphate Protein Kinase
ASC – Adipose-derived Stem Cell
ATD – Antithyroid Drug
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SUMMARY (ABSTRACT)
My proposed research falls under the field of Metabolic Physiology. Metabolism, being the
sum total of all anabolic and catabolic activities of cells and organs determine the net energy
balance of all vertebrates. The complex metabolic networks that fuel life itself are
functionally a downstream effector layer governed by regulatory feedback loops including
those constituting a part of the endocrine system. Among the wide range of hormones
controlling intermediary metabolism such as insulin, glucagon, cortisol and catecholamines,
the homeostatic equilibrium established by thyroid hormones appear to be a key driver of
metabolic rate which influences the boundary between health and disease.
Recent work revealed that the potent thermogenic effect of thyroid hormones is mediated by
brown adipose tissue (BAT). Dissecting the physiological mechanisms and metabolic
pathways of this process is a very active field of investigation that is interdisciplinary in
nature and requires a variety of approaches. Research in this field of metabolic physiology
has allowed me to explore and interrogate the effect of thyroid status on brown fat
thermogenesis, metabolic rate, fat distribution, body composition and weight control. The
clinical significance of deciphering the relationship between thyroid status, brown fat
activation and the browning of white fat lies in unravelling the possibility for optimisation of
health and quality of life of numerous thyroid patients and offering insights in augmenting
energy expenditure as a strategy to counter the present epidemic of obesity and diabetes
confronting the world. An overarching goal is that of developing and validating infrared
thermography (IRT) that incorporates a novel image processing algorithm for heat power
efflux quantification and also establishing fat fraction MRI for precise brown fat volumetric
measurement to address my hypotheses and facilitate studies of brown fat. The quest to better
understand the inter-relationships above essentially form much of my research work and
endeavor that is detailed in the pages of this PhD thesis.
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CHAPTER 1
INTRODUCTION
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1.1

BACKGROUND

Brown adipose tissue (BAT) has long been regarded as being a form of fat that purely serves
the purpose of thermogenesis to defend against hypothermia in neonates and young babies in
whom the skeletal musculature is insufficiently developed to allow heat generation by
repetitive contractions via shivering. For decades, BAT is thought to be virtually non-existent
in adults (Ganong, 1983). This view underwent a radical renaissance change just a little over
a decade ago after the simultaneous publications by three independent research groups which
demonstrated the presence of functionally active BAT in human adults (Cypess et al, 2009;
Virtanen et al, 2009; Van 2009). Thus, the stage is set to unravel how BAT may be properly
harnessed to accelerate fat oxidation and diminish white adipose tissue (WAT) triglycerides
stores so as to treat obesity and control the accumulation of white fat.

1.2

CURRENT KNOWLEDGE & LITERATURE REVIEW

INTRODUCTION
Background
It is a well-known clinical observation that rapid weight loss accompanies the thyrotoxic state,
while excessive weight gain occurs in hypothyroidism (Brent, 2008; Franklyn and Boelaert,
2012; Saito, 2013). Thyroid hormone status is also well correlated to basal metabolic rate
(BMR) as demonstrated by calorimetry to measure resting energy expenditure (Moller et al.,
1996; Gelfand et al., 1987). The thyroid gland is a key organ governing overall metabolic rate
in the body. Thyroid hormone-stimulated thermogenesis has been known for over a century,
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and yet the molecular mechanisms by which it occurs have not been well described. Recently,
new evidence suggests that thyroid hormone activates brown adipose tissue (BAT) centrally
rather than peripherally via the ventromedial hypothalamus (VMH), the satiety centre,
mediated by the sympathetic nervous system (Cannon and Nedergaard, 2010; Lopez et al.,
2010). However, much less is known about the changes in adipose tissue compartments with
thyroid status. In particular, there are few human studies that examine in detail the changes in
fat partitioning between the subcutaneous adipose tissue (SAT) [SAT itself being distinctly
subdivided into superficial SAT (SSAT) and deep SAT (DSAT)] and visceral adipose tissue
(VAT) depots (Kelley et al., 2000; Smith et al., 2001; Boulet et al., 2013; Cancello et al.,
2013) with changing ambient thyroid hormone levels during the process of treatment of
hyperthyroidism (Syed et al., 1999; Garduno-Garcia Jde et al., 2010). In addition to white
adipose tissue (WAT), BAT merits special consideration in the context of thyroid hormone
status, body weight, and metabolism. BAT is characterized by large amounts of the
uncoupling protein-1 (UCP1), which when activated enables the free-flow of protons across
the inner mitochondrial membrane, resulting in the rapid dissipation of chemical energy as
heat (Cannon and Nedergaard, 2004). Consequently, when maximally activated, BAT can
generate up to 300W/kg of tissue compared with 1W/kg from most other tissues (Cannon and
Nedergaard, 2004). This process is regulated primarily by the unmasking of GDP-binding
sites located within UCP1 (Power, 1989; Heaton and Nicholls, 1977; Trayhurn et al., 1987).

It is now known that adults do possess viable brown fat in quantities that may be critical for
maintenance of a normal basal metabolic rate (BMR) (Symonds, 2013; van Marken
Lichtenbelt et al., 2009; Cypess et al., 2009; Lidell and Enerback, 2010; Stephens et al., 2011;
Saito, 2013; Carey and Kingwell, 2013) and body weight, dispelling the myth that BAT is
only present during infancy for thermoregulation. There are data suggesting that obesity is
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associated with insufficient BAT. Interestingly, BAT is apparently present in abundance in
certain pathological hormonal states such as hyperthyroidism and pheochromocytoma
(Frontini et al., 2013; Lean et al., 1986). This is consistent with in-vitro and animal model
observations that brown adipocyte differentiation and development require endocrine factors
such as thyroid hormone and catecholamines (Wang et al., 2011). This implies that BAT may
be present in suboptimal amounts and activity in individuals with subclinical or clinically
overt hypothyroidism, and vice versa in those with hyperthyroidism (Lahesmaa et al., 2014).
It has been shown clinically that excess thyroid hormone can lead to an increase in BAT (Fig.
1.1), which in turn favourably ameliorates diabetes in those with genetic forms of severe
insulin resistance (Skarulis et al., 2010). Furthermore, there is now evidence supporting the
presence of WAT precursors (adipocyte stem cells - ASC) with the plasticity to differentiate
along the lineage of brown adipocytes, giving rise to ‘beige’ or ‘brite’ adipocytes. This raises
the possibility that thyroid hormone and other exogenous factors may be manipulated to
enhance the development of ‘beige’ fat. The presence of ASC and precursors expressing the
BAT phenotype within WAT compartments thus represents a potential reservoir of BAT-like
adipocytes that can be activated by thyroid hormone, or by adipocyte tissue-specific thyroid
hormone receptor ligands, to tackle the problem of metabolic syndrome and obesity (Wu et
al., 2012; Spiegelman, 2013; Bostrom et al., 2012). Hence, patients with thyroid hormone
disorders constitute a substantial and viable population of interest that serves as an excellent
model in which to understand browning and the relationship between BAT, WAT, beige fat
and BMR. The scourge of thyroid disorders stack up as the next major endocrine/metabolic
disease burden after diabetes ("Thyroid disease - more research needed", 2012) (Retrieved
from editorial, “https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(12)604450/fulltext#articleInformation”).
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In this project that I have been funded by NMRC as Principal Investigator, I seek to
investigate how infrared thermography (IRT), fat fraction MRI (MR FF) and indirect
calorimetry can be used as BAT assessment tools and how thyroid hormone status across the
spectrum of frank hyperthyroidism to euthyroidism, assessed in terms of circulating thyroid
hormones [i.e. free thyroxine (FT4) and triiodothyronine (FT3)] and thyrotropin (TSH) in the
course of treatment, are related to the quantity of functional brown fat which in turn exert an
influence on metabolic rate, body composition and fat partitioning,. Because cold stimulation
triggers BAT thermogenesis as a defense mechanism and metabolic rate increases as core
temperature drops with declining environmental temperature, indirect calorimetry is also
predicted to be a sensitive indicator of BAT activation since whole body calorimetry is
potentially the most precise method to assess BAT activity by measuring non-shivering
thermogenesis, and calorimetry was also historically the first scientifically objective method
of assessment and diagnosis of hyperthyroidism long before the identification of thyroid
hormones and the advent of RIA and ELISA hormonal assays (Fig. 1.2).

The key objective is to validate these non-ionizing radiation methods of BAT assessments so
as to catalyze BAT research without the obstacles of the dangers of radiation. Knowledge
acquired from this project should generate better insights as to the manipulation of thyroid
hormones to optimizing energy level and body weight through healthier levels of metabolic
rate and appropriate amounts and distribution of brown and white fat. Thus it is useful to
assess WAT and BAT in patients with hyperthyroidism, and to monitor changes in these
parameters as the patients undergo treatment. Knowledge gained from this investigation will
increase our understanding of the role of thyroid hormone on 1) fat partitioning, 2) metabolic
rate/energy expenditure, and 3) regulation of body weight.
5

Figure 1.1. Brown adipocyte can be stimulated by cold which acts via sympathetic nerve
discharge of norepinephrine that in turn acts on beta-3 AR. This is enhanced by thyroid
hormone.
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Figure 1.2.
Increase in oxygen consumption via adaptive thermogenesis as a
physiological defence against hypothermia when temperature declines. The different
slopes (red/green/blue lines) serve as proxies to amount of activatable BAT in
different people.
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1.2.1

BROWN FAT IN NEONATES AND INFANTS

The Fat engineered by Nature for Thermogenesis
Mammalian vertebrates such as mice, squirrels, hibernating animals (eg. bears) and primates
including humans are homeotherms and all possess brown fat (Crompton et al., 1978). The
key function of brown fat in these species is to generate heat for thermoregulation as a
defense against cold stress among homeotherms (Nicholls and Locke, 1984). In humans, this
is especially relevant in neonates and infants in which brown adipose tissue (BAT) is critical
for non-shivering thermogenesis (NST) as the muscles of young babies are not well
developed to generate adequate heat through mechanical work done from shivering (Dawkins
and Scopes, 1965; Heim et al., 1968). In neonates and infants, classical BAT is mainly
localized to the interscapular, supraclavicular, pericardial, para-aortic, supra-renal, peripancreatic and paraspinal regions (Heaton, 1972). Notably, these are mostly distributed
around the deep-seated organs of the body where thermogenesis can contribute to the heat
that maintains core body temperature. Heat production from BAT is triggered whenever the
core temperature of the babies fall below a critical set point which triggers a
thermoregulatory homeostasis integrated at the level of the hypothalamus thermostat neurons
to ensure survival (Nakamura and Morrison, 2007). These neurons in turn control
norepinephrine output via the sympathetic nervous pathway to activate BAT and the transient
receptor potential vanilloid-1 plays a role in mediating this sympathetic BAT activation
(Alawi et al., 2015).
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1.2.2

BROWN ADIPOSE TISSUE (BAT) IN HUMAN ADULTS

BAT exists in human adults
For decades, it has been believed that BAT atrophies and becomes essentially absent once the
infant grows into a young adult. This view has been largely accepted till the recent few years
when BAT was first suspected to occur in adults (Cohade et al., 2003b; Cohade et al., 2003a;
Hany et al., 2002) and later proven to exist in adults (Nedergaard et al., 2007; Cypess et al.,
2009; Virtanen et al., 2009). Given that BAT has an inherent capacity to oxidize stored fat to
produce heat, harnessing this very nature of BAT to counter obesity and obesity-related
metabolic disorders including type 2 diabetes is therefore a very attractive therapeutic
strategy. From a pathophysiological perspective, obesity occurs from a state of chronic
positive energy balance. Hence, it is logical to tackle obesity either by reducing energy intake
(eg. classic low calorie interventions) or via increasing energy expenditure (eg. increasing
physical exercise or upregulating thermogenesis). While dietary interventions can exert
favorable effects on weight and body fat, many studies have shown that weight rebound
frequently occurs after some time. The high failure rates of body weight maintenance by low
calorie diet shows that such lifestyle measures are very difficult to sustain in practice, and this
is probably related to the hard-wiring of the appetite centers both by genes as well as via
epigenetic modifications conferred by the intrauterine conditions and the post-natal
obesogenic environment (Leibel et al., 2015; Sumithran et al., 2011). Therefore, it is strategic
to exploit feasible ways of increasing energy expenditure that leads to a net negative energy
balance.
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On the side of the energy expenditure equation, several components are worth highlighting.
First, the lion’s share (slightly over 50%) of this is basal metabolic rate which is largely
contributed by organs responsible for our health and survival, such as the brain, heart, liver
and kidneys. Physical exercise, depending on the sedentariness of the individual, constitutes
up to about 25% of daily energy expenditure. Non-exercise adaptive thermogenesis (NEAT)
makes up approximately 10% of total energy expenditure, in which both shivering and nonshivering thermogenesis are responsible.
Non-shivering thermogenesis (NST) itself is often ascribed to BAT though a form of NST
appears to be linked to muscles, namely inhibition of calcium cycling of the sarcoplasmic
reticulum by sarcolipin (Bal et al., 2012) as well as futile cycles due to biochemical pathways
acting simultaneously in opposite directions causing ATP hydrolysis without any useful
metabolic work done (eg. lipogenesis and lipolysis, or glycolysis and gluconeogenesis) which
lead to heat generation without net ATP synthesis (Boiteux and Hess, 1981; Samoilov et al.,
2005). Ever since the discovery that BAT exists in adults and that browning of WAT occurs
under suitable conditions, the dream of activation of BAT as a way to burn off excess stored
fat comes one step closer to reality.
It turns out that there is much evidence suggesting that BAT activation in adults can have a
very favorable effect on whole body metabolism which brings about a new resurgence or
renaissance in BAT research (Stanford et al., 2013; Chondronikola et al., 2016; Bartelt and
Heeren, 2012). Given that a key purpose of BAT is thermogenesis as a compensatory
adaptive mechanism to defend against the development of hypothermia in babies, it is
tautological that cold exposure should stimulate both the activation of any existing classical
brown fat reserves as well as the browning of white adipose tissue (WAT) into beige fat to
counter the cold and maintain body temperature. In so doing, BAT can trigger the catabolism
of stored lipids in WAT depots and lead to reduced body fat and a drop in body weight over
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time. The advantages of this form of weight control is obvious as it implies the possibility of
maintaining or even losing weight by activating BAT through a number of means without the
need to necessarily go on a low calorie diet that has been found to be notoriously difficult to
follow in real life. Notably, there exist a number of food substances and naturally-occurring
phytochemicals that can counter obesity by appetite suppression, inhibition of lipid
absorption, apoptosis of adipocytes, modulation of cellular energy levels, gut microbiota and
the induction of thermogenesis or a combination of these mechanisms – all of which serve to
reduce body weight (Martel et al., 2017). This opens up the paradigm of controlling body
weight and fat via food selections that can tweak cellular bioenergetics in the direction of net
negative energy balance. The notion that ‘food is the new medicine’ is appealing for public
health interventions since food as a rule is easily implementable to the population at large and
generally cost a small fraction to that of pharmacological agents. Of relevance is our
exploration of the use of capsinoids (from non-spicy sweet peppers) to trigger robust BAT
activation. Our present project explores chiefly how we can capitalize BAT-mediated
thermogenesis as a viable way of tackling obesity and to guide the treatment of
hyperthyroidism.

1.2.3

BROWN ADIPOSE TISSUE EMBRYOLOGY

BAT cell origin and development
Much debate surrounds the cell lineage origin of BAT which impacts on its classification and
the potential sources and methods of derivation. From an embryological perspective, we
know that brown adipose tissue is derived from the mesoderm which is the germ layer giving
rise to adipocytes, myocytes and chondrocytes. Classical BAT arises from stem cells in the
mesoderm that are capable of activating the myogenic factor-5 (Myf5) promoter, a trait
shared by myocytes but not by WAT which implies that classical or constitutive BAT (cBAT)
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has a closer ancestral link to muscles than to fat per se (Seale et al., 2008). cBAT progenitors
express a myogenic gene signature with high mRNA levels of myf5, myoD and myogenin, all
of which diminish as the cells develop into mature BAT. The key zinc-finger containing
transcription factor that determines the developmental fate of these precursors differentiating
into BAT or muscle cells has been shown to be PRDM16 (PR-domain containing 16) in
which the presence of PRDM16 shifts the Myf5+, Pax7+ paraxial mesoderm-derived
mesenchymal stem cells down the cBAT pathway as well as the switches muscle tissues to
cBAT (Fig. 1.3). PRDM16 acts by binding to PPAR coactivator 1 (PGC1), PGC-1,
C/EBP- and PPAR (Seale et al., 2008; Seale et al., 2007; Kajimura et al., 2009).
The second form of BAT, derived from WAT, is referred to as inducible or recruitable BAT
(rBAT). The developmental origin of this type of BAT, otherwise called beige or ‘brite
(brown-in-white)’ fat, was first observed to be related to disease states of excess
norepinephrine and epinephrine hormone stimulation such as pheochromocytoma and
neuroblastoma (Lean et al., 1986). The nature of its derivation from WAT is currently still a
subject of much controversy. At least two distinct pathways have been described. The first
involves a process of trans-differentiation from mature WAT adipocytes into beige
adipocytes – a reversible intercellular phenotype conversion (Cinti, 2011; Cinti, 2009). The
other pathway is via a process of induction of differentiation of BAT adipocyte stem cells or
progenitors present within WAT itself (Schulz et al., 2013; Lee et al., 2012, Wu et al., 2012)
(Fig. 1.4).
Despite these seemingly dichotomous pathways of BAT and WAT adipogenesis, more recent
data suggests that the actual situation is probably more complex than what most current
biologists and adipocyte researchers would like to imagine. Some years ago, it was shown
that some WAT depots from the retroperitoneal and interscapular white fat are derived from
Myf5+ lineage while classical WAT depots like subcutaneous WAT do not show any Myf5+
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cells (Sanchez-Gurmaches et al., 2012). This supports the notion that the fat depots are
probably more heterogeneous than once assumed. Interestingly, it appears that preadipocyte
precursors within muscle tissue itself can be induced to develop into Myf5-negative
recruitable BAT (Schulz et al., 2011).
The ability to induce recruitable or inducible BAT from WAT presents an intriguing
possibility of increasing energy expenditure among those who are obese, since the available
evidence shows the existence of stem cells and preadipocytes with brown adipogenic
potential residing within WAT depots. The high degree of plasticity of such subpopulations
of cells in WAT gives hope of discovering potent group of potent factors that can drive the
beige phenotype. Beige adipocytes express low levels of UCP-1 but this can be greatly
increased depending on the presence of the appropriate signals.
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Figure 1.3. Origins of WAT and BAT. Figure reproduced from Hassan M, et al. Nat Rev
2012 with permission from Springer Nature publisher (see Appendix 25).
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Figure 1.4. Regulation of BAT development by endocrine, paracrine and autocrine signals.
Figure reproduced from Schultz TJ, Tseng YH. Brown adipose tissue: development,
metabolism & beyond. Biochem J 2013; 453(2): 167-178. doi: 10.1042/BJ20130457 with
permission from Portland Press publisher (see Appendix 25).
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1.2.4

BROWNING OF WHITE ADIPOSE TISSUE (WAT)

Chronic cold exposure has been shown to induce the appearance of thermogenic beige or
brite adipocytes in usual BAT depots in mice over three decades ago (Young et al., 1984).
This was found to be mediated by sympathetic stimulation. More recently, cold has been
shown to work through the induction of eosinophil interleukin-4 (IL-4) and interleukin-13
(IL-13) which favor the M2-macrophage phenotype which in turn enhances catecholamine
production (Qiu et al., 2014). Subsequently, it became clear that 3-adrenergic stimulation by
catecholamines is able to induce a BAT phenotype (Cousin et al., 1992). With the discovery
of PPAR , it was found that thiazolidinediones could also induce the browning process
(Petrovic et al., 2010). Exercise has multiple benefits on metabolism such as improving
insulin sensitivity and energy expenditure. However, a novel mechanism was unraveled in the
laboratory of Spiegelman whereby PGC-1 expressed by exercising muscles directly
stimulates fibronectin domain containing 5 (FNDC5), a membrane protein that becomes
cleaved into a secreted protein called irisin in addition to its known effects on activating
mitochondrial biogenesis and muscle fibre-type switch. Despite ongoing controversy
surrounding whether this being a process specific to only mice or applicable to humans, there
is a prevailing view that exercise-induced irisin secretion from muscles can trigger the
browning of WAT (Bostrom et al., 2012). More recently, an interesting myokine called
meteorin-like (Metrnl) was found to be secreted by muscles when induced by PGC-1 during
exercise. Metrn1 in turn activates M2 macrophages and catecholamines to promote browning
of WAT (Rao et al., 2014).
Today, the factors and collective groups of molecular mediators that induce browning
continue to grow. These encompass cold, exercise, endocrine, nutrient/nutraceutical and
pharmacological factors which form a promising array of therapeutic strategies that may be
employed to combat obesity via BAT-based methods (Fig. 1.5 and Fig. 1.6).
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Figure 1.5. A summary of the presently known endogenous and environmental factors that
can induce the browning of WAT to beige/brite adipose tissue. Figure reproduced from Beyond
the sympathetic tone: the new brown fat activators: F. Villarroya & A. Vidal-Puig; Cell Metab.
17, 638 (2013) with permission from Elsevier publisher (see Appendix 25).

Figure 1.6. Food ingredients and nutraceuticals with BAT activating properties. Figure
reproduced from Saito M, et al. Trends Endocrinol Metab 2015; 26(11):585-7
with permission from Elsevier publisher (see Appendix 25).
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1.3

METHODS OF ASSESSMENT OF BROWN FAT ACTIVITY

1.3.1

POSITRON EMISSION TOMOGRAPHY (PET)/CT SCAN

18F-Fluoro-Deoxyglucose Positron Emission Tomography-CT (18F-FDG-PET/CT)
Ever since it was discovered that the high 18-FDG uptake “lesions” detected during the
monitoring of cancer patients undergoing treatment which appeared when they were exposed
to the cold air-conditioned scanner room and vanished when they were warmed with blankets
were BAT, the gold standard for BAT detection has been decreed by researchers all round the
world as PET-CT scan. Basically, the radionuclide uptake images of PET are fused or coregistered with the anatomical images of computed tomography (CT) (Fig. 1.7). 18-fluorine
labelled deoxyglucose tracer that can be taken up by highly metabolically active tissues such
as activated BAT via glucose transporters (GLUT) where it is phosphorylated into 18-fluorodeoxyglucose-6-phosphate by the glycolytic pathway. Because this metabolite cannot be
metabolized further downstream, it remains trapped in the active BAT which allows the
tissue to be imaged via a gamma camera.
However, the issue with the use of 18F-FDG-PET/CT is the significant ionizing radiation
dose and its high cost. This makes PET/CT scan a method that is unacceptable to be used
routinely for research purposes because it is not ethical to expose healthy people or even
patients to repeated 18F-FDG-PET/CT to monitor the effects of various factors on browning
of WAT or the metabolic effects of BAT. Moreover, 18F-FDG-PET is also potentially
fraught with inaccuracy due to the fact that glucose, unlike free fatty acids, is in fact not the
major fuel that is oxidized by active BAT (Ouellet et al., 2012).
Also, if the tracer uptake does not exceed a threshold SUV (standardized uptake value),
PET/CT will lead to false negative results. This is why 18F-FDG-PET/CT is now regarded as
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a technique with poor sensitivity and reproducibility. Hence, there is a need to turn to other
methods of BAT detection that are faster, better, cheaper and safer so that BAT research can
be further accelerated. This will hopefully increase the possibility of discovering more novel
BAT-based treatment strategies for obesity in the near future.

Figure 1.7. The left panel shows 18F-FDG-PET image of BAT stimulated by cold. The
middle panel shows the CT coronal section through the same plane as the gamma camera
image. The right panel shows the co-registered fusion PET-CT image with BAT clearly
demarcated using a false golden color. Reproduced with permission from Cypess A, et al. N
Engl J Med 2009; 360:1509, Copyright Massachusetts Medical Society.

1.3.2

MRI

Magnetic Resonance Imaging (MRI)
Unlike PET/CT scanning, MRI does not employ ionizing radiation which makes MRI a more
attractive and suitable technique for repeated measurements, a most appropriate methodology
for BAT imaging in children and healthy people. Human BAT is detectable by MRI
principally because BAT has an intrinsically high extracellular and intracellular water content
that leads to its higher water-to-fat ratio than WAT. In addition, the elevated iron content,
high density of mitochondria and enriched vascular supply in BAT results in lower T2 and
T2* relaxation (Chen et al., 2013; Rasmussen et al., 2013). As such, the overall fat fraction is
significantly lower in BAT than in WAT in infants, adolescents, and adult human subjects.
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1.3.2.1

FAT FRACTION T2 AND T2* MRI

A wide range of fat fraction values was found in BAT (30-94%) but not in WAT (83-96%)
using chemical-shift encoded water-fat MRI, a finding probably reflecting the dynamic
changes in fat content within the brown adipocytes owing to fat oxidation with BAT
activation (van Rooijen et al., 2013). The challenge with MR approaches includes the
overlapping fat fraction (FF) and relaxation value for WAT and BAT. Nevertheless, the
distinct advantage of MRI is due to the fact that metabolically inactive BAT which escapes
detection via PET/CT can be imaged using MRI under room temperature. This raises the
potential feasibility of MRI in detecting BAT independent of the tissue metabolic activity
status, and supported the view that the mere “absence” of BAT 18-FDG uptake by PET/CT
does not necessarily connote BAT absence (Hu et al., 2013). The MRI-derived fat signal
fraction of active BAT was significantly lower than that of inactive BAT (Gifford et al., 2016)
(Fig. 1.8). MRI-derived temperature, diffusion and perfusion will permit BAT identification
independent of its activation status (Gifford et al., 2016). Chen et al (Chen et al., 2013)
verified that the location/volume of BAT via MRI were comparable to PET/CT under
thermo-neutral conditions and has high intra- and inter-reliability (Rasmussen et al., 2013).

Figure 1.8. On the left panel is a MRI image of BAT, WAT and muscle which are difficult
to separate apart from a T1-weighted image. The middle panel is MR FF of the same tissues,
which upon digital subtraction leads to a well identified BAT as shown on the right panel.
Figure reproduced from Branca TR, et al. PLoS One 2013;8(9):e74206 under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium.
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1.3.2.2

BLOOD OXYGEN LEVEL-DEPENDENT (BOLD) FUNCTIONAL MRI

Water-fat MRI does not differentiate between active and inactive BAT under room
temperature. Blood-oxygen-level-dependent (BOLD) imaging is sensitive to localized
oxygen consumption and blood flow during activation of BAT. This approach has been
exploited to detect activated BAT in rodents using T2 and T2* imaging (Khanna and Branca,
2012). BOLD contrast can be used in MRI to detect BAT activity in a mild cold stimulation
(Chen et al., 2013) (Fig. 1.9). BOLD MRI is based on the principle that increased oxygen
consumption and blood flow aligned with a change in the relative levels of oxy- and deoxyhemoglobin to produce a detectable change in the intensity of the MR signal (Khanna and
Branca, 2012) .

It has been reported that BOLD MRI detected a 10% change in BAT signal intensity when
exposed to cold compared to normal condition (Chen et al., 2013) which raises the possibility
to study BAT activation in dynamic studies using BOLD-based MR techniques. For example,
dynamic T2* weighted imaging is another functional MRI capable of evaluating active BAT
based on the BOLD MRI technique. In a study of 11 healthy young subjects, dynamic T2*
weighted imaging during cold stimulation revealed signal fluctuations that were sensitive to
BAT activation. The presence of these components significantly correlated with BAT
activation quantified from FDG-PET (van Rooijen et al., 2013). However, there is a low
specificity of measuring BAT activation using T2* weighted imaging.
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Figure 1.9. BOLD functional MRI of BAT visualized over the supraclavicular region as
revealed with mild cold stimulation. This figure was originally published in JNM, Chen et al.
Measurement of human brown adipose tissue volume and activity using anatomic MR
imaging and functional MR imaging. J Nucl Med. 2013; 54: 1584-1587. © SNMMI.
(JNM allows reuse of excerpted original material, such as abstracts, short text excerpts,
figures, and tables for non-commercial purposes such as academic theses/dissertations.)

1.3.2.3

INTERMOLECULAR ZERO QUANTUM COHERENCE MRI

Intermolecular multiple quantum coherences (iMQC’s) can be created using distant dipolar
field and can be utilized in imaging and spectroscopic measurements (Richter et al., 1995).
This technique permits modulation of transverse magnetization with coherence selection
gradients where the signal can be detected from spins within a correlation distance d = π γ G t.
This method has been extended to probe the spatial correlation between fat and water spins at
a cellular level in BAT and WAT using intermolecular zero-quantum coherences (iZQC’s)(Branca and Warren, 2011). Using this approach i-ZQC spectrum of BAT shows a
water – methylene cross peak in BAT whereas it is absent in WAT and muscle tissues of
rodents and also in humans (Branca et al., 2013). Chemical shift encoded Dixon based
approach has been combined with intermolecular double quantum coherences (i-DQC’s) to
separate BAT and WAT signals (Bao et al., 2013).
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1.3.3

INFRARED THERMOGRAPHY (IRT)

Thermal imaging camera detects infrared (IR) radiation range of the electromagnetic
spectrum and produce varied images with different temperature. As BAT is a thermogenic
organ, it can transfer heat energy across the overlying skin via IR emission upon activation by
stimuli such as cold. Infrared thermography (IRT) has been utilised for BAT imaging in
animals. In studies of BAT in mice, IRT images of histologically-proven brown fat depots
has been shown to correlate well with 18F-FDG-PET scans (Crane et al., 2014). For BAT
imaging in humans via IRT (Fig. 1.10), this imaging technique is still largely in its infancy as
the image analysis is not standardized yet. However, IRT has been conducted safely and
tolerably in both children and adults (Symonds et al., 2012; Ang et al., 2016). Until recently,
only one group has successfully verified the equivalence of IRT against 18F-FDG-PET/CT
for BAT imaging in humans (Jang et al., 2014). The highest increase in skin temperature with
BAT activation was found to be the supraclavicular area which corresponds to the largest
BAT depot in human adults. Following cold exposure, supraclavicular skin temperature
declined much less than the mediastinum area (Lee et al., 2011a) while an increase in local
temperature within the supraclavicular region has been observed under both baseline and cold
stimulated conditions despite the presence of an age-related decline in BAT heat output
(Symonds et al., 2012). The temperature difference between supraclavicular area and chest is
consistently greater during cooling in BAT-positive subjects but not in BAT-negative
subjects as verified by PET/CT scan (Jang et al., 2014) (Fig. 1.11). Under thermo-neutral
conditions, local skin temperatures of the supraclavicular region were significantly higher in
individuals with active BAT compared to individuals without active BAT examined by
PET/CT. However, supraclavicular subcutaneous adipose tissue thickness influences
supraclavicular skin temperature, a factor that reduces the sensitivity of IRT for BAT
detection under thermo-neutral conditions (Gatidis et al., 2016). One of the limitations of IRT
is that it mainly detects BAT that is located superficially, particularly over the supraclavicular
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area. The thermogenicity of BAT located in deeper areas may be underestimated by IRT.
Therefore, the study of BAT activity in humans by IRT is restricted to superficial BAT
depots. Overall, the extant literature supports the feasibility of IRT as a promising novel noninvasive tool in BAT detection/monitoring in adult humans.

Figure 1.10. Infrared thermograms showing the regions of interest (ROIs) as segmented
using a computerized image processing algorithm which correspond to the underlying BAT
in the cervical and supraclavicular regions of an adult human.

1.4

CORRELATION WITH 18-FDG PET

IRT has first been correlated well against 18-FDG PET/CT in humans by Jang et al (Jang et
al., 2014)(Fig. 1.11). Interestingly, there has not been any published murine or rodent study
of IRT versus PET/CT for the purpose of BAT detection. However, there is at least one paper
that describes IRT in mice which correlated with biopsy proven BAT (Crane et al., 2014).
There have not been any other groups who demonstrated the validation of IRT versus
PET/CT ever since. Hence, this present study represents my personal attempt to undertake the
challenge to repeat the validation of IRT against PET for BAT.
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Figure 1.11. IRT images captured from two BAT-positive persons during thermoneutral
(middle panel) and cold-stimulation states (right panel) compared to a BAT-negative person
and correlated against gold-standard 18F-FDG-PET/CT images on the left panels. (Figure
adapted from Jang C, et al. Physiol Rep 2014 and reproduced with permission from Creative
Commons CC BY 3.0 https://creativecommons.org/licenses/by/3.0/)

1.5

INFLUENCE OF THYROID STATUS ON BROWN AND WHITE FAT

The thyroid is a key endocrine gland secreting thyroid hormones which not only affect all
tissues and cells in the body (Gereben et al., 2008) but also impacts directly on energy
balance and body weight (Lopez et al., 2013). It has been known ever since the first whole
body calorimeter was invented that hyperthyroid patients have an elevated basal metabolic
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rate (Lahey, 1921). This is linked to increased rates of ATP synthesis and oxygen
consumption (Harper and Brand, 1993). Thyroid hormone increases lipid (triglycerides and
cholesterol) and carbohydrate metabolism. But for decades, it remained enigmatic what
exactly are the mechanisms that thyroid hormones drive metabolic rate till BAT was rediscovered in adults. Since then, many research groups have shown the strong connection
between thyroid status, BAT activity and browning of WAT to beige fat (Martinez-Sanchez
et al., 2017; Miao et al., 2016; Lahesmaa et al., 2014; Cannon and Nedergaard, 2010; Shu et
al., 2017). Although it used to be thought that triiodothyronine (T3) acts directly to activate
BAT, more recent evidence suggests that the main pathway of BAT activation by T3 is via
the hypothalamus (Fig. 1.12).

Figure 1.12. Thyroid hormones activating BAT through central pathways via the
hypothalamus. Figure reproduced from Nature Med 2010; 16:1001-8 with permission from
Springer Nature publisher (see Appendix 25).
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Through the activation of classical BAT and browning of WAT, the increased catabolism of
stored fat depots can gradually decrease fat mass as a whole with consequential improvement
in body weight and insulin sensitivity. It is possible that suboptimal BAT activity results from
a presumed euthyroid state that is in fact below the actual euthyroid set point of the
hypothalamus-pituitary-thyroid (HPT) axis. Perhaps the restoration of the thyroid status
towards the body’s euthyroid set point may optimize the BAT activity and basal metabolic
rate in such a way as to improve energy level, overall perceived quality of life and body
weight. However, this falls outside the main scope of my study which only seeks to address
the interaction between BAT and the thyroid status attained by the subjects under study.

1.6

KNOWLEDGE GAPS TO ADDRESS

Historically, the renaissance that follows the discovery of BAT in adult humans came from
astute observations of intense foci of 18-F-Fluorodeoxyglucose (FDG) uptake by adipose
depots in positron emission tomography (PET)-computed tomography (CT) scans of patients
who were shivering in the cold environment of the scanner room. Such fat depots are
generally located in areas that are deep within the body and not so easily accessible except by
invasive biopsy, such as the paravertebral spine, the mediastinum and peri-renal fat. Hence,
the study of human BAT would best be accomplished non-invasively using imaging
modalities. However, the issue with PET-CT scans is that high doses of ionizing radiation
exposure per scan quantified as the dose equivalent of 25 mSv (milliSieverts) or roughly
equal to 250 chest X-rays (each X-ray = 0.1 mSv) and a lifetime attributable risk of cancer
incidence of less than 10 cases per 1000 subjects of developing a future cancer per PET-CT
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scan exposure, or approximately 0.3%-0.5% according to the National Academies' Biological
Effects of Ionizing Radiation VII Report (Huang et al, 2009). Obviously, this limits the
number of repeated PET-CT scans that can be performed on any given human and hence
restrict the ability to study BAT longitudinally, an endeavor required for understanding the
manner that BAT is activated by various exogenous substances or endogenous peptides and
hormones, and how it changes over time with exposure to various BAT-activating stimuli.
There is thus much impetus to attempt discovering various naturally-occurring functional
foods and nutraceuticals that can activate BAT and induce browning of WAT. This forms the
key motivation for us to develop harmless methods such as infrared thermography (IRT) as
imaging modalities for BAT.

Clinical Significance
Thyroid hormonal disorders constitute the next major endocrine and metabolic disease
burden after type 2 diabetes. Almost 1 in 20 individuals and up to 12% of the US population
has thyroid disease (British-Thyroid-Association), (American-Thyroid-Association).
Cold stimulation appears to be the most potent stimulus of BAT. So far the only known and
arguably ‘gold standard’ methodology of BAT imaging in humans is 18F-FDG-PET (Cypess
et al., 2009). Yet 18F-FDG-PET imaging has significant limitations, given its restricted
spatial resolution and its non-trivial level of ionizing radiation (2.8 mSv). The International
Commission for Radiological Protection recommends that the radiation exposure for the
general public should not exceed 1 mSv/year and 1.5 mSv/year from background radiation
(Ionising-radiation-National-Environment-Agency). In addition, 18F-FDG-PET depends on
glucose uptake by BAT that does not directly measure its key metabolic activity, namely fatty
acid oxidation. Finally, PET scans are very costly. This makes the present gold standard far
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from ideal as a research tool for investigating BAT physiology. In this project, we therefore
developed an alternative activated BAT imaging method that is not based on ionizing
radiation. As such, we experimented with infrared (IR) thermography and proved that this
method could assess BAT activity particularly when novel image processing algorithms for
IR thermography were applied. Much extant literature describes the use of “average
temperature” instead of IR heat flux using the physical principles of radiative heat transfer
and thermodynamics to quantify heat from BAT. Also, IR digital still-shots were mostly
employed in the past whereas none have reported the analysis of IR flux using a video
sequence which more accurately integrates time-varying heat energy output. Without
precision in capturing and processing the rich IR data, the value of IR thermography as a tool
for BAT research is limited. It is thus crucial to convert the IR images into a readout that
reflects energy output. We successfully developed, validated and applied automatic IR image
processing with computer software that efficiently calculated BAT activation. Additionally,
we also improved and validated anatomical fat fraction MRI as a tool for evaluating BAT
volumes based on the higher water content in BAT compared with that in WAT. Fat fraction
imaging by MRI has been proposed but no proper validation has been done due to the
difficulty in matching PET and MRI data on BAT. While awaiting the approval of safe and
effective pharmacologic agents (e.g. 3-adrenergic receptor agonists such as mirabegron) that
can be administered to activate BAT instead of cold stimulus, we employed capsiate (i.e.
capsinoids – non-spicy analogues of capsaicin in peppers and chilies) that have been proven
to effectively stimulate BAT in thermoneutral conditions as confirmed by PET scans
(Yoneshiro et al., 2013). We have conducted a preliminary study to show that the proposed
studies are feasible (see Section III.1a, 1b). There are publications documenting the use of
MRI in distinguishing BAT from WAT, each with their advantages and disadvantages (Hu et
al., 2013; Hu et al., 2010; Reddy et al., 2014; van Rooijen et al., 2013; Chen et al., 2012). In
this present study, we performed a proof-of-concept study by simultaneous acquisition of
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MRI and 18F-FDG-PET in a dual-modality fusion MRI-PET scanner available at the Clinical
Imaging Research Centre (CIRC) to image BAT in humans, and correlated this with IR
thermography of the cervical and supraclavicular regions (SCR or SCV) and with metabolic
rate accurately measured in a whole body calorimeter. IR has so far been validated against
18F-FDG-PET in mice and rodents, but equivalent validation in humans has not been
published. This dissertation documents my demonstration of IR thermography as a feasible
alternative to 18F-FDG-PET imaging for BAT imaging. The hope is that my publications
arising from this thesis can ultimately contribute to the prevailing literature and establish IRT
as a new gold standard in BAT imaging which is a boon for study of BAT biology in humans.

Developing Knowledge in Biomedical Sciences/Improvements in Healthcare
First, the understanding of how thyroid hormones impact body fat may lead to novel
therapeutic strategies based on selective tissue modulation of the thyroid hormone nuclear
receptor complex. Secondly, the development of thyromimetic agents that target specific
tissues such as WAT and BAT is predictably promising for the treatment of obesity,
metabolic syndrome and type 2 diabetes mellitus. At present, thyroid hormone itself is not a
suitable therapeutic agent for treating obesity due to its wide ranging and off-target actions on
a host of organ systems. But the elucidation of the metabolic effects of thyroid hormone
excess, and the impact of their changing circulating levels on WAT partitioning and BAT
volume/activity during normalization towards biochemical euthyroidism in hyperthyroid
patients have not been well studied. The proposed studies will establish a proof-of-concept
for the development of future thyromimetic drugs that will better address obesity and
metabolic diseases.
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1.7 HYPOTHESES, SPECIFIC AIMS AND OBJECTIVES
Rationale:

Thyroid hormone is highly potent in increasing metabolic rate, influencing

appetite and in regulating body weight. Thyrotoxicosis causes profound weight loss despite
increased appetite, largely from body fat and lean mass catabolism. Better mechanistic
insights into the actions of thyroid hormone-induced changes in body composition and fat
partitioning can be expected to optimize outcomes of thyroid patients. The knowledge gained
from better definition and understanding of the euthyroid state is anticipated to translate into
novel treatment strategies for those with obesity and metabolic syndrome through
manipulating and fine-tuning their metabolic state.

In this proposal the relationship between thyroid status, brown adipose tissue (BAT) activity
and volume, white adipose tissue (WAT) depots and metabolic status will be determined in
euthyroid subjects, with the goal of using this knowledge to evaluate a new approach to
guiding the pharmacologic therapy of hyperthyroid patients. To accomplish this goal, a new
method to assess BAT volume and activity will be developed and validated. This new method,
employing infrared (IR) thermography and MR imaging, should ultimately replace the
current method for assessing BAT (18-FDG PET), a method that is both impractical for serial
measurements (because of radiation exposure) and expensive. This new IR method for BAT
imaging is anticipated to have extensive application in nutritional science and in
understanding and treating metabolic diseases such as obesity. Accordingly, we encapsulate
our aims in terms of addressing the following hypotheses:
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Hypothesis 1: Brown adipose tissue (BAT) thermogenesis can be assessed by infrared
thermography (IRT), the accompanying increase metabolic rate can be measured by whole
body calorimetry (WBC), and BAT volume can be precisely measured by MRI
Rationale:

Activated BAT dissipates IR energy which is detectable by thermography, and

can be anatomically delineated from WAT by fat fraction MRI due to its higher water-to-fat
content. To establish fat fraction MR imaging and IR thermography as acceptable alternatives
to the present gold-standard 18F-FDG-PET scan for assessing BAT volume and activity, we
need to first validate this method in a group of healthy volunteers. Only after having
determined the accuracy of MRI and IRT among healthy individuals will it be possible to
apply and assess these alternative BAT imaging techniques to an independent group, namely
patients with hyperthyroidism, a condition associated with increased BAT activity.

Hypothesis 2: Body composition (WAT partitioning, ectopic fat and lean mass), BAT
activity and volume, body weight and metabolic rate are regulated by thyroid hormone status.
Rationale: Once the IRT method for assessing BAT activity is validated, then this method
can be used to address the relationship of BAT activity to thyroid status. In addition, our
published experience indicates that MRI can be utilized to precisely assess fat segmentation
into subcutaneous adipose tissue (SAT), superficial SAT (SSAT), deep SAT (DSAT),
visceral adipose tissue (VAT), and that MRS can be used to measure hepatic and intramyocellar triglycerides (Sadananthan et al., 2015; Khoo et al., 2014). The selection of the
Chinese ethnic group is based on the finding that fat depots, and their changes as weight
increases, varied significantly by ethnicity. By limiting the study to one ethnic group, we will
eliminate the confounding factor of interethnic variations when the changes in the outcomes
of interest are analyzed according to changes due to the thyroid status.
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Specific Aims:
A new method to assess brown adipose tissue (BAT) volume and activity will be developed
using infrared thermography (IRT) and fat fraction MRI (MR FF) and validated against 18FFDG-PET. This new imaging method will be utilized in determining the effect of thyroid
status on BAT, white adipose tissue partitioning, body composition, insulin resistance and
metabolic rate.

1.7.1 CONTEXT OF STUDY AND SCOPE OF RESEARCH
Ideally, thyrotoxic patients should be recruited prior to antithyroid drug therapy (ATD).
However, patients on ATD < 2 weeks may be included as most are initiated on ATD by the
time they present to the endocrinology clinic. Those on ATD > 2 weeks shall be excluded as
changes in body weight, fat mass and partitioning, energy expenditure and thyroid hormone
levels after the second week of treatment could reduce the magnitude of outcome measures of
interest such that differences compared to the euthyroid state might not reach statistical
significance. In the TRIBUTE study, all thyroid patients act as their own controls – i.e. each
patient will be evaluated and compared at least across two different time points – during the
active phase of the thyroid hormone dysfunction and during a euthyroid state achieved with
treatment. It is also worthwhile as a sub-study to decipher if other circulating biomarkers of
euthyroidism and BAT exist. In this regard, TSH has remained the only yardstick of thyroid
status and it is debatable if TSH defines euthyroidism well where discrepancies between
clinical and biochemical definition exist (Hoermann et al., 2013; Dietrich et al., 2013).
Similarly, no serum markers indicative of BAT volume and activity presently exist, making
their isolation clinically useful. My plan is thus to examine exosomes as a possible source of
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BATokines (ie. proteins that are released during BAT activation and which also serve as
biomarkers of BAT. We will first recruit euthyroid healthy volunteers (n~20-30) to develop
and validate IRT and MR FF imaging for BAT quantification against the present 18F-FDGPET gold standard. Capsinoids will be used to induce thermogenesis through stimulation of
BAT. The optimized protocol of MRI and IRT imaging will then be utilized in a randomized,
double-blind, fixed sequence clinical study of hyperthyroid patients (n~20-30) treated with
anti-thyroid drugs, and their therapy guided either by standard treatment, or by
hypothalamus-pituitary-thyroid axis set-point targeted therapy. Subjects will be evaluated at
baseline and re-evaluated at stable biochemical euthyroidism by assessing BAT volume and
activation, white adipose tissue (WAT) partitioning, basal metabolic rate and selected
biomarkers.

1.8

CONCEPTUAL FRAMEWORK OF RESEARCH PLAN

I am an ardent clinician scientist deeply interested in medical research that will contribute to
knowledge with positive impact on human health outcomes. My interests are in the areas of
energy metabolism, thyroidology and diabetology. Given that the thyroid plays a pivotal role
in the control of energy metabolism and body weight homeostasis, I focus my research efforts
at the intersection of thyroidology, metabolism and nutrition. My present interest in brown
fat lies at the heart of this intersection. I collaborate with laboratory-based scientists with the
goal of understanding the contribution of environmental factors to the emergent pattern of
metabolic disease in the different ethnic populations in Singapore and this includes
understanding how brown fat plays a role in the differential expression of obesity in this
country. My research is part of a multidisciplinary team effort and encompasses translational,
physiological and clinical studies as diagrammed schematically below (Fig. 13).
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Basic Science

Pre-Clinical Model

Clinical Studies

Collaborate with
basic scientists to
study BAT
activation and
signaling at the
molecular level

Animal models to
test hypotheses
and elucidate
mechanisms of
BAT activation

Conduct human
studies to better
understand the
nature of BAT
interventions

Figure 1.13. Schematic illustrating the inter-disciplinary nature of BAT/thyroid
research that I am involved in. This present PhD projects are in the domain of Clinical
Studies.

With this NMRC CSA award, my short-term research objective is to concentrate firstly on
the validation and establishment of safer and non-invasive imaging methods of brown
adipose tissue (i.e. brown fat or BAT). Successful implementation of IR thermography (IRT)
and fat fraction MRI as PET-equivalent for BAT imaging will facilitate our endeavour to
further our next goal, which is to probe how thyroid hormone status and its optimization
influences BAT thermogenesis. These are the key research components in this PhD thesis.
My intermediate term research objectives hinge on unraveling BAT pathophysiology using a
variety of techniques. Using a repertoire of state-of-the-art technologies available at our
research centre, we will interrogate the intricate cross-talk between BAT, white adipose tissue
(WAT), skeletal muscles, thyroid status and energetics metabolism. With robust IR and MR
imaging strategies in place, this will catalyze our BAT research program, which includes
working upstream in adipocyte and muscle biology and downstream in nutritional physiology.
This approach spans the continuum of processes underpinning the pathogenesis of obesity
and insulin resistance, and maximizes our ability to unravel disease mechanisms. This
approach will directly accelerate biomarker discovery, promote the development of new BAT

35

diagnostics and methodologies, and potentially lead to the development of new therapies for
obesity and diabetes.
Despite advances in the knowledge of the broad array of genes modulated by thyroid
hormone, it remains speculative as to how the thyroid increases metabolic rate and whether
the thyroid works solely through BAT as the mediator of thermogenesis. Hence, there are
opportunities for novel research in this space to analyze the role of thyroid status and its
impact on BAT and metabolic rate in the longer term. This research theme aligns nicely with
nutritional science as our findings will inform and pave the way forward in the development
of functional foods and nutraceuticals, where naturally-occurring molecules can be screened
and tested for their abilities to stimulate browning of WAT to beige/brite adipocytes and
recruit classical constitutive BAT.
In the long term, my BAT research program will present a unique opportunity for me and my
collaborators to scale up our research projects and take metabolic studies to a whole new
level. We can then move our proof-of-concept pilot studies to definitive studies that
demonstrate results which value-add to the existing literature and feasibly translate into
applications in the laboratory and clinical settings. The focus of this PhD proposal fits in
nicely with nutritional science as it opens up the field of functional foods that can be tested
for their abilities to activate brown adipocytes. It also converges neatly with my
endocrinological research interest in thyroid hormone homeostasis and thermogenesis, and
will allow me the time and resources to further develop my independent academic medicine
career. This entire research program may benefit Singapore from the attractive standpoint of
its potentials to generate safe, effective and practical clinical solutions that add to the arsenal
to curb the rising obesity epidemic.
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1.9

RESEARCH PROJECT COMPONENTS (2015-2019):

1.9.1

Pilot study 1: Infrared Thermography for Quantification of Brown Adipose
Tissue Activation in Healthy Adults” (TACTICAL study)

1.9.2

Pilot Study 2: Brown fat activity by IR imaging thermography and
thermogenesis using whole body calorimetry – the “BRIGHT study

1.9.3

Part 1: Brown Adipose Tissue (BAT) Activation and Energy Expenditure by
Capsinoids Stimulation with Trimodality Imaging using 18F-FDG-PET, Fat
Fraction MRI and IRT (TACTICAL-II)

1.9.4

Part 2: The Role of Thyroid Status in Regulating BAT Activity, White Adipose
Tissue Partitioning and Resting Energy Expenditure (TRIBUTE)
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1.10

SIGNIFICANCE OF THE RESEARCH

Importance to Science or Medicine:
This research will offer insights into the nature of BAT functionality and WAT partitioning
according to thyroid status and physiologic state. This work will establish IR thermography,
MRI and calorimetry for BAT assessment, which will facilitate future metabolic research
addressing obesity and diabetes. These studies may lead to a new approach for guiding antithyroid therapy in hyperthyroidism.

Clinical Significance:
Developing a new method for BAT imaging that eliminates ionizing radiation will be an
important addition to BAT research. Establishing a precise novel technique of titrating
thyroid medication that optimizes BAT, energy metabolism, WAT partitioning, and body
weight is an important public health priority.

CORRELATION OF IRT WITH INDIRECT CALORIMETRY
I started off with a pilot double-blind placebo-controlled human experiment (N=24) entitled
“Infrared Thermography for Quantification of Brown Adipose Tissue Activation in Healthy
Adults” (TACTICAL study) which utilized both cold exposure and capsinoids for BAT
stimulation and imaging the heat generated using IRT and then correlated this heat power
with thermogenesis as measured via indirect calorimetry.
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CHAPTER 2
MATERIALS AND METHODS
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2.1

CAPSINOIDS

Certain foods, such as capsaicin and its non-pungent analog (capsinoids) naturally found
in Capsicum annuum, increase energy expenditure (Yoneshiro et al., 2012; Henry and
Emery, 1986) by stimulating BAT via transient receptor potential (TRP) channels in
sensory neurons, leading to sympathetic nerve activation and diet-induced thermogenesis
(Shintaku et al., 2012; Symonds et al., 2012). Each capsule of capsinoid consists of 1.5mg
of capsiate, dihydrocapsiate and nordihydrocapsiate in the ratio of 7:2:1 respectively. They
have minimal toxicity on the basis of negative mutagenicity and in vitro and in vivo
clastogenicity in pre-clinical testing.

The Singapore Health Sciences Authority or HSA (the equivalent of the FDA of the USA)
has exempted capsinoids from their jurisdiction. Regulatory approval for use of capsinoids
is not required in many countries at present as such. In Japan, CH-19 Sweet Extract is
officially considered a food in 2006 and has been on the market as Capsiate Natura TM
since then. The Czech Republic in Europe officially recorded CH-19 Sweet extract as a
food supplement in 2008. In France, CH-19 Sweet Extract is officially regarded as a food
and food supplement (2009). The FDA indicated that capsinoids are classified as a New
Dietary Ingredient (NDI) in 2007 and has been on the market ever since. Thus, given its
safety, we investigated whether capsinoids could replace cold stimulation for IR imaging
for measurement of BAT activity. This study thus contributes to the long-term objectives
of defining new therapeutic tools for prevention or treatment of obesity and diabetes via
BAT-enhancing strategies.
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2.2

COLD STIMULATION

Depending on the experiments and the objective/hypothesis, cold stimulation was performed
either using a cooling vest with a fixed temperature of 14.5 °C (Polar Products, Ohio, US) or
via air cooling in a whole body calorimeter (WBC) which can be chilled down to about 1214 °C. Brown fat activation can be readily visualized post-cold stimulation using IRT as
shown below (Fig. 2.1).
BAT positive subject

BAT negative subject

Baseline

1 hour cooling vest

2 hours cooling vest

Figure 2.1. IRT images of a BAT positive vs. BAT negative subject using a cooling vest.
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2.3

WHOLE BODY CALORIMETRY

Measurements of energy expenditure (EE; kcal/min) and respiratory quotient (RQ)
throughout the study sessions were conducted in the dual room WBC in conjunction with IRT
under both the thermo-neutral and cold exposure conditions. EE was assessed through
gaseous exchanges in the open circuit air-tight indirect calorimeters with a total volume of
13.5 m3. Each chamber is furnished with a full-sized foldaway bed, a writing table, a chair, a
television, a laptop, a computer network connection, a telephone, an intercom system, a deepfreeze toilet, a built-in sink and mirror (Fig. 2.2). The entrance to each chamber is fitted with
a special steel door that can be locked and opened from both the interior and exterior to allow
the room to be hermetically sealed for precise measurement of gases flow rate and content as
well as for robust control of the room climate including temperature and humidity (Fig. 2.3).
Prior to each study visit, the WBC was calibrated against standard gases. During a study visit,
gaseous exchanges were measured continuously as oxygen consumption and carbon dioxide
production through differences between inlet and outlet oxygen (O2) and carbon dioxide (CO2)
concentrations. Oxygen concentration was measured using a paramagnetic O2 analyzer
(Model AO2020, module Magnos206, ABB Automation GmbH, Germany) while carbon
dioxide concentration was measured using an IR photometer (Model AO2020, module
Uras26, ABB Automation GmbH, Germany). The air samples are measured in an automated
sequence and alternated with calibration span gas (18% O2, 0.8% CO2, and balance nitrogen)
and zero (100% nitrogen) gases under standard temperature, pressure, and dry (STPD). The
accuracy of the WBC chambers was routinely tested through the combustion of a known
amount of methanol. The accuracy of O2 and CO2 measurements in our WBC facility were:
O2 = 100.6 ± 0.5% (chamber 1) and 100.9 ± 0.4% (chamber 2), and CO2 = 99.2 ± 0.5%
(chamber 1) and 99.7 ± 0.5% (chamber 2), while the coefficient of variation was 3.0% (n=21)
for repeated 30-minute resting metabolic rate (RMR) measurements with our WBC facility.
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Figure 2.2. Interior view of the whole body calorimeter with the author (PhD candidate)
seated at the far end to give a sense of perspective and relative positions of the fixtures.

Figure 2.3. Picture of the author demonstrating how the steel door is locked to seal the room
hermetically for precise gas (oxygen consumed vs. carbon dioxide produced) measurements
and interior climate control.
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2.4

DUAL ENERGY X-RAY ABSORPTIOMETRY

Body composition including bone mineral density (BMD) was measured by dual-energy Xray absorptiometry (Hologic Discovery Wi, APEX Software version 4.0.1, USA) housed
within the CNRC where I conduct my studies (Fig. 2.4). Anthropometric measures such as
BMI was calculated as the body weight in kilograms divided by the square of the height in
metres (kg/m2), and body fat percentage was estimated using the multi-frequency bioelectric
impedance method (Tanita MC-780MA P, Tanita Inc., Japan).

Figure 2.4. Research dedicated Hologic Discovery Wi DXA scanner housed in the CNRC
for measurement of body composition.
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2.5

INFRARED THERMAL CAMERA SET-UP

The following illustrates the manner of set up of the thermal camera (Fig. 2.5 & Fig. 2.6).

Figure 2.5. State-of-the-art FLIR T440 model high resolution thermal camera used in all the
studies described here showing both normal visible light photograph and video screen for IR
images.

Figure 2.6. FLIR T440 Infrared Thermal Camera mounted on a tripod set up at the CNRC.

45

2.5.1

INFRARED THERMOGRAPHY (IRT) PROCEDURE

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)
was mounted on a tripod, placed on the left of the subject and positioned at the neck level 1
metre away from the subject’s face. All IRT video recordings were acquired over a standard
recording period of 1 second (at a rate of 30 frames per second), whereby anterolateral views
of the left cervical and supraclavicular (C-SCV) region as well as the upper section of the left
deltoid were captured. The deltoid was selected as a negative control as it is known to be
devoid of BAT. Subjects were requested to remain as still as possible, with their shoulders
apposed against the back of the chair to minimize movement within the image frames during
thermal video recordings.

2.5.2

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). Working on the exported files, an in-house algorithm employing a modified Seeded
Region Growing (SRG) technique (Fig. 2.7) was then used to detect local regions of interest
(ROIs), which in this study refer to the hot regions overlaying potential left C-SCV BAT
depots. BAT thermogenesis leads to an elevation of overlying skin temperature. The
boundary of skin overlying active BAT depots may thus be segmented based on detection of
a sharp change in temperature between BAT and non-BAT regions. The majority of
researchers utilized a threshold segmentation technique with the threshold set as the median
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value of the highest 25 % of pixels (FLIR ResearchIR weblink; Hoyt et al, 2013). We
modified this SRG technique (Gagge et al, 1941) and applied it to IR video to detect regions
of interest (ROIs) or namely the hot’ regions overlaying the C-SCV BAT depots.

2.5.3

IMAGE PROCESSING SEGMENTATION ALGORITHM

 The threshold used in the segmentation method is actually a temperature value
threshold. The segmentation starts from a user-defined seed (a 2D point), and then
grows to its neighbors gradually. The threshold is used to determine when to stop.
 The segmentation method is called “region growth”. The rough idea is as follows.
-

Step 0: let user input a seed on the picture. This is the start point of the ROI.

-

Step 1: compute the mean temperature of the current ROI, ie. Mean_T.

-

Step 2: grow the ROI by including the neighboring pixels of the seed into this ROI.

-

Step 3: pick one pixel among all the neighboring pixels, so that the picked pixel
has the minimum temperature difference with Mean_T. This difference is
notated as Min_TD. Set this picked pixel as the new seed.

-

Step 4: compare Min_TD with the pre-defined threshold. If Min_TD < threshold,
go to step 1; otherwise, stop.

Based on our experience, the threshold ranges from 0.15 to 0.3 for a meaningful ROI (Fig.
2.8).
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Step 1&2

Figure 2.7. Seed growing algorithm (SRG) of image segmentation based on pixel
temperature.

The maximized ROI is the union of all the ROIs of the time points and includes all the pixels
of the ROIs. Since the maximized ROIs may contain some background pixels, we further
refined it by removing the pixels whose temperature values are lower than a threshold. In
practice, this threshold is defined to be the minimum temperature value of all the ROIs (Fig.
2.8 & Fig. 2.9).

Picture series after calibration

Maximized
ROI

Refined (final)

Figure 2.8. Segmentation of ROI to define BAT positive regions in the lateral neck and
SCV.
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Figure 2.9. Increase in temperature of ROI during cold stimulation over 15 minutes.

2.5.4

HEAT POWER COMPUTATION

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) based on StefanBoltzmann law:
BAT heat power output = 𝜀 ∗ 𝜎 ∗ 𝑟 ∗ 𝐴 ∗ 𝑇 ,
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Whereby 𝜀 refers to emissivity (0.98 for human skin), 𝜎 is the Stefan-Boltzmann constant
(5.676 x 10-8 W/m2K4), 𝑟 defines the pixel-to-metre conversion factor that is computed from
the area enclosed by the 4 facial markers (which demarcates a 5cm by 5cm square), 𝐴 is the
area of the overall ROI in pixels and 𝑇 refers to the mean ROI temperature in Kelvin.
In order to compare two time points, we calculate the power difference using the StefanBoltzmann’s equation of radiative energy transfer:

M

N

 P = εσA  [Ta4 (i, j )  Tb4 (i, j )]
i 0 j 0

, where
 “Ɛ” is for emissivity, we use 0.98 for human skin
 “” is the Stefan-Boltzmann’s constant (= 5.676 * 1e-8)
 “A” is the ROI area, we calculate A = 0.01945906 * 1e-4 * number of pixels in
ROI
 “T” means ROI temperature in Kelvin

2.6 STUDY PROTOCOL (TACTICAL-II)
Brown Adipose Tissue Activation and Energy Expenditure by Capsinoids Stimulation with
Tri-modality Imaging using 18F-FDG-PET, Fat Fraction MRI and Infrared Thermography
The procedural aspects of TACTICAL-II is summarized in Fig. 2.10 and the details can be
found in Appendix 7.

50

Figure 2.10. Schematic flow chart of TACTICAL-II procedures and study visits.

Blood sampling were taken via both direct venipunctures and also via aspiration through
indwelling intravenous cannulae (Fig. 2.11). Plasma was obtained by spinning blood samples
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using a laboratory centrifuge and pipetted carefully into aliquots in cryovials for further
downstream bench work analyses (Fig. 2.12 and Fig 2.13).

Figure 2.11. Phlebotomy and venipuncture of a study subject by author.
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Figure 2.12. Author aliquoting plasma samples after centrifuging blood samples.

Figure 2.13. Author performing bench work in his wet laboratory.
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MRI/MRS Protocol for WAT (2nd visit)
The subjects underwent anatomical MRI to determine intra-abdominal fat mass from L1-L5
levels and MRS to determine hepatic triglyceride content. WAT depots were computed based
on a segmentation protocol we published in another study (SAMS) led by our collaborator in
which abdominal fat can be segmented into visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT) depot which can be subdivided into superficial SAT (SSAT) and deep
SAT (DSAT) (Fig. 2.14).
(CH2)n Methylene

Water
Glyc + Gluc
–(CH=CH)–

Subcutaneous
Adipose Tissue
(SAT)

=CH2–CH2=
Choline

CH3 Methyl

Visceral Adipose
Tissue (VAT)

Figure 2.14.
MRI of abdominal white adipose tissues (WAT) depots with autosegmentation using 2-point Dixon algorithm into SAT and VAT; MRS spectrum quantifying
hepatic triglycerides.
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PET and MR Imaging Protocol for BAT
The 3T MRI-PET system (mMR, Siemens) at the A*STAR/NUS Clinical Imaging Research
Center (CIRC) was being used for this project (Fig. 2.15).

Figure 2.15. Fusion PET-MRI scanner at the CIRC facility at MD6 building of NUS.

First test session (2nd visit)
- The 18-FDG PET and MRI were conducted when BAT was activated using oral capsinoids
via a published protocol (Yoneshiro T et al., AJCN 2012) that showed unequivocal BAT
stimulation by capsinoids. Our preliminary studies with IR imaging (TACTICAL) also
indicated that oral capsinoids activate BAT to a measurable level by IR thermography.
Subjects ingested 8 gel capsules of capsinoids (= 12 mg) before a scan of 18-FDG PET and
MRI/MRS of fat fraction T2/T2* in CIRC.

55

Second test session (3rd visit)
- For subjects who demonstrated FDG uptake in the first test session (2nd visit), they
underwent a PET/fat fraction MRI of BAT/WAT without capsinoids.
* These subjects were not be required to come back for a fourth test session (5th visit).

- For subjects who did not demonstrate FDG uptake in the first test session (2nd visit), they
underwent a PET/fat fraction MRI of BAT/WAT with cold stimulation (T~14C) using a
cooling vest. Subjects wore a cooling vest and underwent skin temperature measurements at 5
different upper body locations for approximately an hour to two hours prior to the scan. The 5
locations where the iButtons® were placed are as follows:
o Left & Right supraclavicular (2)
o Left & Right upper arm (2)
o Above the navel at the abdomen (1)
* These subjects were also be required to come back for a fourth test session (5th visit).

Subjects then proceeded to CIRC. After they were positioned in the PET scanner, they were
injected with 18-FDG and underwent dynamic PET scanning for 45-60 mins (Fig. 2.6).
Before imaging, intravenous injection of 3 mCi (111 MBq) of 18-FDG was administered
through an intravenous cannula in a vein of the upper extremity and simultaneous MRI and
PET scanning commenced from the neck to the shoulder using the optimized protocol. This
resulted in a radiation exposure not exceeding 2.1 mSv per PET scan. The MRI protocol
included a T1 sequence followed by water-fat imaging and T2 mapping. The MRI protocol
was repeated during the 60 min imaging session to evaluate the ‘within-session’
reproducibility. For water-fat imaging, a 3D-multi echo gradient echo Dixon acquisition was
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performed. From the images containing either the sum (in-phase) or the difference (out-ofphase) of the water and fat signal and multiple echoes, water and fat images were separated
out more accurately with T2* and phase correction using dedicated software. The T2 maps
were acquired using multi-echo spin-echo sequences.

0

60

120 Time (min)

Inject FDG
Figure 2.16. MRI sequence: 1) localizer, 2) T2W FSE, 3) T1W, 4) multiecho Dixon, 5) T2
mapping.

Whole body calorimetry (WBC) and IRT imaging
Third test session (4th visit)
The twin room calorimeter is a dual chamber, 13.5 m3 each in size, and furnished with a bed,
table, chair, sink, mirror, freeze-dry toilet bowl, television, telephone, computer network
connection and windows. It is equipped with safety features including an intercom system
and a fire emergency system and is hermetically sealed with an internal climate control with
adjustable relative humidity and temperature. Precise gas sensors measure oxygen and carbon
dioxide concentrations of inlet gases and expired gases so that energy expenditure (via
modified Weir equation) and respiratory quotient (RQ, which reflects substrate oxidation) can
be accurately computed by software based on recorded oxygen consumption and carbon
dioxide production in the room calorimeter.
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Subjects were fasted overnight and avoided caffeine and alcohol for 8-10 hours prior to the
test at 0800h, and avoided strenuous activities the week before study. They wore standardized
testing attire of singlet and shorts with clothing insulation (Icl) of about 0.3 clo units. In terms
of insulation metrics, 1 clo = 0.155 m2K/W, an amount of insulation that allows a person at
rest to maintain thermal equilibrium in an environment at 21°C in a normally ventilated room
(0.1 m/s air movement). As an example of insulation values, a naked body has 0 clo whereas
a polar down duvet has about 8 clo units.

At baseline, the subject sat quietly on a chair within the calorimeter chamber at
thermoneutrality (T~24C) for 45 min for BMR measurement and IR thermography was
taken simultaneously during the BMR measurement. It was set according to these optimized
parameters: ‘Auto focus’, ‘rainbow-linear signal’ pixel interpolation, ambient temperature
24C, emissivity 0.98, distance 1.0m.
The subject next ingested 12mg of capsinoids (8 gel capsules) and the procedure above was
repeated over 120 min, determined as the optimized protocol based on our preliminary study.

Fourth test session (5th visit)
Note: Only for subjects who did not demonstrate FDG uptake in the first test session and
underwent a cold stimulation (T~14C) using a cooling vest on the second test session.

Subjects were fasted overnight and avoid caffeine and alcohol for 8-10 hours prior to the test
at 0800h, and were required to avoid strenuous activities the week before study. They wore
standardized testing attire of singlet and shorts with clothing insulation (Icl) of about 0.3 clo
units. In terms of insulation metrics, 1 clo = 0.155 m 2K/W, an amount of insulation that
allows a person at rest to maintain thermal equilibrium in an environment at 21°C in a
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normally ventilated room (0.1 m/s air movement). As an example of insulation values, a
naked body has 0 clo whereas a polar down duvet has about 8 clo units.

At baseline, the subject sat quietly on a chair within the calorimeter chamber at
thermoneutrality (T~24C) for 45 min for BMR measurement and IR thermography was
taken simultaneously during the BMR measurement. It was set according to these optimized
parameters: ‘Auto focus’, ‘rainbow-linear signal’ pixel interpolation, ambient temperature
24C, emissivity 0.98, distance 1.0m. The subject then underwent a cold stimulation of about
14C by wearing a cooling vest for the next 120 min and the procedure above repeated over
this time period, determined as the optimized protocol based on our preliminary study.

Participants procedures:


Anthropometric measurements. Height was recorded to the nearest centimetre using a
stadiometer, with participants standing erect and without socks and shoes. Body mass
was recorded to the nearest 0.1 kg using professional weighing scale, with participants
wearing light clothing and without socks and shoes. Body Mass Index (BMI) was
calculated using the standard formula: weight (kg) / height (m) 2. Waist and hip
circumference was measured with a tape measure. All measurements were taken in
duplicate and averaged.



Assessment of body composition by bio-electrical impedance analysis (BIA). After
voiding to remove excess water from the bodies, participants stood quietly for about 1
minute on a Tanita body composition analyser bare-footed and with arms by the side
holding onto two handles. Tester ensured that participants were touching all contact
points. Resistance to electrical currents were recorded and analysed by the equipment.
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Assessment of body composition by Air Displacement Plethysmography. You will be
required to sit in a machine known as the Bod Pod® for two one-minute periods, while
wearing a swimming costume or minimal tight fitting clothing and a swimming cap
(this is to prevent the body appearing larger than it is – there is no water involved).
Volume and density of the body will be recorded and analyzed.



Precise evaluation of body composition by DXA using the standard Hologic Discovery
Wi model in the CNRC.



Assessment of metabolism at rest in the whole body calorimeter:
o

Participants entered the room calorimeter set at an ambient temperature of 24 +
1oC, sat quietly on a chair and watched neutral TV programmes for
approximately 165 minutes. Participants minimized physical movements and
were not allowed to sleep while in the room calorimeter.

o

On the third test session, during the initial 45 minutes, no capsinoids were given.
After that, they ingested 12 mg capsinoids and continued to stay in the room
calorimeter for another 120 minutes. Subject ingested eight (8) gel capsules
(capsinoids). Each capsule consists 1.5mg of capsinoids extracted from the
pepper fruit variety CH-19 Sweet (Capsicum annum L.), making a total dose of
12mg capsinoids. Plain water was provided.

o

On the fourth test session, during the initial 45 minutes, no cooling vest was
worn. After that, they wore a cooling vest (about 14C) and continued to stay in
the room calorimeter for another 120 min.



Infra-Red (IRT) imaging as per the following:
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o

Participants sat quietly on a chair 1 metre in front of IR camera in the room
calorimeter during which their neck and supraclavicular regions were imaged
with the IR camera at periodic time intervals throughout the third and fourth test
sessions at 24 + 1oC.



Urine sampling and blood sampling via iv cannulation/venipuncture at 2 time intervals
(baseline, 2h post-capsinoids/cold) on the third and fourth test session. Each time, 12ml
of blood was taken and the total blood taken for the entire study was approximately 54
ml (inclusive of 6mls taken during the screening blood test).

2.6.1

SUBJECTS: TACTICAL-II

Inclusion Criteria
Overtly healthy with no past history of chronic illnesses.
Aged 21-40 years old
Male and female gender
BMI from 18.5 to 29.9 kg/m2 inclusive
No prior history of thyroid disease
Euthyroid biochemically with FT4 and TSH in the normal ranges

Exclusion Criteria
Chronic illnesses such as diabetes mellitus or cancer
Subclinical thyroid dysfunction based on thyroid function test
Female subjects who were pregnant
Subjects with metallic implants or other contraindications to MRI (eg. claustrophobia or
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electronic device implants)
Oral medications affecting BAT (eg. alpha agonists or blockers, beta agonists or blockers,
sympatholytic agents)
Chronic topical ointment with menthol or capsaicin or use of nasal decongestants with
sympathomimetics
Recent changes in weight of >5% over the past 6 months
Attempts to lose weight over the past 6 months
Significant changes in diet over the past 6 months
Any use of weight reducing drugs in the past 6 months
Previous weight reducing surgery
Any use of investigational drugs in the past 6 months
Known history of thyroid, liver or kidney disease
Use of any prescription medication that cannot be safely discontinued within 14 days prior to
study entry
History of surgery with metallic clips, staples or stents
Presence of cardiac pacemaker or other foreign body in any part of the body
History of claustrophobia particularly in a MRI scanner
Patients who had a PET scan within the past 4 months

2.7

STUDY PROTOCOL (TRIBUTE)

The Role of Thyroid Status in Regulating Brown Adipose Tisue Activity, White Adipose
Tissue Partitioning and Resting Energy Expenditure
The protocol for TRIBUTE may be summarized as such below (Fig. 2.17).
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Figure 2.17. Flow chart of TRIBUTE study

2.7.1

SUBJECTS: TRIBUTE

Inclusion Criteria
• Aged 21 to 50 years old (no gender restrictions)
• Diagnosed with Graves’ disease
• Able to give informed consent.
• Body mass index (BMI) between 18.5 to 29.9 kg/m2 inclusive
• Treated with carbimazole (CMZ) or thiamazole (TMZ) and compliant to treatment
• Capable of participating in the whole study and follow study procedures
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Exclusion Criteria
Those with:
• Chronic illnesses such as diabetes mellitus or cancer
• A known history of thyroid, liver or kidney disease
• Female subjects who were pregnant or contemplating pregnancy
• Those allergic to carbimazole (CMZ), thiamazole (TMZ)
• History of surgery with metallic clips, staples or stents
• Those on drugs that might affect body composition (eg. steroids) or BAT (eg. beta-blockers)
• Those with poor compliance to medication
• Presence of cardiac pacemaker or other foreign body in any part of the body
• History of claustrophobia particularly in a MRI scanner
• Those with a history of bronchial asthma
• Those with overt congestive heart failure
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2.8

MILESTONES

Table 2.1. Gaant chart showing the expected milestones to be achieved over the course of
the study.

Targeted Duration
Milestones

Year 1 (2015)
Q1

Getting ethics
approval from
IRB (DSRB)
Development of
IR and MRI
methodology
Pilot Studies to
test protocols TACTICAL &
BRIGHT
Hypothesis 1 Euthyroid
controls
TACTICAL-II
Hypothesis 2 Hyperthyroid
patients
TRIBUTE
Data analysis –
interim & final
analyses

Q2

Q3

Q4

Year 2 (2016)
Q1

Q2

Q3

Q4

Year 3 (2017)
Q1

Q2

Q3

Q4

Year 4 (2018)
Q1

Q2

Q3

Q4

Year 5 (2019)
Q1

Q2

Year 1

Year 2

Year 3

Year 4

Publications –
manuscripts for
submission
Writing up the
PhD thesis
(dissertation)
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Q3

Q4

2.9

IRB ETHICAL APPROVALS (DSRB)

These research projects codenamed ‘TACTICAL’, ‘BRIGHT’, ‘TACTICAL-II’ and
TRIBUTE’ were all approved by the National Healthcare Group (NHG) Domain Specific
Review Board (DSRB approval reference: C/201300785, C/201400721, C/201500715,
C/201500718), and all registered with ClinicalTrials.gov (NCT01961674, NCT02790255,
NCT02964442, NCT03064542), and performed in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all participants prior to engaging in
any research activities. The IRB approval letters for both key sub-studies are available in the
Appendices section. We provided the informed consent document for the research subjects to
read and allow them to ask questions and clarify any issues. The informed consent process
was taken in a clinic room with proper privacy so as to reduce any element of stress when the
subject makes an independent decision to participate in the study (Fig. 2.18).

Figure 31. The author explaining and taking an informed consent from a research
participant in a clinic room.
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2.10

HSA REGULATORY APPROVAL

As per regulatory requirement to conduct a randomized clinical trial (RCT) in Singapore, an
application for a Clincal Trial Authorization (CTA) was made to the Health Sciences
Authority (HSA). Following submission of the IRB approval and a 2-month review process,
the HSA finally issued the CTA certificate (see Appendix 7) which allowed me to conduct
the research.

2.11

CLINICAL TRIALS REGISTRATION

To satisfy the requirement of most peer reviewed journals which operate under the auspices
of the International Committee of Medical Journal Editors (ICMJE), I have registered the
study (ongoing Part 1 – TACTICAL-II) with the ClinicalTrials.gov international website.
Over 1000 journals including NEJM, JAMA and BMJ have adopted this ICMJE policy as
part and parcel of Good Clinical Practice (GCP) guidelines. ClinicalTrials.gov is the national
registry of federally and privately supported research studies conducted in the US and around
the world. The U.S. National Institutes of Health (NIH), through its National Library of
Medicine (NLM), has developed this site in collaboration with the Food and Drug
Administration (FDA), as a result of the FDA Modernization Act, which was passed into law
in November 1997. The key rationale to register in ClinicalTrials.gov is that it improves
transparency and has multiple advocates from major research stakeholders to reduce
duplication of effort (Fig. 2.19). A copy of the ClinicalTrials.gov certificate is attached in the
Appendices.
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Figure 2.19. Figure reproduced from D. Zarin, Overview of ClinicalTrials.gov presentation,
Dec 2008 with permission from National Library of Medicine (NLM) Customer Support (see
Appendix 25)
http://prsinfo.clinicaltrials.gov/webinars/module1/resources/Overview_Handouts.pdf

2.12

STATISTICAL ANALYSIS & POWER CALCULATIONS

The data will be analyzed by comparing the 18F-FDG-PET images against the co-registered
images of the fat fraction MRI. We expect FDG uptake on PET to be directly proportional to
the BAT volume by MRI. We expect a well-defined regression equation linking both IR heat
flux and ROI over the SCR to the corresponding FDG uptake values, BAT volume and BMR.
Statistical analysis was carried out with the SPSS software package (version 23.0; IBM SPSS
Inc, Chicago, Illinois). Paired Student’s t-tests were used to determine if there were any
differences in C-SCV heat production under cold stimulation relative to thermo-neutral
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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 error (S.E.), and the significance level of all tests was set at 5%.

Sample size calculations
For the pilot study on euthyroid control subjects, we recruited 30 subjects to participate based
on our preliminary data from our capsinoid study. With respect to powering the study to
examine differences in supraclavicular BAT, metabolic rate, lipid oxidation rate and WAT
between overtly hyperthyroid versus euthyroid healthy individuals, a sample size of 20 per
group was more than sufficient as reported in a very recent publication (Lahesmaa et al.,
2014). Minimally perturbed thyroid dysfunction such as rendering those with subclinical
hyperthyroidism to a euthyroid state served as a reasonable model to base our power
calculations on. Such literature suggested that statistically significant differences in body
composition and weight gain are detectable in those with subclinical hyperthyroidism treated
to euthyroidism over a span of 6 months using a sample size of 24 patients (Greenlund et al.,
2008). Similarly, subclinical hyperthyroid patients on an exercise intervention regimen
showed statistically significant changes in body composition using a sample size of 36
(Vigario Pdos et al., 2011). Using a mean difference of 2.6 MJ/24h in BMR and a standard
deviation of SD =1.1, the Cohen’s d (effect size) =2.2. Setting the type I error rate (alpha)
=0.05 and a statistical power of 80%, the sample size N = 10. Based on previous literature of
cold and capsinoids stimulation of BAT, roughly 50% of metabolically active BAT can be
detected in adult humans (Cypess et al, 2012; Yoneshiro et al, 2012). Thus, we will have 80%
power to detect in difference in the primary endpoints within the same individuals at an alpha
= 0.05 with a sample size N = 20. Additionally, the effect size for other endpoints such as
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body fat, lean mass and weight is often reported in the range of 0.9-1.0. Thus, the sample size
required to address all endpoints in hypothesis 2 would be based on a conservative estimated
effect size of 1.1, leading to N = 20 for a 2-tailed hypothesis. Hence, we targeted to recruit 30
hyperthyroid patients to participate in the clinical phase to factor in drop outs. Using
simulations based on a pre-determined parameter space to define approximate sample sizes
that will be feasible for this pilot and clinical phase and statistical structural equation
modeling (SEM) technique, we estimated the sample sizes above will have at least 80%
power to detect a difference in means in the primary outcome variables taking into account
reliable standard deviation estimates with a 0.05 two-sided significance level. These numbers
are expected to provide sufficient data for correlation between the MRI, 18F-FDG-PET, IRT
and EE in the control group for the purpose of validation of a proof-of-concept imaging study.
This SEM technique takes into account multiple hypotheses testing with multiple outcomes
of interest, the potential inherent correlations between variables and the different layers of
phases or stages of the study design that effectively leads to better statistical powering at
lower sample sizes.
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CHAPTER 3
RESULTS OF PILOT STUDIES
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In the 2 pilot studies I carried out with my research team, the key objective was to investigate
the feasibility and applicability of a sensitive thermal camera in detection of emission of
infrared electromagnetic radiation when BAT is activated by cold stimulation and by
capsinoids in healthy human beings. This pilot was also crucial to develop the prototypal
method of image processing of this form of thermal imaging data so that we could adopt the
procedure for our subsequent research project. The study protocol was approved by the
National Health Group (NHG) Domain Specific Review Board (IRB approval reference:
DSRB ‘C’/201300785). All procedures were conducted according to the principles of the
Helsinki declaration. This trial was registered at http://www.clinicaltrials.gov (ID:
NCT01961674).

3.1

Pilot Study 1: INFRARED THERMOGRAPHY FOR QUANTIFICATION
OF BROWN ADIPOSE TISSUE ACTIVATION IN HEALTHY ADULTS
(TACTICAL)

We conducted a randomized clinical trial in order to develop and standardize a protocol of
IRT for BAT assessment. This work has been published (Ang et al., 2017).

3.1.1 Development of IR imaging method to quantify cold-stimulated BAT activity

Study design: Twenty four healthy males aged 21-30 years (BMI 18.0-22.9 kg/m 2)
underwent 5 min of cold stimulation (extremities in cold water at 18±2⁰C) and IR imaging
of the supraclavicular (SCR) and neck regions.

Methods: We used a double-blinded, placebo-controlled, randomized crossover study
design. Every subject underwent 2 study visits and ingested (in random order) either 0mg or
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9mg of capsinoids capsules which were completely identical together with 50g of rice as
carbohydrates. The rice allowed an estimate of the thermic effect of food (TEF) compared
against the diet-induced thermogenesis (DIT) triggered by capsinoids-stimulated BAT.
Healthy subjects arrived at our laboratory at 0800h after an overnight fast of at least 10 hours.
We employed a glucose dehydrogenase method (HemoCue AB, Angelholm, Sweden) of
measuring finger prick fasting blood glucose. Subjects were told to abstain from alcohol
consumption, chillies and spicy foods and strenuous physical activity a day prior.
Subjects wore standard cotton singlets to allow sufficient exposure of the neck and upper
thorax for IRT and Bermuda shorts with a total clo value of about 0.2 (Hoyt et al, 2013).
Room temperature was thermoneutral at 24⁰C and subjects rested in a recumbent position
while oxygen consumption and carbon dioxide production were continuously measured using
an indirect calorimeter for 45 min. To provide a sensitive imaging-independent proxy of BAT
activation, indirect calorimetry (Quark RMR, Cosmed, Italy) was used to measure changes in
energy expenditure (EE) and respiratory quotient (RQ), since UCP-1 dependent heat
production should elevate metabolic rate and thus increase EE. Subjects rested in a supine
position while oxygen consumption and carbon dioxide production were measured using a
ventilated hood system. EE and RQ were estimated from measures of oxygen consumption
and carbon dioxide production based on the Weir equation (Weir et al, 1990). After 45 min,
IRT of the C-SCV regions was performed using a 5min video recording. Then subjects
ingested either placebo or 9mg of capsinoids, with water ad libitum. In the 2.5 hours postmeal period, respiratory gas exchange parameters were continuously measured for 20 min
and the energy expenditure (EE) and RQ during the last 10 min period were calculated. At 30
min intervals, IRT of the C-SCV regions was performed over a standard recording period of 5
min between the indirect calorimetric measurements.
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Working jointly with our engineering collaborators, a novel algorithm for computation of
IR flux from IR thermograms was developed and clinically validated by our team. The
regions overlying BAT progressively increased in heat output while the temperature of
other body regions remained stable. Based on this biological characteristic, we applied a
“region-growing image segmentation” (SRG) algorithm to detect an image region which
contains pixels of similar temperature values, as shown in Fig. 2.7, Fig. 22.8 and Fig. 3.1.
A seed pixel with the highest temperature serves as a start point and merges with the
neighbouring ‘isothermic’ pixels of a similarity index down a temperature gradient over
the region of interest (ROI), which grows iteratively till the index exceeds a threshold.

Figure 3.1. Implemented BAT detection method and its underlying principle

Applying Stefan’s law (E = 𝛔 T4), the energy flux from the ROI encapsulating the BAT
was computed. Skin emissivity for infrared is represented by  (=0.98) while the StefanBoltzmann constant is represented by  (= 5.67 x 10-8 W/m2/K4).

Statistics
Data are expressed as mean ± standard error of the mean (SEM), and were analyzed using the
Statistical Package for the Social Sciences (Version 16.0, SPSS). Significant differences
between the capsinoids and placebo interventions were analyzed using a paired t test. Linear
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regression analyses were performed to determine correlations between variables. Values were
considered to be statistically significant if p< 0.05.

3.1.2 Results of TACTICAL Study

Table 3.1. Baseline characteristics of subjects (TACTICAL Study)

Characteristics

Mean (±SEM)

Median

Minimum

Maximum

Males (n)

24

Age (yr)

23 (±0.4)

23

21

28

Body weight (kg)

59 (±1.4)

58

50

81

Height (m)

1.70 (±0.14)

1.70

1.57

1.90

BMI (kg/m2)

20.4 (±0.3)

20.5

17.5

23.7

Percentage body fat (BODPOD)

14.4 (±1.0)

13.1

8.2

25.6

Fasting blood glucose (mmol/L)

4.4 (±0.1)

4.3

3.5

5.7

Resting EE (kcal/day)

1491 (±34)

1474

1200

1909

Smokers (n)
Medications

0
None were prescribed medication during the study.

IRT quantification of cold-stimulated BAT activation
There is an escalation of the IRT-measured temperatures over the C-SCV regions at the end
of the 5 min cold challenge, suggestive of accentuated heat energy output from the BAT
depot in this region (Fig. 3.2). We demonstrated that higher ROI average temperatures were
detected in anterolateral views (Figure 3, A, C, D and F) of the C-SCV regions compared to
front views (Figure 3, B and E), suggesting that imaging the anterolateral views of the C-
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SCV could capture more heat emanating from BAT. We therefore used thermal data from the
anterolateral views of the C-SCV regions (both right and left) for quantification of BAT heat
production.

Figure 3.2. Thermal images of cold induced BAT activity. Representative images taken
at 0 min (A, B, C) and 5 min (D, E, F) of cold challenge, showing increase in the area and
temperature of the thermally active region. The subject’s head is turned to his left in A and D,
facing forward in B and E, and turned to his right in C and F. ROI detection over the C-SCV
regions are circumscribed by green contour lines. White pixels, >37.4C; red pixels, 36.837.4C; yellow pixels, 36.5-36.8C.C-SCV, cervical-supraclavicular; ROI, region of interest.
Figure reproduced from my own publication (Ang QY et al. J Physiol Sci 2017; 67: 395-406)
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use for the
purposes of this thesis.

Cold stimulation increased the area and temperature of the ROI corresponding to BAT in
SCRs in adults indicative of BAT activation (Fig 3.3a and 3.3b).
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Figure 3.3. The bar chart (Fig. 3.3a) shows a significant increase (p<0.05) in heat flux
with cold stimulation. Fig 3.3b is an IRT of the anterior neck and supraclavicular regions
with circumscribed ROIs over SCRs (epicentres to 37.5C).

In this TACTICAL study, we showed that the increased energy expenditure correlated
significantly with the IRT power emitted by activated BAT (Ang et al., 2016) (Fig. 3.4).

Figure 3.4. Change in energy expenditure and SCV heat output after capsinoids (black
circles) compared with placebo (white circles) in subjects with low BAT vs high BAT
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(defined as those with >1SE above mean in heat response with cold stimulation. Figure
reproduced from my own publication (Ang QY et al. J Physiol Sci 2017; 67: 395-406) under
the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use for the
purposes of this thesis.

Quantitative analysis showed that there were significant increases in both temperature and
area of the ROIs detected over the left and right C-SCV regions, resulting in an increase in
the total heat energy output calculated based on the Stefan-Boltzmann law (Table 3.2).

Table 3.2
ROI temperature, area, and heat energy output of the left and right C-SCV at 0 min and 5 min
of cold challenge (TACTICAL Study)
0 min

5 min

Difference

Temperature, (ºC)

Left
Right

35.53 (±0.11)
35.59 (±0.10)

35.93 (±0.11)*
35.97 (±0.10)*

0.40 (±0.04)
0.38 (±0.04)

Area (cm2)

Left
Right

19.72 (±2.50)
20.26 (±2.83)

27.72 (±3.14)*
27.95 (±3.59)*

8.00 (±1.71)
7.69 (±1.41)

Heat energy output (W)

Left
Right

0.99 (±0.13)
1.02 (±0.14)

1.41 (±0.16)*
1.47 (±0.18)*

0.41 (±0.09)
0.40 (±0.07)

Total heat energy output
(W)

-

2.02 (±0.23)

2.82 (±0.30)*

0.81 (±0.13)

All values are mean (±SEM). Total heat energy output is the sum of the heat energy output
from left and right ROIs, calculated based on Stefan-Boltzmann law. Paired t test showed no
significant differences between the left and right ROIs. *Significant difference between 0 min
and at 5 min of cold challenge, p<0.05. BAT, brown adipose tissue; C-SCV, cervicalsupraclavicular; ROI, region of interest.
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Capsinoid-induced BAT activation assessed by IRT is paralleled by increased EE
There was no significant difference in the resting EE of the subjects between the placebo and
capsinoids test sessions, as calculated from their oxygen consumption and carbon dioxide
production before ingestion of the test meal. The mean baseline resting EE of the subjects
was 1480 ± 43 kcal/day for the capsinoids test sessions, which was not significantly different
from that in the placebo test sessions (1490 ± 39 kcal/day). Figure 3.5A shows the change in
energy expenditure (EE) over 2.5 hours after ingestion of placebo or capsinoids, using resting
EE as baseline. The overall increase in EE over 2.5 hours was higher in response to
capsinoids compared to placebo. Specifically, EE was significantly higher after capsinoids
ingestion versus placebo at the 0.5hour, 1hour and 2hour time points. For both capsinoids and
placebo, maximal increase in EE was observed after 1 hour, with the maximal increase in
response to capsinoids (79 ± 14 kcal/day) being significantly higher than that of placebo (41
± 17 kcal/day).

Figure 3.5. Capsinoids increase energy expenditure and diet induced thermogenesis.
Panel A: Change in energy expenditure (ΔEE) was measured over 2.5 hours after ingestion of
placebo (○) or 9mg capsinoids (●) with standard portion of rice, relative to baseline resting
EE (n = 19). Panel B: Diet-induced thermogenesis (DIT) measured over 2.5 hours after
placebo or capsinoids ingestion, expressed as percentage of energy intake (n = 18). *P<0.05
capsinoids vs placebo. Values shown are mean ± SEM. Energy expenditure, EE.
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Figure 3.5B shows diet-induced thermogenesis (DIT), calculated as the increase in EE above
baseline fasting level over 2.5 hours and expressed as a percentage of energy intake (200kcal).
DIT was approximately 2.5-fold higher upon capsinoids ingestion (3.5 ± 0.6 %) compared to
placebo (1.4 ± 0.7 %) (p<0.05). Rate of fat oxidation was calculated from oxygen
consumption and carbon dioxide production (Fig. 3.6). For placebo, fat oxidation rates fell
below fasting baseline levels from the 1 hour time point onwards, while fat oxidation rates
following capsinoids ingestion remain elevated above baseline levels. The diverging effect of
capsinoids versus placebo was most evident at the later time points of 2 hour and 2.5 hour,
where fat oxidation rates in the capsinoids group were significantly higher than placebo. As
fat oxidation is an expected consequence of activated BAT, IRT should detect an increase in
heat output post-capsinoids.

Figure 3.6. Capsinoids ingestion increases fat oxidation. The change in fat oxidation is
shown over 2.5 hours after ingestion of placebo (○) or 9mg capsinoids (●) with standard
portion of rice (n = 18).*P<0.05 capsinoids vs placebo. Values shown are mean ± SEM.

80

IR thermography detects capsinoid-induced BAT activation
We also investigated the effect of consuming capsinoids on BAT activity using our IRT
protocol. Fig. 3.7 shows the change in total BAT heat energy output over baseline levels for
2.5 hours after ingestion of either placebo or capsinoids together with 50g of white rice. For
placebo, we observed a significant rise in heat energy output (TEF) from baseline that peaked
at about +0.4W at the 1.5 hour time point and then declined afterwards. For capsinoids, total
heat energy output continued to increase throughout the 2.5 hours post-meal, reaching a
maximum of +0.7W at the 2.5 hour time point. The diverging effect of capsinoids versus
placebo was most evident at later time points, reaching significance at the 2.5 hour time point.
Notably, the BAT activation quantified by this IRT protocol was paralleled by an increase in
energy expenditure (ie. DIT) measured by indirect calorimetry.

Figure 3.7. Capsinoids ingestion increases total BAT heat production as measured by
IRT. The change in heat energy output is shown over 2.5hrs after ingestion of placebo (○) or
9mg capsinoids (●) with standard portion of rice (n = 20). *P<0.05capsinoids vs placebo.
Values shown are mean ± SEM. BAT, brown adipose tissue; IRT, infrared thermography.
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3.1.3

BAT activity measured by IRT correlated with expected changes in metabolic
parameters

If IRT quantifies the degree of BAT activation over the C-SCV regions, the heat output
measured would be expected to correlate with the metabolic consequences of active BAT.
Given that glucose uptake, lipolysis, fat oxidation and uncoupling of oxidative
phosphorylation with resultant energy expenditure in the form heat dissipation occur in
stimulated BAT, it is not surprising that the presence of BAT correlates inversely to fasting
glycemia and directly to metabolic rate (Zhang et al, 2013; Vrieze et al, 2012; Bakker et al,
2014). We observed a significant inverse correlation between subjects’ BAT activation in
response to cold and mean fasting blood glucose (r = - 0.51, p = 0.011) (Fig. 3.8). We also
observed a significant correlation between the degree of BAT activation and BMR (r = +
0.44, p = 0.017) (Fig. 3.9). This additionally supports our finding that our IRT methodology
very likely measures BAT activation to a certain degree.
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Figure 3.8. The increase in heat output from BAT varies inversely with the mean fasting
blood glucose. This is consistent with the physiology of BAT as its glucose uptake is
increased during its activated state. Figure reproduced from my own publication (Ang QY et
al. J Physiol Sci 2017; 67: 395-406) under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use for the purposes of this thesis.

Figure 3.9. TACTICAL study illustrating the strong correlation between infrared heat
power emitted by activated BAT and the resting energy expenditure measured by indirect
calorimetry. Figure reproduced from my own publication (Ang QY et al. J Physiol Sci 2017;
67: 395-406) under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use for
the purposes of this thesis.
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3.2

Pilot Study 2:

BROWN FAT ACTIVITY DETERMINED BY INFRARED

THERMOGRAPHY AND THERMOGENESIS MEASUREMENT USING
WHOLE BODY CALORIMETRY (BRIGHT)

Relevance to proposed study: This was the second pilot study in our attempt to quantify
BAT activity using IRT. We have shown that cold water and oral capsinoids are reliable
BAT-activating stimuli. It is useful to determine cold stimulation in various forms – eg.
cold water, cooling vest and cold air. In this second preliminary study, we explored the
ability of cold air to reliably stimulate BAT that can be detected rapidly, noninvasively,
quantitatively and reproducibly using IRT. This study, acronymed ‘BRIGHT’, was
ethically approved by the National Healthcare Group (NHG) Domain Specific Review
Board, Singapore (DSRB approval reference: C/201400721) and performed in accordance
with the Declaration of Helsinki. It is also registered with ClinicalTrials.gov
(NCT02790255) website. This study has also been published (Tay et al., 2019).
IRT is an accepted technique to assess BAT activity in mice (Carter et al., 2011; Crane et
al., 2014), and evidence for its utility in human BAT studies is also emerging. Recent
studies in humans have validated the use of IRT with PET/CT images, whereby both
modalities displayed significant concordance in monitoring BAT activity before and after
cold exposure (Salem et al, 2016; Symonds et al, 2012; Jang et al, 2014). A recent study
demonstrated conclusively the positive correlation between IRT-identified SCV hotspot
and the area of maximal uptake on PET-CT-derived MR(gluc) maximal intensity
projection (MIP) images, complemented by greater increases in relative SCV temperature
with greater glucose uptake (Law et al, 2018).
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Nevertheless, there still exists some incongruencies in IRT 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 versus mean of upper 10th percentile of temperatures in ROI).
The methodology we employed is illustrated below in Fig. 3.10 and Fig. 3.11. We showed
that the heat power gradient correlated positively with the increase in EE (Fig. 3.12).

1.0 m
o

24 + 1 C (Room)

o

18 + 2 C (Room)

1 second-long video @ 30 fps
5 min intervals

Figure 3.10. Cold air exposure, IRT and EE measurement in a whole body calorimeter.

The climate (temperature, pressure, relative humidity) of each chamber of the dual room
calorimeter (WBS) can be precisely conditioned so that one chamber is fixed at
thermoneutral temperature while the other is fixed at 18 +/- 2 ֠C. In BRIGHT, the goal is to
chill the body via cold air and determine the BAT response as detected by IRT, hence the
experimental set up as described above. We also fine-tuned our algorithm in terms of
image processing to measure the heat power output from ROI corresponding to areas of
active BAT (Fig. 3.11).
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Semi-automated IRT image processing
Further
processing
via
MATLAB
functions

Figure 3.11. IRT image segmentation algorithm using MATLAB functions.
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3.2.1. Results of BRIGHT

The 17 subjects who participated in this pilot study are essentially healthy and young
males without any co-morbidities (Table 3.3).

Table 3.3
Baseline characteristics of subjects (BRIGHT Study)
Characteristics

Mean (± S.E.)

Males (n)

17

Age (yr)

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)

1.16 (± 0.02)
BMD (g/cm2)
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.
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For the cold air challenge, mean deltoid temperature fell to a greater extent than mean ROI
temperature (10.32% vs. 1.71% respectively, p < 0.05). Consequently, the temperature
gradient between ROI and deltoid, as well as the corresponding difference in heat power
output computed, increased upon cold stimulation relative to thermo-neutral conditions
(Table 3.4).

Table 3.4
Changes in temperature and heat power output of ROI and deltoid, as well as in cumulative
EE during cold stimulation (BRIGHT Study)

Variables

Before

After

Percentage change
(%)

Mean ROI temperature
(oC)

34.99 (± 0.36)

34.39 (± 0.48)

-1.71*

Mean deltoid
temperature (oC)

31.44 (± 0.44)

28.19 (± 0.73)

-10.32*

Temperature gradient
between ROI and
deltoid (oC)

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*

Cumulative EE (kcal)

48.9 (± 4.4)

53.4 (± 7.7)

9.12*

Cold air challenge

___________________________________________________________________________
* Significant difference at p < 0.05 (Student’s t test) between cold stimulation and thermoneutral conditions.
Values are presented as the mean (± S.D.). ROI heat power is calculated based on the StefanBoltzmann law, using the refined, maximized ROI on a subject- and study visit-specific basis.
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During cold air stimulation, whereby cumulative EE rose by 4.46 kcal (9.12% increase
over BMR, p < 0.05; Table 3.4) over the entire 45 minutes of cold air stimulation as
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Figure 3.12. Statistically significant positive relationships observed between IRT output
and energy expenditure data.

The purpose of this study is to further explore the use of IRT in quantifying BAT activity, by
using the method we developed in TACTICAL (Ang et al, 2017). 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 sessionspecific 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 (see Appendix 1). Given that area is most likely
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the primary contributor of error in ROIs with small areas, keeping the 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 stimulation to ascertain
potential BAT activation, MATLAB functions were also employed to define the thermal
activity of the deltoid. Subsequent computations of temperature and heat power gradients
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. As such, the
observed results were physiologically consistent with the function of BAT.

Shivering was not quantitatively measured via the use of electromyograms (EMGs) to
determine the extent of shivering thermogenesis following cold stimulation, though none of
the subjects had any subjective report of shivering when directly questioned nor was there
any overt shivering observed by the experimenter. Notwithstanding, while we believe that
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. This is supported by
a similarly designed study who were able to exclude shivering via subjective reporting as
well as surface EMG by the lack of burst activity over the entire cooling period, thereby
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conclusively demonstrating that the increases in SCV temperature and energy expenditure
were most likely from BAT-induced non-shivering thermogenesis (Haq et al., 2017).

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 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. Future work will require supplementary investigation
to this end and to consider alternative tools such as cooling jackets that could address this
shortfall.

But admittedly, the key limitation of TACTICAL and BRIGHT is their lack of validation
against the gold standard 18F-FDG-PET scan. For that, we turn to the present PhD
proposal where our first goal is to prove that the BAT segmentation in IRT corresponds to
the BAT detected by 18F-FDG-PET in Part 1, entitled “Brown Adipose Tissue Activation
and Energy Expenditure by Capsinoids Stimulation with Tri-modality Imaging using 18FFDG-PET, Fat Fraction MRI and Infrared Thermography (TACTICAL-II)”
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CHAPTER 4
RESULTS OF TACTICAL-II & TRIBUTE
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Chapter 4 presents the key data and findings of the two key studies – TACTICAL-II and
TRIBUTE as set forth by the hypotheses and objectives at the beginning. The first section
(4.1) starts off by describing the characteristics of the individuals. This work has recently
been published in the journal, Obesity (Silver Spring) (Sun, et al. 2019).

4.1

TACTICAL-II :

This study was ethically approved by the National Healthcare Group (NHG) IRB – DSRB
Domain “C”. We advertised the study in the university campus and began enrolling subjects
according to the inclusion and exclusion criteria (see ICF detailed in Appendix).

Excluded (n=4)
Thyroid function lab results out
of the normal range: 3
Liver dysfunction problem: 1

Enrolled (n=25)
Drop outs (n=5)
Unanticipated elevated thyroid uptake on PET scan: 1
Time commitment issues: 2
Unanticipated claustrophobia in PET-MR scanner: 2

Completed and analyzed (n=20)

Figure 4.1. Participant recruitment flow chart of TACTICAL-II.
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A total of 20 individuals who were all overtly healthy were recruited (Fig. 4.1). Of these, 8
were men and 12 were women. Their age range was 25.9 ± 4.1 years. With respect to body
mass index (BMI) and body fat (%), the group collectively were relatively lean at 21.7 ± 2.5
kg/m2 and 29.2 ± 8.0%, respectively (Table 4.1). The body weight of men and women was
different, with men significantly heavier than their women counterparts (male: 70.5 ±12.7 vs
female: 57.1 ± 9.8 kg; P: 0.02).

Yet, it is notable that the women participants had a

significantly greater amount of body fat (%) compared to the men (33.2 ± 6.3 vs 23.4 ± 6.6;
P<0.01). We excluded the PET-MR data of 2 women due to pronounced motion artefacts
during a portion of the MR scan which compromised the computations of the FF. As such, we
only analyzed the FF based on 18 remaining subjects. Other analyses which did not require
FF map were done on the full sample of 20 subjects.

Table 4.1. Subject characteristics (TACTICAL-II Study)
All subjects

Male

Female

20

8

12

Age (years)

25.9 ± 4.1

25.8 ± 4.1

25.9 ± 4.3

NS

Height (cm)

168.5 ± 8.9

175.0 ± 5.4

164.2 ± 8.2

0.004

Weight (kg)

62.5 ± 12.6

70.5 ± 12.7

57.1 ± 9.8

0.015

BMI (kg/m2)

21.7 ± 2.5

22.9 ± 3.0

20.9 ± 1.8

NS

Body fat (%)

29.2 ± 8.0

23.4 ± 6.6

33.2 ± 6.3

0.004

Fat Mass (kg)

18.4 ± 7.5

17.1 ± 7.6

19.3 ± 7.6

NS

Fat free Mass (kg)

43.6 ± 9.5

53.0 ± 6.9

37.4 ± 4.3

<0.001

RMR (kcal/day) ^

1533 ± 271.0

1752.5 ± 245.5

1386.7 ± 173.6

0.001

n

P value

1Values

are mean ± SEMs; ^Values represent the average of RMR from the two whole body
calorimeter study visits; P value represents the student’s t-test between male and female
subjects. BMI, body mass index, was calculated as body weight (kg) divided by the square of
height (m); RMR, resting metabolic rate.
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4.1.1

18-F-FDG PET

Given that 18-F-FDG PET remains the key gold standard that can reliably distinguish a BATpositive from a BAT-negative individual, for the purposes of correlations and data analysis,
we will generally use PET uptake values to define if BAT is present or absent. The cutoff
value of mean standardized uptake values (SUV) for dividing subjects into BAT-positive and
BAT-negative groups was 2.0. However, we also take into account the possibility that this
SUV threshold was used in the early BAT studies on humans using cold stimulation. Because
cold is by far the strongest stimulus for activating BAT, we recognize the weakness in using
this cutoff because many other stimuli of BAT are likely less potent compared to cold, and
hence these other stimuli may likely activate BAT to a degree that falls to subthreshold SUV
values and may then lead to BAT false negatives. As such, depending on the form of BATactivating stimuli, we will need to bear this factor in mind and interpret cautiously, taking
into consideration other findings that may imply BAT presence, such as indirect calorimetry,
IRT and MR FF.

According to the conventional SUV cutoff, out of the 20 subjects we recruited in the
TACTICAL-II Study, 12 were BAT-positive while 8 were BAT-negative. To demonstrate the
typically encountered PET scan images, the following images illustrate the 18F-FDG-PET
scans of a BAT-negative (Fig. 4.2) and a BAT-positive (Fig. 4.3) subject.
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Figure 4.2. Dynamic PET frames in a BAT negative subject. These are antero-posterior
views of a subject from the head to the upper chest and there is absence of uptake over the
supraclavicular and lateral neck regions where BAT normally resides.

Figure 4.3. Dynamic PET frames in a BAT positive subject using cold stimulation. There is
a pronounced level of 18-FDG uptake at the supraclavicular regions, lower lateral neck
bilaterally and the mediastinum.
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From Fig. 4.3 which shows a BAT-positive subject, no visible changes were detectable over
the scanning time from the first to the last frame, suggesting that 18-F-FDG uptake has
reached maximal SUV level and plateau off very quickly. These dynamic PET scans show
that over the course of a 2-hour scan session following the injection of the 18F-FDG isotope,
the uptake images were stable and did not alter significantly from the beginning to the 120th
minute. Using kinetic analysis via compartmental modeling, we observe that the 18F-FDG
tissue uptake is nearly maximal and increased very little during the 2-hour window when 18F-FDG was decaying and decreasing in activity in the circulation rapidly according to first
order kinetics (Fig. 4.4). Hence, dynamic PET scanning added no further information beyond
what the 2-hour SUV value would give. The nearly perfect correlation (Fig. 4.5) between
SUV and the influx parameter, K, supported this conclusion. This meant we only needed the
SUV at 2 hours for defining BAT status and that eliminated the extra effort of performing
dynamic PET scanning for all 20 subjects.

Figure 4.4. Kinetic analysis via compartmental modeling of blood FDG influx parameters
based on previously reported population data and scaled to the individual patient tracer dose.
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Linear Fit
Y = 257.624 * X + 0.0654
2

R = 0.9981
p < 0.001

Figure 4.5. Good agreement between kinetic analysis and SUV.
Having established a protocol for BAT detection via PET successfully, we next evaluated if
the PET SUV might be lower than standard threshold for other stimuli (eg. capsinoids).
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A

B

C

Figure 4.6. 3 BAT positive subjects (A,B,C) via FDG-PET by cold stimulation (upper half
panels); SUV of capsinoid stimulation (lower half panels) was below the cutoff for definition
of BAT positivity but clearly showing BAT FDG uptake when re-windowed through varying
the greyscale values of the displayed window without adjusting the SUV thresholding. Figure
adapted from my own publication with permission from the journal publisher (see Appendix
21) (Sun LJ et al, AJCN 2018; 107:62-70).
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In Fig. 4.6, we compared PET scan images of cold stimulated BAT of 3 healthy individuals
(A, B, C) (top half) against their PET scan images when these same individuals underwent
BAT stimulation via capsinoids (bottom half). Using a BAT-positive subject for computation
purposes, we found in a 23-year old Chinese female subject, the mean SUV was 4.014 for an
estimated BAT volume of 250 mL in the neck and supraclavicular region. But this same
BAT-positive individual when given an oral capsinoids challenge led to only a PET SUV of
0.561 which would thus have been falsely classified as BAT-negative. While the capsinoid
stimulation PET images did not show any overt 18F-FDG uptake on the standard PET scans
windows, changing the grey scale through re-windowing the image panels showed clearly
that capsinoids did stimulate BAT, but at SUV values significantly lower than the standard
cutoff.
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Figure 4.7. Correlation between energy expenditure post-cold and post-capsinoids. Figure
reproduced from my own publication with permission from the journal publisher (see
Appendix 21) (Sun LJ et al, AJCN 2018; 107:62-70).

100

BAT activation was accompanied by an increase in energy expenditure due to the UCP1triggered thermogenesis. A very strong positive correlation between the energy expenditure
post-cold and post-capsinoids was observed (Fig. 4.7). This evidence supports capsinoids as a
BAT stimulant albeit one significantly weaker than cold.

This is an important finding that implies that BAT detection using other stimuli apart from
cold stimulation probably requires “subthreshold SUV” to define an individuals as BAT
positive. Our work demonstrating this aspect was also recently published in the American
Journal of Clinical Nutrition (Sun et al., 2018).

4.1.2

FAT FRACTION MRI

One of the key objectives is to determine if MRI can be used to evaluate BAT non-invasively
in humans. BAT and WAT can be differentiated by MRI using the method of fat fraction
(FF) and 𝑇 ∗ , owing to the high intracellular and extracellular water content, and differences
in vasculature and mitochondria MRI in BAT (Franz et al., 2015; Franz et al., 2018; Franz et
al., 2019, McCallister et al., 2019). Fat fraction is defined as the proportion of the acquired
signal that is derived from fat protons (ie. SF/(SF + SW)), where SF refers to the signal from fat
protons while SW refers to the signal from water protons (Hu et al, 2011).
In our study, we perform simultaneous MR FF and 18F-FDG-PET using a fusion PET-MR
scanner. In this way, BAT defined by PET can be segmented out and overlaid directly to the
co-registered MR images such that BAT can then be clearly seen on MRI as shown (Fig. 4.8).
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Figure 4.8.

Fused co-registered PET-MRI image showing active BAT (red)

Using a color scale for a range of fat fractions, a MR FF map can next be generated to
distinguish WAT from BAT, with the latter having lower fat fractions as opposed to WAT.
For illustrative purposes, we show 2 BAT-positive subjects below so that it can be
appreciated how BAT appears on a MR FF readout (Fig. 4.9) compared to 2 BAT-negative
individuals (Fig. 4.10).

Figure 4.9.

Fat fraction functional MRI against 18F-FDG-PET in 2 BAT positive subjects.
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Figure 4.10. Fat fraction functional MRI against 18F-FDG-PET in 2 BAT negative subjects.

It can be seen that the BAT regions show more areas colored in blue and green whereas the
fat in BAT-negative subjects show more red and white colors. This suggested that MR FF can
serve as another BAT detection modality independent of 18F-FDG-PET.

Since cold stimulation activates BAT which in turn leads to increased mitochondrial fat
oxidation of the fat globules stored within the BAT adipocytes, this should predictably result
in a reduction of the quantity of fat accompanied by an increase in the proportion of water
within these adipocytes, which is equivalent to a decrease in fat fraction. Upon correlating the
duration of cold stimulation with the fat fraction of BAT, we found that the longer the cold
stimulation, the lower was the MR FF (Fig. 4.11).
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Figure 4.11. Inverse correlation between cold exposure and fat fraction MRI.

Next, we examine the correlation of MR FF against 18F-FDG-PET. This revealed an inverse
correlation between PET SUV and MR FF, suggesting that the greater the PET SUV, the
more activated the BAT depots, which in turn resulted in a lower MR FF (Fig. 4.12). This
lends support to the utility of MR FF as an independent tool for BAT detection and
assessment.

104

4
3.5

r=-0.628
p=0.012

PET SUV mean

3
2.5
2
1.5
1
0.5
0
50

55

60

65

70

75

80

85

90

Fat fraction

Figure 4.12. Correlation between PET SUV and fat fraction MRI.

Because the presence of active BAT is supposedly linked to less total body WAT depots and
a higher amount of lean mass which are both associated with a lower insulin resistance, we
next evaluated the relationship between MR FF and HOMA-IR. This yielded a positive
correlation which is expected, since the lower the fat fraction, the lower will be the insulin
resistance (Fig. 4.13).
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Figure 4.13. Correlation between HOMA-IR and fat fraction MRI.

As BAT is a highly metabolically active tissue when stimulated, these BAT adipocytes
should be oxidizing fat stores and uncoupling the oxidative phosphorylation for the purpose
of thermogenesis. In this process, it is expected that stored triglycerides within the adipocytes
will be hydrolyzed into free fatty acids (FFA) and glycerol. Hence, the correlation between
non-esterified free fatty acids (NEFA) and fat fraction should be negative, since fat
breakdown leads to release of FFA (Fig. 4.14). By the same reasoning, we expect the serum
triglycerides to be low when the fat fraction is low due to fat breakdown by activated BAT.
Thus, this should result in a positive correlation between triglycerides and MR FF (Fig. 4.15).
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Figure 4.14. Correlation between NEFA and fat fraction MRI.
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Figure 4.15. Correlation between fasting triglycerides and fat fraction MRI.
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We also analyzed the relationship between MR FF and serum high density lipoprotein
cholesterol (HDL-C). This interestingly showed an inverse correlation between HDL-C and
MR FF (Fig. 4.16). Although the mechanism behind this remains obscure, it is well known
that HDL-C and insulin resistance are inversely correlated. Since HOMA-IR varies directly
with MR FF, then it follows that the plot of HDL-C against MR FF should be negatively
correlated.
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Figure 4.16. Correlation between HDL-C and fat fraction MRI.
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4.1.3 INFRARED THERMOGRAPHY
Our pilot studies (TACTICAL & BRIGHT) showed that IRT is a promising tool for BAT
evaluation. Using a FLIR T440 thermal camera, we demonstrated that cold stimulation was
capable of generating heat production from the lateral neck and supraclavicular regions
bilaterally among those who possess BAT. Among those who apparently lacked BAT, cold
stimulation was unable to evoke a detectable temperature rise in the same regions (Fig. 4.17).

Figure 4.17. Using a thermal camera to capture infrared radiation (heat signature), whoever
was BAT-positive showed a marked rise in skin temperature over the sides of the neck and
supraclavicular regions bilaterally (Panels A, B, C). Such a temperature response was
noticeably absent among a corresponding BAT-negative subject (Panels D, E, F).

It remains very difficult to show that the images of rising temperature within the ROIs
corresponding to BAT locations were due to BAT activation without the use of a
confirmatory detection system such as 18F-FDG-PET. This was the primary weakness which
made it very difficult to label an individual BAT-positive or BAT-negative using IRT alone,
which led to us classifying them as “high BAT” vs “low BAT” when no PET scanning data
were available as an independent arbiter of BAT status. When we finally started our
TACTICAL-II study, we could confidently define those who are BAT-positive or BAT109

negative by PET, and then subject them to IRT to see the differences in IRT temperature and
heat signals between a BAT-positive vs BAT-negative subject by IRT. In Figure 4.17 above,
Panels A, B and C represent the IRT images of a 31-year old BAT-positive woman
(confirmed by FDG-PET) before, 1h-post cold stimulation by cooling vest and 2h-post-cold
stimulation by cooling vest. These contrast starkly to the IRT images seen in panels D, E and
F of a 23-year old BAT-negative man (confirmed by FDG-PET) before, 1h-post-cold
stimulation and 2h-post-cold stimulation. Indeed, with such findings, it becomes more
established that the rising heat generated within the ROI of BAT as detected by IRT actually
represents BAT in activation. Such thermal images reinforce that IRT as a safe, noninvasive,
cheap, accurate and reproducible tool for BAT detection. We demonstrated that the maximal
temperature at the supraclavicular region (Tscv max) and the change in heat power gradient
over the BAT region as computed from IRT correlated positively with PET SUV (Fig. 4.18A
& 4.18B respectively). This lends support to the utility of IRT as a BAT imaging device.
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Figure 4.18. Correlation between PET SUV during cooling vest (x-axis) and maximal
temperature over the supraclavicular region (Tscv max) in BAT positive subjects.
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Similarly, when we examined the relationship between PET SUV against the temperature
gradient (SCV temperature – reference point temperature), we found a positive correlation
between PET SUV and temperature of BAT depot sites (Fig. 4.19).
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Figure 4.19. Correlation between PET SUV and temperature gradient between the BAT site
(supraclavicular region) and a non-BAT reference ROI.

Fig. 4.18 and 4.19 above illustrate that the 18-F-FDG uptake by metabolically active tissues
characterized as BAT are significantly correlated with the amount of heat power dissipated as
measured by IRT. This supports the notion that the areas of high heat power detected by IRT
during cold stimulation are also the BAT-positive areas as confirmed by SUV from PET.
Studies of BAT using IRT on humans are still few and far between in the literature because
of many critiques surrounding the inaccuracy of IRT as a BAT detection modality. Our
successful attempts to correlate the two imaging modalities form a solid proof that the regions
circumscribed as BAT positive on IRT are most likely representative of actual activated BAT,
thereby validating IRT as a sensitive tool to study BAT. Figures 4.20 and 4.21 showed that
the increase in heat power was always significantly higher among those who are BATpositive compared to those who are BAT-negative, regardless of the nature of the stimulus
used.
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Figure 4.20. Comparison between heat power output (watts) of BAT-positive versus BATnegative subjects over 120 minutes of BAT activation via cold stimulation using a cooling
vest and post-capsinoids ingestion.
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Figure 4.21. Heat power difference between Supraclavicular ROI region (TSCR ) and
reference skin heat power (H REF) (Δ heat power= HSCR-HREF) after cooling vest (A),
capsinoids ingestion (B) interventions between BAT positive subjects (n=6, 2 female) and
BAT negative subjects (n=4, 1 female) in 120 mins and the total area under curve in 120
mins (C).

From the infrared measurements over the SCV bilaterally, we find that both cold stimulation
and capsinoids cause a significantly higher change in heat power output in those who are
BAT-positive (red lines) compared to those who are BAT-negative (blue lines) over a period
of 120 mins (Fig. 4.20). When compute the area-under-the-curves, we find that BAT-positive
subjects have a significantly greater change in heat power from baseline relative to the BATnegative subjects (Fig. 4.21). Since these individuals here are defined as BAT-positive or
BAT-negative in status using 18F-FDG-PET, this means that IRT can also distinguish these
two groups of individuals using infrared heat power output by utilizing the thermogenesis
property of BAT as the primary method of its detection.
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4.1.4

WHOLE BODY CALORIMETRY DATA

As we appreciate the nature of BAT, it is obvious that BAT evolved as an organ of
thermogenesis to defend homeotherms from hypothermia. So its activation leads to adaptive
non-shivering thermogenesis (NST) which in turns generate heat energy via the release of
infrared electromagnetic radiation. Because heat energy itself is a driver of all biochemical
reactions and the body that are responsible for metabolic activities that keep the organism
alive, any increase in heat energy through BAT activation should show up as an increase in
metabolic rate or energy expenditure (EE). This forms the logical basis of BAT detection
using a whole body calorimeter which measures total energy expenditure of a human in a free
living state.

As per our previously established experimental protocols which confirmed the optimal degree
of cold stimulation and capinsoids dose for BAT activation (Ang et al., 2017; Sun et al.,
2019), we evaluated the ability of our dual-chamber whole body room calorimeter (WBC) in
detecting BAT activation through precise measurements of changes in energy expenditures
using the principles of indirect calorimetry. Using indirect calorimetry, it is also possible to
compute the amount of energy expenditure that comes from metabolism of different fuel
substrates. So it is possible to deduce using indirect calorimetry the changes in the levels of
fat oxidation and/or carbohydrate oxidation compared to baseline during BAT activation. The
following show some of the data we obtained from our BAT experiments using the WBC.

First and foremost, we find that EE correlates very strongly with 18F-FDG-PET as shown in
the data below (Fig. 4.22). This illustrates that measuring EE using indirect calorimetry is a
very sensitive and robust way of detecting BAT activity.
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Figure 4.22. Change in energy expenditure (kcal) above baseline (BMR) versus the PET
SUV during the cooling vest session.

From 18F-FDG-PET scan results, those classified BAT-positives clearly show a markedly
higher level of cumulative EE under cold stimulation compared to those who are BATnegatives (Fig. 4.23). In the same manner, we also demonstrated that the 2-hour cumulative
EE post-capsinoids ingestion was higher in BAT-positive subjects compared with BATnegative subjects (Fig. 4.24).
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Figure 4.23. 2 hour cumulative energy expenditure (kcal) above baseline (BMR) for BAT
negative and BAT positive subjects during the cooling vest session.

time (min)
Figure 4.24. 2 hour cumulative energy expenditure (kcal/min) above baseline (BMR) for
BAT negative and BAT positive subjects during the capsinoid session.
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With respect to the percentage change in energy expenditure (mean delta EE % +/- SEM), we
find that cold stimulation resulted in approximately 14% increase in BAT positive subjects
compared with BAT-negative subjects (Fig. 4.25), whereas capsinoid stimulation resulted in
about 8% increase in delta EE in BAT-positive compared to BAT-negative (Fig. 4.26).
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Figure 4.25. Mean delta (±SEM) energy expenditure (%) compared to baseline (BMR) for
BAT negative and BAT positive subjects during the cooling vest session. * p < 0.05
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Figure 4.26. Mean delta (±SEM) energy expenditure (%) compared to baseline (BMR) for
BAT negative and BAT positive subjects during the capsinoid session. * p < 0.001
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We aligned the delta EE evoked by cooling vest compared against capsinoids. The strong
correlation showed both BAT stimuli to be quite effective in triggering an increase in energy
expenditure (Fig. 4.27). The delta EE correlated well with IRT delta heat power (Fig. 4.28).
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Figure 4.27. Correlation between delta energy expenditure (kcal/min, compared to baseline)
during the capsinoids (x-axis) and cold vest (y-axis) session.
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Figure 4.28. Correlation between delta energy expenditure (kcal/min, compared to
baseline) during the cooling vest (x-axis) and delta heat power gradient iAUC between 60120 min (y-axis) session.
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4.1.5

FUSION OF IRT WITH PET AND MRI

The data so far suggest that IRT and MR FF are two potential alternative imaging techniques
that can distinguish BAT from WAT. To illustrate how these different imaging modalities
line up against 18F-FDG-PET, we can attempt to co-register the images or overlap the
images using the strategy of maximum intensity projection. Using these methods, we can
assess how closely each imaging technique approach the gold standard PET scan.

Hence, when we merge 18F-FDG-PET with IRT, we can more accurately assess the
concordance of each technique in terms of their localization of BAT as projected on the skin
surface (Fig. 4.29). The PET scan images are 3-D data which are represented as 2-D sectional
anatomical images. But the PET scan dataset can be reconstructed volumetrically. In this
way, the BAT which has been localized by PET internally can now be projected onto the skin
surface as shown in Fig. 4.28. In this fashion, the 2-D IRT thermal map of BAT segmented
by the SRG algorithm we used can be directly compared against the PET image by fusing the
2 images together (Fig. 4.30).

Figure 4.29. An example of an 18F-FDG-PET image of a BAT-positive subject (PET
volume uptake in white against a grey-scale image on the left panel) and the corresponding
IRT thermogram of the same subject showing segmentation of BAT in white on the right
panel.
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Figure 4.30. 18F-FDG-PET image co-registered with IRT thermogram of a healthy
volunteer proven BAT-positive. Both images are superimposed upon each other with the help
of the maximum intensity projection algorithm. As illustrated here, the IRT segmentation
coincided with the FDG uptake BAT regions reasonably well, thus supporting the utility of
IRT as a BAT-imaging modality.

From Fig. 4.30 above, we can quickly and visually see the large degree of concordance
between BAT detected by PET via 18F-FDG uptake and that detected by isotherm surface
contour map of heightened temperature using IRT. This supports the validity of IRT as an
alternative tool of BAT detection.
As a further step to evaluate how all the different imaging modalities aligned to each other,
we therefore segment BAT using gold standard 18F-FDG-PET scans and then segment BAT
using MR FF and IRT respectively, and then overlay their images against one another
sequentially to determine the degree of overlap (ie. the mathematical equivalent of
intersection of “sets of segmented regions of BAT” by different imaging techniques). This is
demonstrated in the following illustration (Fig. 4.31).
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Figure 4.31. Correlating the imaging modalities of BAT
(A) T2-weighted anatomical image showing the sBAT
(B) Quantitative fat fraction map where sBAT is highlighted
(C) 18FDG-PET map with colour scale showing SUV values
(D) PET overlaid on MRI
(E) IRT map with color bar showing temp in ºC
(F) 2D projected PET image overlaid on the MR image
(G) wrapped IRT image on the MR-PET image
(H) overlaid images of IRT and MR-PET.
This figure is reproduced from my own publication (Sun LJ et al, Obesity 2019) under the
terms of the Creative Commons Attribution provided the original work is properly cited
and is not used for commercial purposes.
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4.1.5.1

BAT DETECTION MODALITIES RELATIONSHIPS

The section afore-mentioned details the correlations between the 4 different BAT detection
modalities – namely, 18F-FDG-PET (ie. PET/MR SUV), MR FF, IRT and EE, particularly
from the perspective of linking together functionally different modes of BAT scanning for the
common purpose of accurate anatomical localization of BAT. Using 3-D surface rendering
and maximum intensity projection techniques, we could merge images in such a way as to
allow direct visual comparison of the BAT ROI segmentations between the imaging methods.
We also examined how EE relates to the 3 imaging modalities that assess BAT activation
following cold and capsinoid stimulation (Table 4.2).

Table 4.2. Regression results of EE with imaging parameters (PET/MR SUV, MR FF and
IRT Tscv) after capsinoid ingestion and cold exposure.

Capsinoid ingestion
Coefficient

95% CI

Cold exposure

P value

Coefficient

95% CI

P value

0.382

17.2

-165.5, 199.9

0.843

19.9

9.5, 30.2

0.001

SUV

218.5

-298.9, 735.8

Body weight (kg)

14.8

6.2, 23.4

Constant

477.6

-89.6, 1044.7

0.093

482.7

-153.0, 1118.4

FF (%)

-1.94

-20.9, 17.0

0.83

-1.87

-27.7, 23.9

0.88

Body weight (kg)

16.7

8.9, 24.6

<0.001

7.4, 32.2

0.004

Constant

733.7

-676.1, 2143.5

0.29

660.2

-1034.4, 2354.8

0.42

Tscv (°C)

156.3

-47.7, 360.2

0.124

205.5

28.6, 382.4

0.025

Body weight (kg)

18.1

11.1, 25.1

<0.001

22.6

14.4, 30.9

-4999.1

-12331.1, 2332.9

0.11

-6894.9

Constant

0.002

19.8

-13311.4, -478.5

0.126

<0.001
0.037
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PET/MR SUV and MR FF values calculated from 18 subjects; Tscv and EE values calculated
from 20 subjects. SUV calculated from PET integrated in 80 minutes; FF from MR at the end
of the scan at 80 minutes; Tscv from IRT analysis in 120 minutes in the supraclavicular
region and average EE in 120 minutes. The analysis was adjusted with body weight (kg). EE,
energy expenditure; PET, positron emission tomography; MR, magnetic resonance; SUV,
standardized uptake value; FF, fat fraction; IRT, infrared thermography; Tscv, anterior
supraclavicular temperature.

From Table 4.2, it appears that EE is mainly significantly correlated to IRT under cold
stimulation while PET SUV and MR FF did not correlate well with EE. This is perhaps due
to the fact that EE measurements are dynamic and real-time just as IRT under cold
stimulation. Although IRT heat power and EE were both found to be increased by capsinoids
ingestion in our pilot study (TACTICAL) relative to placebo, there was no significant
correlation between IRT and EE with capsinoids stimulation possibly because of the lower
degree of BAT stimulation compared with cold stimulation. This appears counterintuitive as
IRT heat power correlated with PET SUV. We speculate that a possible factor here is that the
thermal camera (FLIR T440) may be less sensitive in the detection of heat released by
capsinoids stimulation. It remains to be proven if a much more sensitive higher end FLIR
thermal camera might be able to detect a change in heat power output for weaker BAT
stimulants like capsinoids.

Overall, this data suggest that an increased metabolic rate measured by WBC could be better
linked to the heat from thermogenesis detected by IRT when a potent BAT stimulus like cold
is used (Fig. 4.32), and that EE correlates with IRT though not with the other imaging
methods which detect BAT in an arguably more ‘snapshot’ manner. Also, most of the EE
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measured during BAT activation comes from fat oxidation of FFA within the UCP-1
expressing BAT mitochondria.
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Figure 4.32. Correlation between heat power and energy expenditure at 2h post-cold
stimulation.

However, the PET radiotracer used is 18F-FDG which only reflects BAT glucose uptake.
Since glucose uptake and metabolism represents a much smaller fraction of overall BAT
metabolism, it is not surprising that EE correlates poorly with PET SUV. As for MR FF, fat
oxidation of the tiny multi-loculated fat globules within the BAT adipocytes is a timedependent process and would expectedly take a longer time to ‘burn off’ sufficient
triglycerides before any detectable change in MR FF occurs. So MR FF would not correlate
with EE in this sense.

Just as it is insightful to examine the correlations between EE and the various methods of
BAT imaging, it is equally useful and reasonable to analyze the relationship between some
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metabolic measures and BAT activation as detected by PET, MR FF and IRT. The
directionality of the correlations can be used as a yardstick to countercheck our hypotheses of
the metabolic effects of BAT activity. Taking this into consideration, it is logical to
hypothesize that BAT activation (which results in increased PET SUV, decreased MR FF and
increased delta heat power or Tscv) should lead to greater fat oxidation. This should
predictably result in higher FFA and lower TAG. With increased fat oxidation, there would
be expectedly lower body fat mass which should result in reduced insulin resistance. Lower
insulin resistance should be linked to higher HDL-C. Such assumptions will serve as
guideposts as to the direction of the expected correlation coefficients which we then apply in
our analysis of BAT activation and metabolic endpoints (Table 4.3). In this table, it is
interesting to note that only the beta values of MR FF versus fasting lipids and HOMA-IR
emerge statistically significant, but not so for PET and IRT. Importantly, the beta values are
in the expected directions for each co-variate. For instance, the inverse relationship between
MR FF and NEFA is to be expected, while the positive relationship between MR FF and
TAG is also logical, since the lower the MR FF, the greater is the degree of BAT activation
and fat oxidation, which should lead to lower TAG and higher NEFA. It is certainly possible
that the small sample size might not be adequately powered to detect significant correlations
for PET and IRT. But nevertheless, all the beta values for IRT and PET are in the correct
directions as expected from physiological considerations. Because it takes a considerably
longer duration for fat breakdown within BAT adipocytes and hence many hours or even
days from a kinetics perspective for this process to be reflected as changes in circulating
lipids, it is plausible for such parameters to be better correlated to MR FF, given that fat
fraction within BAT will require significant amount of time to be altered after BAT becomes
activated. However, the glucose uptake by activated BAT and the rise in temperature within
BAT depots occur much faster and within the timeframe scale of the order of minutes to a
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few hours, the PET SUV and Tscv may therefore not correlate as well with these lipid
parameters.

Table 4.3. Summary of imaging parameters relationship with blood metabolic markers after
cold exposure
PET/MR SUV

MR FF (%)

Tscv (°C)

Blood parameters

Beta

P value

Beta

P value

Beta

P value

HDL (mmol/L)

0.04

0.88

-0.52

0.02

0.19

0.41

TAG (mmol/L)

-0.11

0.68

0.52

0.04

0.07

0.78

NEFA (mmol/L)

0.63

0.01

-0.58

0.01

0.21

0.41

HOMA-IR

-0.04

0.87

0.61

0.01

0.19

0.45

Correlations between imaging parameters (PET/MR SUV, MR FF and IRT Tscv) and plasma
parameters (HDL, NEFA and TAG) concentration at 120 mins after cold exposure, and
HOMA-IR calculated on the cold exposure WBC/IRT visit while adjusting for gender. N=18.
PET, positron emission tomography; MR, magnetic resonance; SUV, standardized uptake
value; FF, fat fraction; Tscv, anterior supraclavicular temperature; HDL, high-density
lipoprotein; NEFA, non-esterified fatty acid; TAG, triglyceride. HOMA-IR, homeostasis
model assessment of insulin resistance.

4.1.6

WAT DEPOT PARTITIONING

Much of the work concerning white adipose tissue (aka ‘white fat’ or ‘unhealthy fat depot’)
was done in my previous research in which I had studied and published on the nature of the
Asian phenotype (Khoo et al., 2014; Yang et al., 2013; Venkataraman et al., 2013;
Sadananthan et al, 2015; Song et al., 2014; Tan et al., 2015; Parvaresh, et al., 2015; Song et
al., 2016; Leow, 2017) and the reasons for the significantly higher rates of metabolic
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syndrome and type 2 diabetes mellitus among Asians despite their lower BMI compared with
their Caucasian counterparts for any given BMI. I have performed (> 200) the gold standard
method of insulin sensitivity assessment (hyperinsulinemic euglycemic glucose clamp) to
determine ethnic differences in insulin sensitivity that accounts for the observed inter-ethnic
difference in prevalence of obesity and type 2 diabetes mellitus in Singapore. This study adds
another perspective in an attempt to understand the role of BAT in influencing glycemia,
insulin sensitivity, WAT fat depots and pathophysiology of progression in the pathway from
glucose intolerance to diabetes. While we have much ongoing data analysis that will likely
lead to a number of publications in the near future, it is timely now to present some of the
notable correlations we found up to this stage of our BAT study.

4.1.6.1 SAT – SSAT AND DSAT
Fat depots in the body can be divided into subcutaneous adipose tissue (SAT) and visceral
adipose tissue (VAT). SAT itself can be further subdivided into superficial SAT (SSAT) and
deep SAT (DSAT). There is some evidence that SSAT and DSAT behave metabolically
differently, in that SSAT tends to be a more healthy form of fat depot while DSAT is more
inflammatory and unhealthy, perhaps related to it being sited deeper and hence closer to
VAT. In general, the greater the amount of fat depots, the higher will be the insulin
resistance. Using the homeostasis model assessment (HOMA) definition of insulin resistance
(IR), it can be appreciated that fasting plasma insulin is directly proportional to HOMA-IR.
Thus, if our fat depot data and fasting insulin are accurate, we should observe a positive
correlation between the fat depots and fasting insulin. This then serves as an indication of
internal consistency in the dataset. Here, we see that SAT (MRI segmented volume measured
from L1-L5 levels) is positively correlated to fasting insulin (Fig. 4.33).
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Figure 4.33. Correlation between SAT and fasting plasma insulin.

As fat fraction decreased with BAT activation, MR FF is inversely correlated to BAT
activation. Thus, MR FF should be positively associated with the SAT volume (Fig. 4.34).
Moreover, we also found that subdivisions of SAT (ie. SSAT and DSAT) also have a positive
correlation with MR FF on cold stimulation (Fig. 4.35 to Fig. 4.38) as per SAT itself.
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Figure 4.34. Correlation between SAT and MR FF with cold stimulation.
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In a similar manner, SSAT is directly proportional to MR FF as shown (Fig. 4.35 & 4.36) and

SSAT (cm3)

this is observed regardless of the method of BAT stimulation.
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Figure 4.35. Correlation between SSAT (superficial SAT) and MR FF with cold
stimulation.
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Figure 4.36. Correlation between SSAT and MR FF with capsinoids stimulation
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Figure 4.37. Correlation between DSAT (deep SAT) and MR FF with cold stimulation.
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Figure 4.38. Correlation between DSAT and MR FF with capsinoids stimulation.

Just in order to gain an understanding how on total body fat percentage is correlated to BAT
activation measured via MR FF, we examine the correlation between DXA fat percentage
against MR FF. This shows a similar finding to that which we also observed in individual fat
depots of the body (Fig. 4.39).
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Figure 4.39. Correlation between DXA (total body fat percent) and MR FF.

As BAT is responsible for thermogenesis using predominantly fatty acids from fat oxidation
as the fuel source, it is conceivable and intuitive that the higher the BAT activity, the lower
will be the amount of fat depots in the body. This implies that we should expect a negative
correlation of fat depots to BAT activity. Hence, we find an inverse (ie. negative) correlation
in the following graphs (Fig. 4.40 and Fig. 4.41) in which heat power from the neck and SCV
is an indication of BAT activity.
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Figure 4.40. Correlation between SAT (L1-L5) and IRT heat power (anterior neck & SCV).
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Figure 4.41. Correlation between SAT (L1-L5) and IRT heat power (right lateral neck).
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4.1.6.2 VAT
VAT has been shown in most studies to be more metabolically more pathological than SAT.
As such, VAT has been associated with higher insulin resistance and higher circulating
triglycerides (TG). This relationship is also shown here (Fig. 4.42). The TG in the circulation
which are derived from both dietary chylomicrons and hepatic VLDL reflects the amount of
lipids that will be stored in WAT depots and vice versa. Hence, in individuals with
hypertriglyceridemia, WAT depots are larger and insulin resistance is greater; whereas the
lower the WAT depots, the lower is the serum TG. Serum free fatty acids (FFA) on the other
hand is a reflection of fat hydrolysis from WAT stores. Hence, the greater the degree of fat
oxidation, the higher the circulating FFA, and this should correlate with a lower TG level.
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Figure 4.42. Correlation between VAT and fasting plasma triglycerides (TG).

As expected, the VAT also varies directly with MR FF (Fig. 4.43 and 4.44) but inversely with
heat power of the SCV reflecting BAT activation (Fig. 4.45).
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Figure 4.43. Correlation between VAT and MR FF post-capsinoids stimulation of BAT.
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Figure 4.44. Correlation between VAT and MR FF post-cold stimulation of BAT.
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Figure 4.45. Correlation between VAT and IRT heat power (right lateral neck).

Using PET data to measure BAT volume, it is also interesting to note that the greater the

BAT volume (cm3)

BAT volume, the lower the VAT mass (Fig. 4.46).
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Figure 4.46. Correlation between Est VAT mass (g) by DXA during screening visit (x-axis)
and BAT volume (cm3) calculated from BAT SUV>2 among the subjects who had cooling
vest to stimulate BAT.
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4.1.7 BAT AND THYROID HORMONE CORRELATIONS

The plasma concentration of thyroid hormone usually gives an indication of thyroid status. In
general, the circulating level of thyroid hormone of people who have normal thyroid status
(ie. euthyroid) should be within the normal ranges quoted by the laboratory, whereas those
who are clinically overtly hyperthyroid generally tend to have plasma thyroid hormone levels
above the upper limit of normal of thyroid hormone. In contrast, those who are hypothyroid
have plasma levels of thyroid hormones below the lower limit of the laboratory-quoted
normal range. But even among people with normal thyroid status, there is a spread of plasma
thyroid hormone levels (eg. FT4 between 10 to 20 pmol/L). And since thyroid hormones are
critical to the development of BAT, it is to be expected that a correlation should exist
between thyroid hormone level and BAT activity regardless of the method used to detect and
measure BAT activity. In the following data, we examine how FT3 and FT4 correlate to PET
SUV, IRT heat power and basal metabolic rate, all of which reflects BAT thermogenesis.

In Fig. 4.47, FT3 is positively correlated to PET SUV. Similarly, FT3 is positively correlated
to heat power (Fig. 4.48). Also, FT3 and FT4 are both correlated to BMR (Fig. 4.49 and Fig.
4.50). Since the higher the BAT activity is associated with higher brown adipocyte
breakdown of lipid droplets within the cytoplasm, it is also expected that FT3 and FT4 should
bear a correlation with fat oxidation (Fig. 4.51 and Fig. 4.52). As well, the greater the level of
BAT activity associated with thyroid hormones concentrations, the lower is the level of LDLC (Fig. 4.53 and Fig. 4.54).
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Table 4.4. Baseline characteristics of all subjects segregated by BAT status.

Total (19)

BAT-positive (12)

BATnegative (7)

P value

Age (years)

26.0 ± 1.0

26.9 ± 1.2

24.4 ± 1.4

0.22

BMI (kg/m2)

21.7 ± 0.6

21.7 ± 0.8

21.8 ± 0.9

0.95

Body fat (%)

29.7 ± 1.8

29.4 ± 2.8

30.1 ± 1.5

0.85

Fat mass (kg)

18.6 ± 1.8

19.2 ± 2.7

17.6 ± 1.0

0.67

Lean body mass (kg)

40.9 ± 2.1

42.0 ± 2.7

39.2 ± 3.5

0.53

RMR (kcal/day)

1569 ± 75

1574 ± 88

1561 ± 145

0.94

Triglyceride (mmol/L)

0.9 ± 0.06

1.0 ± 0.1

0.7 ± 0.1

0.04

TSH (mIU/L)

2.1 ± 0.2

2.3 ± 0.3

1.7 ± 0.2

0.24

Free T4 (pmol/L)

16.9 ± 0.6

17.1 ± 0.8

16.6 ± 0.7

0.68

Free T3 (pmol/L)

4.8 ± 0.1

5.0 ± 0.1

4.3 ± 0.2

0.008

0.3 ± 0.01

0.3 ± 0.01

0.26 ± 0.01

0.047

1841± 101

1673 ± 139

0.34

111 ± 24

0.002

Free T3/Free T4 ratio

EE 2h (kcal/day)

1778 ± 82

∆ EE (kcal/day)

210 ± 27

267 ± 29

PET SUV

2.1 ± 0.3

2.9 ± 0.2

0.8 ± 0.1

P<0.001

In Table 4.4 above, we see that between FT3 and FT4, it was baseline FT3 that was
significantly higher among subjects who are BAT-positive (5.0 +/- 0.1 pmol/L) compared
with those who are BAT-negative (4.3 +/- 0.2 pmol/L) (p = 0.008). This is not totally
unexpected as T3 is the active hormone responsible for the final stages of differentiation from
the brown pre-adipocyte to the mature brown adipocyte, and hence probably plays a role in
determining how much BAT an individual will possess. We did not adjust BMI for our
analyses because we compared the treatments effects within the same subject. Notably, there
was no significant difference between BAT-positive and BAT-negative subjects with respect
to BMI (Table 4.5).
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Table 4.5. Correlations between thyroid hormones, body composition, resting metabolic
rate and blood chemistry of all subjects.
FT3 (pmol/L)
Coefficient (r) p-value
0.32
0.18

Measure
BMI (kg/m2)

FT4 (pmol/L)
Coefficient (r) p-value
-0.04
0.87

TSH (uIU/mL)
Coefficient (r)
p-value
-0.21
0.4

Lean body mass (kg)

0.49

0.04

0.31

0.20

0.06

0.82

% fat mass
Visceral fat (cm3)
REE (kcal/day)

-0.21
0.47
0.55

0.38
0.07
0.01

-0.56
-0.05
0.26

0.01
0.85
0.28

-0.29
-0.14
-0.02

0.24
0.60
0.92

Glucose (mmol/L)
Triglyceride (mmol/L)

0.32
0.56

0.19
0.01

0.46
-0.13

0.047
0.59

-0.24
0.15

0.33
0.55

From Table 4.5, we find FT3 being correlated to lean body mass and REE and fasting
triglycerides while FT4 is correlated to percent fat mass and fasting glucose. TSH did not
show any significant correlations with any of the independent variables here. The somewhat
different results between FT3 and FT4 could well indicate that these two iodothyronines
actually behave differently. Since FT3 is the main active hormone and mainly derived from
de-iodination of FT4, whereas FT4 functions more like a prohormone as it only possess a
small fraction of the activity of FT3, it is not totally surprising that these two iodothyronines
should bear different correlations.

Table 4.6. Regression results of change in energy expenditure from baseline against thyroid
hormones at baseline and at 2h post-capsinoids and cold stimulation.
∆EE after capsinoid ingestion
95% CI
P value

∆ EE after cold exposure
Coefficient
95% CI
P value

baseline

Coefficient

FT3 (pmol/L)

44.1

FT4 (pmol/L)

1.48

TSH (uIU/mL)
120 min

12.48

FT3 (pmol/L)

-4.59

-167.60, 158.42

0.95

-32.08

-387.89, 323.73

0.85

FT4 (pmol/L)
TSH (uIU/mL)

-38.65
10.19

-124.14, 46.85
-66.45, 86.82

0.35
0.78

59.95
94.22

-126.40, 246.30
-106.45, 294.89

0.50
0.33

0.66, 87.52

0.047

73.42

-8.67, 155.51

0.037

-14.11, 17.06

0.84

-4.18

-31.12, 22.75

0.75

-17.67, 42.63

0.39

-6.24

-64.98, 52.50

0.83

138

35

r=0.668
P=0.049

30

FT3 (pmol/L)

25
20
15
10
5
0
0

0.5

1

SUV mean

1.5

2

Figure 4.47. Correlation between PET SUV and free T3.
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Figure 4.48. Correlation between IRT heat power and free T3.

Small changes in temperature within ROI pixels led to correspondingly small fluctuations in
delta heat power. Rounding to the nearest 0.01W, a group of individuals with FT3 between 715 pmol/L shared the same delta heat power.
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Figure 4.49. Correlation between basal metabolic rate (BMR) and free T3.
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Figure 4.50. Correlation between free T4 (FT4) and basal metabolic rate (BMR).
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Figure 4.51. Correlation between free T3 and fat oxidation.

80

FT4 (pmol/L)

70

r=0.643
P=0.002

60
50
40
30
20
10
0
0

0.02

0.04

0.06

0.08
FATOX

Figure 4.52. Correlation between free T4 and fat oxidation.
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Figure 4.53. Correlation between FT3 and LDL-C.
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Figure 4.54. Correlation between FT4 and LDL-C.
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The following Table illustrates the response of the HPT axis to cold and capsinoids
stimulation of BAT.

Table 4.7. Thyroid hormones concentrations at baseline and 2 h post intervention and
change from baseline after 2 treatments.
Capsinoids

Cold exposure

baseline

120min

∆ change

baseline

120 min

∆ change

TSH (uIU/mL)

2.18 ± 0.26

1.83 ± 0.23 2

-0.35 ± 0.13

2.06 ± 0.23

1.61 ± 0.18 2

-0.45 ± 0.10

Free T4 (pmol/L)

16.4 ± 0.64

16.86 ± 0.62 2

0.46 ± 0.10

16.88 ± 0.58

17.22 ± 0.57 2

0.34 ± 0.07

Free T3 (pmol/L)

4.71 ± 0.2

4.67 ± 0.19

-0.04 ± 0.04

4.76 ± 0.15

4.81 ± 0.15

0.05 ± 0.04 3

1

Values are means ± SEMs; n = 19. TSH, thyroid stimulating hormone; Free T4, Free Thyroxine; Free
T3: Free Triiodothyronine.
2
Different from baseline within the same treatment group, P < 0.05. 3Different from after capsinoid
ingestion, P < 0.05.

The above data reflect the observation that acute changes in thyroid hormones (FT4 and FT3)
can occur following cold or capsinoids stimulation of BAT. Such a phenomenon has never
been reported in the extant literature and thus is a novel finding which will be elaborated
further in the Discussion chapter of this thesis.
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4.2 SUMMARY OF TACTICAL-II DATA



PET SUV was significantly higher after cold stimulation than capsinoids ingestion
(P=0.02).



EE post-cold stimulation was significantly higher than post-capsinoids stimulation
(P<0.01).



Tscv post-cold was strongly correlated with EE (coefficient=198, P=0.025). PET
SUV was significantly inversely correlated with MR FF (r= 0.628, P=0.012).



The supraclavicular hotspot identified on IRT closely corresponds to the area of
maximal FDG uptake on MR-PET images.



Greater increase in Tscv and higher PET SUV were associated with higher increase in
EE response after cold exposure.



IRT is a promising method to study BAT activity non-invasively.
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4.3 TRIBUTE DATA
The form of hyperthyroidism in the TRIBUTE Study is Graves’ disease. All patients at the
point of enrolment were overtly thyrotoxic with plasma thyroid hormones (ie. free thyroxine
– FT4, and free triiodothyronine – FT3) significantly above the upper limit of the normal
range associated with plasma thyrotropin or thyroid stimulating hormone (TSH) profoundly
suppressed below the normal limit of the normal range. At their first Study Visit, because
they were all in a hyperthyroid state, we assume that their BAT was activated by thyroid
hormones, and we therefore applied our BAT detection methods to demonstrate that there
was BAT activation at the outset even without any form of BAT stimulus such as cold or
capsinoids. After definitive treatment using anti-thyroid drugs (using the thionamides
carbimazole or methimazole) over a variable period of time ranging from 12 to 26 weeks, all
patients who were rendered biochemically and clinically euthyroid then underwent their
second Study Visit so that the various biochemical, metabolic and imaging data can be
compared to show changes that occurred as a result of a change of thyroid status from
hyperthyroidism to euthyroidism. Importantly, the time interval between study visits 1 and 2
are spaced 12-26 weeks apart for the purpose of comparing the various outcome variables at
two very disparate thyroid states (ie. hyperthyroid vs. euthyroid). But the actual duration of
anti-thyroid drug therapy continues way beyond visit 2, for 18-24 months at least.

4.3.1 BAT ACTIVITY - HYPERTHYROID vs. EUTHYROID
As BAT is activated by thyroid hormones, then it is to be expected that patients with
uncontrolled thyrotoxicosis will exhibit a heightened BAT activation state with detectable
BAT at ambient temperature without additional cold stimulus. It is also to be expected that as
these hyperthyroid patients are treated till they become euthyroid, the level of BAT activation
should reduce and this should show up as a drop in 18F-FDG uptake by BAT. In Fig. 4.55,
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we illustrate 3 typical cases of changes in PET images from the hyperthyroid to the euthyroid
state. The pronounced increased in 18-F FDG uptake at the baseline reflected endogenous
BAT activation likely related to the heightened level of thyroid hormones. There appears to
be FDG uptake also by surrounding non-BAT tissues, possibly due to skeletal muscle tissue
uptake which may be related to UCP-3 over-expression induced by thyroid hormones
(Silvestri et al., 2005; Sprague et al., 2007).

Figure 4.55. Three representative patients with Graves’ disease illustrating their baseline
18F-FDG-PET scans at Visit 1 (hyperthyroid) compared to Visit 2 (euthyroid). The PET
images at Visit 1 showed an increased FDG uptake whereas the PET images at Visit 2
revealed a significantly reduced to absent FDG uptake. All scans were performed at ambient
temperature without any extra cold or capsinoid stimulation.

4.3.2 BODY COMPOSITION BY THYROID STATUS
From a clinical perspective, patients with hyperthyroidism usually report marked loss in body
weight and a gradual regain of body weight to their pre-disease baseline weight after
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restoration to the euthyroid state upon treatment. Hence, we hypothesize that body weight
and fat depots in the body should show marked changes between the two thyroid states. The
data below serve to evaluate this hypothesis (Table 4.8).

Table 4.8. Baseline characteristics (N = 22 subjects) and a summary of changes in various
biological variables from the hyperthyroid to the euthyroid state. P-value < 0.05 is
statistically significant.

From Table 4.8, we see that the plasma concentrations of thyroid hormones, FT3 and FT4,
were significantly decreased by more than 2-folds from the hyperthyroid to the euthyroid
state. Associated with this decrease in thyroid hormones, the body weight and BMI both
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increased. Since body composition comprises fat mass, lean mass (predominantly skeletal
muscles) and bone mass, it is instructive to evaluate which component of these is
significantly impacted between the thyroid states. Among them, bone mass is most unlikely
to be affected within the study duration of 3-6 months. Hence, lean and fat mass are the two
components of body composition that would expectedly be altered during the transition from
thyrotoxicosis to euthyroidism. This is likely related to massive changes in metabolic rate, a
well-known fact established many decades ago as the main method of proving that a person is
hyperthyroid prior to the development of radioimmunoassay (RIA) was by showing that the
affected individual’s metabolic rate was elevated using an indirect or direct calorimeter. The
accentuated metabolic rate of hyperthyroidism in turn accelerates the rate of catabolism of fat
and proteins in the body.

Let us examine the following variables:
-

Percent body fat (measured using BIA or bioelectrical impedence)

-

Total body fat mass (measured by DXA scan)

-

SAT, SSAT, DSAT, VAT (measured by MRI)

-

Fat oxidation (FATOX) (measured by indirect whole body calorimetry)

From Table 4.5, we observed no significant change in percent body fat, SAT, DSAT and
VAT. However, there was a significant increase in total fat mass and SSAT associated with a
reduction of FATOX, increase in RQ (respiratory quotient) and a decrease in RMR (resting
metabolic rate). This implied that the key component of WAT fat depot that is involved in
metabolic changes during hyperthyroidism and its transition to euthyroidism is the SSAT
compartment. However, this was not accompanied by any significant changes in insulin
resistance, plasma FFA and TG. Both LDL-C and HDL-C increased as thyroid hormones
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reduced from the hyperthyroid to euthyroid state. The above may be better illustrated by the
following bar charts (Fig. 4.56, Fig. 4.57, Fig. 4.58, Fig. 4.59, Fig. 4.60).
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fatmass (kg)

Figure 4.56. Changes in total fat mass from the hyperthyroid to euthyroid state.
* Significant (p <0.05)
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Figure 4.57. Changes in lean mass from the hyperthyroid to euthyroid state.
* Significant (p <0.05)
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Figure 4.57. Changes in resting metabolic rate (RMR) from the hyperthyroid to euthyroid
state. ** Significant (p <0.01).
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Figure 4.59. Changes in WAT fat depots from the hyperthyroid to euthyroid state. **
Significant (p <0.01).
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Figure 4.60. Changes in fasting lipids from the hyperthyroid to euthyroid state.
** Significant (p <0.01).

4.4 WAT CORRELATION WITH IRT BY THYROID STATUS
In the previous TACTICAL-II data, we computed WAT abdominal fat depots in healthy
euthyroid subjects by segmentation of abdominal fat from L1-L5 levels. But we also show
here among hyperthyroid patients being treated to euthyroidism that if we resort to a quicker
algorithm by using MRI image of only 1 abdominal slice at the umbilical level and using IRT
as maximal temperature at the anterior view of the supraclavicular region (Tscv max) instead
of computing heat power, we still obtain the same conclusions for SAT, SSAT, DSAT and
VAT (Fig. 4.61, Fig. 4.62, Fig. 4.63, Fig, 4.64). Notably, apart from SSAT, all other WAT
compartments showed no significant changes between the thyrotoxic state and the euthyroid
state (Fig. 4.59). However, the correlations between WAT fat depots and IRT remain
significant and similar regardless of thyroid status. Since body weight and BMI increased
from the hyperthyroid to the euthyroid state, this is probably related to increase in lean mass
and SSAT (Table 4.8).
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Figure 4.61. Correlation between SAT (umbilical slice) and Tscv max from anterior aspect
in hyperthyroid patients (at baseline Visit 1).
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Figure 4.62. Correlation between SSAT (umbilical slice) and Tscv max from anterior aspect
in hyperthyroid patients (at baseline Visit 1).
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Figure 4.63. Correlation between DSAT (umbilical slice) and Tscv max from anterior
aspect in hyperthyroid patients (at baseline Visit 1).
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Figure 4.64. Correlation between VAT (umbilical slice) and Tscv max from anterior aspect
in hyperthyroid patients (at baseline Visit 1).
.
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4.5 WAT AND LIPIDS IN HYPERTHYROIDISM
The definition of metabolic syndrome according to the WHO and NCEP criteria reflects our
understanding that a connection exists between body fat, circulating lipids and insulin
resistance (Heng et al., 2006; Choi et al., 2005; Thomas et al., 2005). In hyperthyroidism, the
accentuated metabolic rate and fat oxidation lead to massive changes in body weight with
associated changes in body composition and blood lipids as shown in Table 10. We examine
some simple correlations of patients with uncontrolled hyperthyroidism in the following
figures. While these are largely known and expected, it is nevertheless useful to know that the
same correlations continue to apply in the thyrotoxic state. With respect to SAT, there is no
correlation to lipids (total cholesterol, LDL-C, HDL-C, TG, NEFA) (All p-value > 0.05; data
not shown). There are no correlations between SSAT and lipids except for a positive
correlation between SSAT and TG. Similarly, there are no correlations between DSAT and
lipids. However, VAT correlated with HDL-C and TG (Fig. 4.65 and 4.66).
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Figure 4.65. VAT and TG in hyperthyroid patients (baseline) showing a very strong
correlation.
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Figure 4.66. Negative correlation between VAT and HDL-C in hyperthyroid patients
(baseline) showing strong inverse correlation.

4.6 WAT AND INSULIN RESISTANCE IN HYPERTHYROIDISM
In Table 4.5, we find no significant changes in fasting glucose, insulin and HOMA-IR
between the hyperthyroid and euthyroid state. During hyperthyroidism, all WAT depot
compartments are significantly correlated to fasting insulin and HOMA-IR.
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Figure 4.67. Positive correlation between SAT and HOMA-IR in hyperthyroid patients.
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Figure 4.68. Positive correlation between SSAT and HOMA-IR in hyperthyroid patients.
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Figure 4.69. Positive correlation between DSAT and HOMA-IR in hyperthyroid patients.
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Figure 4.70. Positive correlation between VAT and HOMA-IR in hyperthyroid patients.
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4.7 REGRESSION OF WAT DEPOTS ON VARIOUS PREDICTORS

Table 4.9. Setting WAT depots as dependent variables, we examine for some predictors
from the hyperthyroid to the euthyroid state. P-value < 0.05 is statistically significant.

4.8

Regressing WAT depots on several predictors after adjusting for age and gender, we find that
HOMA-IR clearly is still highly correlated with SAT, SSAT, DSAT and VAT. Moreover, as
Tscv max taken using a thermal camera over the anterior aspects of bilateral supraclavicular
regions represent active BAT as proven by PET scan, it is expected that all WAT depots
should bear a negative correlation against Tscv. This was in fact observed especially for all
WAT depots during the hyperthyroid state but not in the euthyroid state, because BAT
activity would have returned to normal and hence show little linkage to WAT (Table 4.9). In
addition, we find that thyroid hormone FT3 does not serve as a predictor of WAT depot
volumes in this sample.
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4.8 HEPATIC TRIGLYCERIDES BY THYROID STATUS
There have been clear associations between both overt hypothyroidism (high TSH, low FT4
and subclinical hypothyroidism (high TSH, normal FT4) with non-alcoholic fatty liver
disease (NAFLD) (Liangpunsakul et al. 2003; Chung et al., 2012; Pagadala et al., 2012).
Population studies showed increasing prevalence of NAFLD with increasing TSH and
decreasing FT4 concentrations (Xu et al., 2011; Ludwig et al., 2015). Additionally, patients
with higher baseline TSH levels and no evidence of liver disease were more likely to develop
NAFLD (Xu et al., 2012). Human liver biopsies from patients ranging from steatosis to
cirrhosis suggested increasing intrahepatic hypothyroidism that was accompanied by
decreased deiodinase 1 (Dio1), an enzyme that converts T4 to the biologically active T3
(Bohinc et al., 2014). Thyroid hormone and its analogues decreased hepatic steatosis in
various rodent models of NAFLD (Cable et al., 2009; Vatner et al., 2013). The recent
literature revealed that thyroid hormones stimulated autophagy of triglycerides (TG) stored in
fat droplets, oxidation of fatty acids, and mitochondrial turnover in hepatic cell lines and in
vivo (Sinha et al., 2012). So far, there only have been human association studies examining
thyroid status and NAFLD.

My research collaborators and I conducted the first human intervention study investigating
the effects of thyroid hormone on NAFLD by conducting a phase 2a, single arm, exploratory
study a few years ago to examine whether short-term low dose levothyroxine (LT4) titrated to
TSH between 0.34-1.70 mIU/L could decrease intrahepatic lipid content (IHLC) in 20
euthyroid Asian male patients with type 2 diabetes and NAFLD (Bruinstroop et al., 2018).
After 16 weeks of LT4, IHLC significantly decreased (absolute -1·5 %, 95% CI -3·0;0·0,
relative -11·6 % SD 25·7%; p=0·046). There were small but significant decreases in body
weight (-1·0 kg, 95% CI -3·0; 0·0 kg, p=0·042), BMI (-0·4 kg/m2, 95% CI -0·7; 0·0 kg/m2,
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p=0·044), visceral fat content (-139 ml, 95% CI -275; -2 ml, p=0·047), and subcutaneous fat
content (-131 ml, 95% CI -259; -3 ml,; p=0·045) after LT4 treatment.

With this in mind, it is instructive to attempt to evaluate the opposite situation, namely how
IHLC may be altered in hyperthyroid state. We this address this question by our TRIBUTE
data – liver fat (IHLC) as measured by MRS method and quantitative MRI method. As for
this time of writing of my doctoral thesis, we have not yet completed the analyses of the
quantitative MRI liver fat yet, so we have analysed only the IHLC as per the MRS method.
Thus, I shall elaborate on the MRS methodology briefly below.

4.8.1 Magnetic Resonance Spectroscopy (MRS) of Liver
Proton MR spectroscopy (1H-MRS) of intrahepatic lipid content (IHLC)
After placing the subject supine in the scanner spectra were acquired sequentially from two 8
cm3 voxels in the left and right lobe of the liver. Care was taken to avoid visible vessels and
the liver boundary. Each spectrum was acquired using a point-resolved spectroscopy
(PRESS) sequence, without any water suppression, with the following acquisition
parameters: TR/TR=30/2000ms, Signal Averages=4. In each voxel, two spectra were
acquired, once with breath-hold and once with respiratory gating. To perform T2 correction, a
HISTO scan was also performed in each voxel, to estimate the water and lipid T2 values
(Pineda et al., 2009). The area of the water resonance at 4·7 ppm and the lipid resonances
between 0·5 and 3 ppm in the liver spectrum were quantified using LCModel (Provencher et
al., 1993). The T2 corrected water lipid peak areas were used to estimate liver fat percentage
by weight (intrahepatic lipid content %), using the methods validated by Szczepaniak et. al.
(Szczepaniak et al., 2005) and Longo et. al. (Longo et al., 1995). The correction factor of
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0·85 which was used in the above methods to correct for fact that the lipid peaks between
0·5-3ppm represent only 85% of the total lipid protons, was updated to 0·914, in line with the
work of Hamilton et al (Hamilton et al., 2011).The IHLC % in each voxel was averaged
across the breath-hold and respiratory gated scans. The IHLC % at each time-point was
obtained by averaging the IHLC % obtained from the right and left lobe voxels.

4.9 TRIBUTE DATA ON INTRAHEPATIC LIPIDS
Based on our sample size of N = 20, we found that there was quite a bit of variation between
patients, though there is a suggestion that IHLC is lower during the state of thyroid hormone
excess while IHLC tends to be higher during the euthyroid state by comparison (Fig 4.71 &
Fig. 4.72). This trend falls short of statistical significance but that could well be due to the
relatively small sample size.
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Figure 4.71. Liver fat content (IHLC) by MRS as measured and compared on a per
patient basis showing a general trend of lower liver fat during the hyperthyroid state.
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Figure 4.72. Comparatively lower amounts of liver fat (IHLC by MRS) durng the
hyperthyroid vs euthyroid status for all patients as a group.

4.10

CORRELATIONS BETWEEN IHLC AND FT3 & FT4

We next looked at pairwise correlations between IHLC and thyroid hormones, FT3 and FT4.
There was a trend of negative correlation between IHLC and FT3 (Fig. 4.73). Similarly, we
find a trend of IHLC being negatively correlate to FT4 (Fig. 4.74). Both correlations fail to
reach stastistical significance. One possibility is also that apart from a relatively small sample
size, there could well be a curvilinear (ie. nonlinear) correlation between these 2 variables
instead of a rectilinear correlation. Nonetheless, there is a suggestion that thyroid hormones
generally tend to lead to a reduction of liver triglycerides based on our MRS data. We will
examine whether if liver fat estimated using quantitative MRI will yield a better correlation.
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Figure 4.73. Negative association between liver fat and FT3.
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Figure 4.74. Negative association between liver fat and FT4.
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CHAPTER 5
FUTURE DIRECTIONS
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5.1

INTRODUCTION

This research that we have done and reported thus far reveals that it is potentially possible
and feasible for non-invasive imaging techniques such as IRT and MR FF to eventually
supersede PET scans as a BAT detection and measurement method. In more recent years,
other research groups have also published on the use of IRT as a BAT imaging modality
proven to correlate with PET (Crane et al., 2014; Jang et al., 2014; Law et al., 2018). Only
with increasing acceptance of IRT for human BAT imaging will the field of human BAT
research accelerate. There is at present a dearth of information especially on forms of BAT
stimulants that are safe for use in humans as a means to combat obesity. This is largely
accounted for by the fact that studies on human BAT is significantly limited by PET as the
main method to detect BAT activation.

What this thesis adds is the compelling evidence that IRT and MR FF are safe and useful
additions to the armamentarium of BAT detection strategies. With this advance, we believe
that it would interest both food and drug companies in search of novel agents that can be
shown using non-invasive imaging modalities that can activate BAT safely and effectively.
Because the current era favors naturally-occurring products such as functional foods and
nutraceuticals with BAT-activating properties rather than discovering novel pharmaceuticals
for this purpose, we expect a surge of new interest in conducting research to discover which
functional foods possess BAT-activating properties.
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5.2

NUTRACEUTICALS AND BAT ACTIVATION

In this research project, we attempted to stimulate BAT using capsinoids as an alternative to
cold stimulation. This is partly because one of our longer term goals in BAT research is to
discover ways of stimulating BAT with more convenient and socially acceptable ways. The
idea lies in the hope that food-based ingredients might be found which can activate BAT not
merely acutely over a few hours, but keep BAT regularly activated without much
downregulation over a chronic period. It is then more likely that we can harness the fat
oxidizing property of BAT to manage obesity and even type 2 diabetes if BAT activation can
be sustained. Since humans typically eat about thrice daily at breakfast, lunch and dinner, any
functional food ingredients or nutraceuticals which are ‘generally recognized as safe’ (GRAS)
that can be ingested orally with food and activate BAT for several hours following each meal
consumption will qualify as naturally-occurring substances possessing the potential for dietinduced thermogenesis and control of body weight gain and obesity.

Our pilot study (TACTICAL) revealed that capsinoids can significantly increase energy
expenditure, fat oxidation, and heat power output over BAT at the supraclavicular regions for
a period of at least 2.5h following ingestion. As subsequently seen in the data presented and
published by my team, capsinoids have been proven to activate BAT but its level of
activation is below the PET SUV threshold that cold stimulation can evoke (Sun et al., 2018).
While 18F-FDG uptake by PET merely indicate glucose usage as a fuel substrate by active
BAT, whereas the fatty acid uptake by active BAT during capsinoids could well be
comparatively greater than its stimulus on glucose uptake, the subthreshold PET SUV
observed with capsinoids could also imply that the its net action on fat oxidation is not overly
inferior to cold stimulation. Our earlier data showed that capsinoids increase EE and heat
power by ~ 50-60% of that observed for cold stimulation.
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Motivated by this, I have therefore applied for a separate National Medical Research Council
(NMRC) Clinician Scientist Award Grant to study the effects of curcumin compared to cold
stimulation on BAT activation. This subsequent study has been successfully funded and is
entitled, “Brown fat activation and browning Efficiency Augmented by Chronic COld and
Nutraceuticals for Brown adipose tissue-mediated Effect Against Metabolic Syndrome
(BEACON BEAMS Study)”.

Functional foods (ie. nutraceuticals) unlike drugs, are largely ‘generally recognized as safe’
(GRAS), well tolerated with negligible side effects and therefore ideal as long-term solutions
that are most desirable, acceptable and affordable for regular consumption by the population
at large (Burdock et al., 2006). Turmeric, a common spice from the Curcuma longa rhizome
deserves exploration in our present proposal. Its active principle is curcumin (IUPAC ID: 1,7bis (4-hydroxy- 3-methoxyphenyl) -1,6- heptadiene-3,5-dione), otherwise known as
diferuloylmethane, a polyphenolic flavonoid which consists of various bioactive fractions
(Jitoe-Masuda et al., 2013; Priyadarsini et al., 2013). There are numerous scientifically
proven health benefits of curcumin ranging from its ability to improve insulin sensitivity and
glycemic control, combat chronic inflammation and even inhibit malignancy (Pari et al., 2008;
Aggarwal et al., 2010; Kunnumakkara et al., 2017). Curcumin acts on multiple key cellular
signaling pathways including inhibiting NF-kB (‘master switch’ of chronic inflammation),
mTOR signaling pathway (cellular nutrient sensing), angiogenesis, advanced glycation endproducts (AGEs) while inducing cell cycle arrests, apoptosis and tumor suppressor pathways,
upregulating AMPK (cellular energy status sensing) which modulates downstream SREBPtargeted genes in lipogenesis and cholesterol biosynthesis (Shehzad et al., 2012; Shehzad et
al., 2013), and the NRF2 pathway which reduces adipocyte inflammation and improve
metabolic syndrome (Shehzad et al., 2012). By augmenting lipase and p-acyl-CoA
carboxylase, curcumin promotes lipolysis and suppresses lipogenesis (Ahn et al., 2010; Shao
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et al., 2012). Curcumin also regulates histone deacetylase (HDAC) and histone
acetyltransferase (HAT) and modify chromatin and gene expression specific to BAT through
nutrigenomic epigenetic modifications (Vahid et al., 2015). Recently, curcumin has been
shown in cell cultures and mice studies to promote browning of WAT (Kim et al., 2016;
Wang et al., 2015). Notably, curcumin has no demonstrable dose-limiting toxicity (Sharma et
al,. 2004; Kanai et al., 2012). Doses up to 12g daily of curcumin had been shown to be well
tolerated in humans (Lao et al., 2006). To increase its bioavailability, curcumin can be
combined with volatile turmeric oils which results in a 6.9-fold increase in bioavailability
(Antony et al., 2008). Incorporating curcumin in a lipophilic matrix of phytosomes, lecithin
and microcrystalline cellulose increased its absorption by 19.2-fold (Cuomo et al.,
2011). More recently, even higher bioavailability via a novel solid lipid particle formulation
of curcumin (SLCP, Longvida®) protects curcumin from gastric acid and promotes its
absorption to target tissues as free curcumin (Gota et al., 2010; Nahar et al., 2015). Since
curcumin is commonly consumed as turmeric within the context of curries and spicy foods
among Asians, it is relevant to study its chronic clinical effects on BAT when combined with
capsinoids. In BEACON BEAMS study, we aim to evaluate the effectiveness of 3 different
modes of BAT-activation (cold vest alone, Longvida optimized curcumin alone, cold vest +
curcumin) of BAT/beige fat 12 weeks later.

Study design – BEACON BEAMS is a parallel study design where overweight/obese
sedentary euthyroid young females/males with Metabolic Syndrome (MetS) aged 21-50
(n=80) BMI = 25-34 will be randomized to one of 4 arms (n=20 each): either daily coldinduced thermogenesis (CIT) or nutraceuticals (functional food ingredients) (capsinoids +
catechins/polyphenols (green tea and curcumin with piperine and gingerol) or both CIT and
nutraceuticals or control over 12 weeks. They will be followed longitudinally to determine
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the degree of increase in BAT activity, TEE and insulin sensitivity as well as the extent of
loss of fat mass/volume (subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT),
liver fat and total body fat) and bodyweight during the 12 weeks period. At the end of 12
weeks, both CIT and nutraceuticals will be stopped in all the intervention arms. The
intervention arms will next be monitored for fat mass/volume and weight regain, loss of BAT
activity, ‘whitening’ of beige into WAT over the subsequent 12 weeks. The control arm
(n=20) of MetS participants will continue with their usual lifestyle and diet over 24 weeks for
comparison against the 3 active intervention arms.

Methods - BAT activity measured by IRT, MRI (multi-point Dixon fat fraction, T2, T2*,
MRS), TEE (whole body calorimetry). WAT measured by MRI with SAT/VAT segmentation
and DXA for total body fat. Blood will be sampled for fasting lipids, thyroid function tests
(TFT: FT4/FT3/TSH), glucose, insulin sensitivity via homeostasis model assessment
(HOMA-IR) and oral glucose tolerance test (75g OGTT). Other outcome variables include
selected adipokines (FGF-21, adiponectin, BMP-7), BAT exosomes and BAT-specific
circular-RNA.

3 parallel intervention groups (20 per group)
Group 1: Cold stimulation using cooling vest x 60 min once daily over 12 weeks
Group 2: Browning nutraceuticals - 12 mg capsinoids + 1 capsule of 1000mg curcumin to be
taken once daily over 12 weeks
Group 3: Cold stimulation using cooling vest x 60 min once daily and browning
nutraceuticals (12mg capsinoids + 1 capsule of 1000mg curcumin) once daily over 12 weeks
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Control group: an age and gender-matched group of individuals with confirmed metabolic
syndrome by NCEP ATP III criteria (n=20) who will continue with usual lifestyle and diet
over 24 weeks. They will undergo the same anthropometric, radiologic and laboratory
examinations at baseline and at 24 weeks only (ie. without the 12-week time point). All 4
groups will not change their eating habits and physical activity over a period of 24 weeks (Fig.
5.1).

Figure 5.1. Study protocol of BEACON BEAMS which is scheduled to start towards the
end of the 2019 or beginning of 2020.

All 3 intervention groups and the controls (4th group) will undergo a final PET-MRI scan at
week 24. This allows assessment of not only the degree of any loss of BAT activity,
whitening of beige fat and regain of WAT within each intervention arm (intra-group) and
between each intervention arm (inter-group), but also against a neutral comparator to
determine the effectiveness of each intervention in controlling the natural history of
metabolic syndrome across time. The MRI will be repeated twice at start of the scan and end
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of each scan during the imaging session to evaluate the fat mobilization due to acute effects.
1-dimensional MRS will evaluate the dynamics of utilization of saturated versus unsaturated
fatty acids by BAT and muscles and correlated to metabolic parameters (eg. insulin resistance)
elucidate the elusive pathophysiological significance of fat species in the body.
The key to viable and sustainable intervention targeted at the population scale is to move
away from pharmacological to non-pharmacological platforms. It is sensible to leverage on
functional foods as these exert beneficial medicinal actions with negligible side effects. The
paradigm of promoting functional food against obesity is attractive because people perceive
food-based interventions positively as health-enhancing alternatives to pharmacological
interventions which are viewed as being costly and risky prescriptions for diseases. In the
short term (3-5 years), we are poised to develop and expand our knowledge on the feasibility
of BAT-activating functional foods and nutraceuticals that are safe, well-tolerated, effective
and readily available to the nation. In our endeavor to unravel the molecular mechanisms of
BAT-activating and WAT browning stimuli, part of our short-term objectives is to discover
the existence of exosomes that mediate and accompany BAT activation and demonstrate the
presence of BAT-associated miRNA and circular RNA. This will hopefully lead to the
development of non-invasive novel biomarker assays for assessing BAT and browning based
on analysis of exosome cargos that may carry unique signatures of adipokines and circular
RNA. Over the long term, we hope to establish BAT-centric strategies as affordable and costeffective means of tackling obesity and metabolic syndrome with the overall aim of curbing
the rising prevalence of type 2 diabetes locally. Additionally, another associated long term
clinical goal is to improve health outcomes by reducing a broad range of other obesityassociated morbidities and mortality in the long run, which includes such diseases as heart
attacks, strokes and even cancer which are all linked to obesity.
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5.2.1

IRT ON PERSONAL MOBILE DEVICES

IRT quantifies BAT activity based on heat output, the end product of BAT metabolism
whereas PET uses glucose uptake as a proxy. However, the high-end FLIR T440 infrared
camera is only useful in research settings and too cumbersome for BAT assessment at the
consumer level. Recently, FLIR released a new infrared camera - FLIR ONE, which can be
attached to smartphones (eg. iPhone). Based on our preliminary study, this highly affordable
FLIR ONE can equally detect BAT as effectively as the FLIR T440. It is also capable of realtime image processing of thermograms captured with computation on smartphones. Being a
low cost mobile healthcare device, the FLIR ONE facilitates large scale BAT studies and
allows consumers to monitor their BAT activity as a strategy for bodyweight control. With
grant support in future, we will be able to explore and develop image processing technology
on smartphone devices to monitor the activity of BAT, and evaluate how BAT may respond
to different natural and synthetic compounds, thereby opening the path to discover functional
foods and nutraceuticals which may activate or increase the amount of BAT in humans.

Based on the current literature, thermal imaging for BAT is still in its infancy and the number
of research groups conducting such studies is very limited. We found no publication using the
FLIR ONE infrared camera attached to smartphone for BAT monitoring yet. As the current
techniques such as PET and high-end IR camera prevent large scale study on human subjects,
using smartphone-controlled FLIR ONE for BAT study will differentiate us from other
researchers as it can be readily tested in low-cost large scale human subject studies to
evaluate the thermogenic potential of foods and/or drugs and track their efficiency in
reducing bodyweight. The multi-racial environment of Singapore with a wide variety of
foods will also provide us an advantage of conducting such research. Secondly, existing
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thermal imaging technique is very basic with intensive manual operation and processing. In
the near future, my team will try to automate the thermal imaging operation and processing in
real-time with our expertise on image processing and smartphone application development.
Our experience on smartphone camera motion tracking will also help us to overcome the
challenges of BAT studies under uncontrolled environments as we are able to calibrate the
position where the thermal image is taken despite movements or positional changes of the
human subject. Thirdly, instead of existing work on just detecting and observing the BAT
activation process, we will quantify the energy output from BAT activation by using
continuous IRT video for more accurate quantization of energy expenditure based on the
Stefan–Boltzmann law. This will enable us to potentially come up with a standard portable
device with advanced software for BAT quantification and monitoring.
As the detection of BAT activation depends on the sensitivity of thermal sensor in the IR
camera, we compared the sensitivity of the FLIR T440 and FLIR One. FLIR One has thermal
sensitivity of <0.1⁰C, which is feasible to detect normal temperature change of ~0.5⁰C caused
by activated BAT. We conducted experiments using both FLIR T440 and FLIR ONE at the
same time to monitor the BAT activation process through cold stimulation. The full BAT
activation process is remarkably clear as observed in the FLIR ONE thermal camera with our
contrast-enhanced infrared imaging algorithm. The infrared images are shown in Figure 5.2
below. From the sequence of images captured at different time points, we can easily observe
that the change of high temperature BAT area on the images captured by FLIR ONE is more
obvious than those captured by FLIR T440 (Fig. 5.2). FLIR ONE image is smaller and lower
in resolution. However, this will not affect the calculation of the BAT size as we will conduct
the comparison using the same camera along different time points.
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Figure 5.2. Infrared images from the FLIR ONE (top panels) and the FLIR T440 (bottom
panels) of the same individual taken at corresponding time points progressively during cold
stimulation.

Our image processing scientists collaborators from I2R (A*STAR) will develop robust
effective image processing algorithms to compensate for the inherent hardware defects of IR
detectors and to improve the quality of IR images. In uncooled long-wave infrared (LWIR)
microbolometer imaging systems, temperature fluctuations of the focal plane array detector
result in thermal drift and spatial non-uniformity (Cao et al., 2014). We will develop effective
image de-noising approaches using black body for thermal calibration and eliminate strip
noise without blurring image texture or edge, thereby enhancing image resolution of even low
end handheld IR cameras (Cao et al., 2014) (Fig. 5.3).

Figure 5.3. The proposed processing framework to improve the thermographic
measurement accuracy of low end handheld smartphone infrared camera.
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From these experiments, we can conclude that the handphone FLIR ONE device can be used
for BAT assessment. When attached to a smartphone, the operation of the image capturing
can be automatically controlled by our software. The IRT images can be processed in realtime by our image processing algorithms running on the smartphone. This will greatly reduce
the cost and effort for conducting the BAT assessment. In future, this method of IRT could
potentially provide a low cost, non-invasive and portable device for people to control their
bodyweight through selecting food which can activate BAT in the future.

The rise of smartphone users worldwide implies that a low-cost and portable smartphone IRT
imaging device has the potential to empower a large number of individuals to self-monitor
BAT activity by taking “infrared selfies” after consuming their meals. Such a strategy can
facilitate researchers in the food and beverage industry to screen their products for BAT
activating properties to produce foods to aid weight management for consumers’ selection
and to screen for new foods and ingredients with BAT activating properties. Potentially we
could add a thermogenic index to food labels to show whether that product would increase or
decrease heat production within BAT. It also allows individuals to select more appropriate
foods to assist in managing their bodyweight, thereby reducing obesity and the risk of
obesity-linked diseases. If this proposed low-cost and portable IRT device for BAT
monitoring becomes a viable strategy, large-scale testing in the food industry in Singapore is
possible so as to promote the manufacturing of healthier foods, nutritional supplements or
even BAT-stimulatory drugs.
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By collaborating with image processing scientists, a smartphone app can be provided for
consumers and patients alike to select their favorite thermogenic food to control their
bodyweight while still enjoying their eating habits. Our collaborators at I2R at the Agency for
Science, Technology and Research (A*STAR) has been conducting research and
development on the IR image processing algorithms for image calibration, effective BAT
detection, segmentation and identification. Its existing technology on camera motion tracking
and pose estimation for augmented reality can be used for image calibration and calculating
the 3D size of the BAT. The team will also be responsible for porting the algorithms into
smartphones for real-time processing upon a BAT infrared image is captured. The research
will start from a controlled environment with measurement results being verified by other
sophisticated high-cost techniques such as 18-FDG-PET scanning and whole body chamber
indirect calorimetry. More advanced algorithms will be developed to handle the use of FLIR
ONE camera attached to smartphones by normal people under uncontrolled environment such
as the home environment or other dining places.

The implemented BAT detection algorithm is originally proposed for processing images
captured with visible range sensors (400-1000 nm). In the visible spectrum, the brightness
of image pixels is mainly influenced by light reflected on the object. On the other hand,
the pixel brightness in IR images is determined by the temperature and emissivity property
of the objects in the scene. The pixel intensities in infrared and visible images of the same
scene are significantly different; suggesting that techniques which worked well for visible
images will be unsuitable for processing low-textured infrared images (Lee et al., 2013).
Another key challenge is that it is difficult to detect targets with small temperature
variances in High Dynamic Range (HDR) infrared data. The temperature difference
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between an area with activated BAT and another without BAT in the normal human body
is relatively small (e.g. ~0.5 degree Celsius), so our team will also develop better image
segmentation and BAT detection solutions specifically targeted for low-resolution, lowcontrast and HDR infrared images.

As one of our future research directions, we will endeavor to set up experiments to learn
temperature distribution and even explore the use of artificial intelligence (AI) for
machine learning of all possible shapes of BAT for different user groups (e.g. male,
female, young and older people). The knowledge gained can inform and be applied to
robust detection, segmentation and identification of BAT regions, as shown in Figure 5.4.

Figure 5.4. The proposed image processing framework for robust detection/identification of
BAT regions with small temperature variances in the HDR infrared data.
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5.3

EXOSOMES AS BIOMARKERS OF BAT ACTIVATION

The idea of studying exosomes as biomarkers of BAT activation is exciting as this could be
used as a metric independent of BAT imaging and thus poses a promising prospect in the
future of BAT research. Exosomes are intracellular single membrane vesicles that are
secreted from cells ranging in size from approximately 30-200 nm. Exosomes are cargoes for
essentially any product originating from cells, including nucleic acids (eg. non-coding RNA),
enzymes, lipids and proteins (Simons et al., 2009). Exosomes are formed by the process of
budding from the surface plasma membrane or from intracellular endosomes. Upon being
secreted from a cell, exosomes can then be carried in the circulation and migrate to distant
tissues and organs where their cargoes can then be released to act in an analogous fashion to
hormones. We hypothesize that BAT activation can lead to brown/beige adipocytes secreting
exosomes into the circulation. Understanding the contents of exosomes that are secreted by
active BAT allows an imaging-independent alternative method of BAT activity detection and
assessment. At the time we were conducting this study, we became aware that other research
groups had just published their results that exosomal non-coding RNA may affect glucose
and lipid metabolism and even serve as an indicator of BAT activation (Castaño C et al.,
2018; Chen et al., 2016). We decided to proceed with analyzing such exosomes from the
proteome perspective as this may also allow us to discover novel biomarkers of BAT
activation and also provide insights into the biology of BAT activation better.

From the previous biomarker research projects, my research collaborators at NTU have
accumulated invaluable expertise in extracellular vesicles/exosomes analysis from cell lines,
human plasma samples and clinical tissues. Separation of extracellular vesicles from human
plasma will be performed by differential centrifugation. Frozen individual plasma samples
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will be thawed on ice and pooled in a group-wise manner to obtain tubes containing around 5
ml of plasma specimens per group. The samples will undergo sequential centrifugation to
enrich the extracellular vesicles including microvesicles and exosomes using a modified
protocol as previously described (Datta et al., 2014; Sok et al., 2015). The purified
exosomes/EVs will be dissolved in TRIZOL buffer for RNA and protein isolation and
purification. Purified exosomal RNAs will be analyzed on picoRNA chips or small RNA
chips of the Agilent 2100 Bioanalyzer system before sending the samples for profiling (Chen
et al., 2010; Zhang et al., 2017; Thomou et al., 2017).

In our quest to unravel the BAT secretome (secreted proteome and non-coding RNA), a welldeveloped proteomic work flow will be used in this project to discover novel exosomal-based
biomarkers. A very recent report confirmed our suspicion that BAT secrete exosomes (Yong
et al., 2017). We will also leverage on our collaborators’ expertise in microvesicles isolation
and purification (Tay et al., 2017). We will profile the exosomal proteome using 4-plex
iTRAQ or Tandem Mass Tag (TMT) methods coupled with Multi-Dimensional Protein
Identification Technology (MuDPIT) (Washburn et al., 2001). The labeled exosomal proteins
with iTRAQ or TMT tags will be fractioned by ERLIC or HpHRP liquid chromatograph and
analyzed by LC-MS/MS using Q-Exactive LC-MS/MS system. The raw data generated by QExactive LC-MS/MS will be analyzed by ProteomeDiscoverer with Sequest HT and Mascot
software (Thermo-Fisher, San Jose, CA). The initial dataset will be filtered through stringent
elimination criteria of <1% false discovery rate (FDR) to obtain confident identification, CV
< 10% and p-value <0.05 to get rid of the technical variations during quantization. Stringent
statistical analysis such as volcano plot will be used to determine the significant cut-off value
of fold-change. Proteins with significant fold-changes that passed the stringent filtering
criteria will then be taken for further data mining and bioinformatics analysis such as gene
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ontology and pathway analysis. Potential candidate biomarkers will be shortlisted from the
significant expression changed proteins that are in critical nodes or switches of obesity
pathology or WAT/BAT physiology.

5.3.1

EXOSOME DATA FROM TACTICAL-II & TRIBUTE

Pooled plasma were collected from three groups (Fig. 5.5). Since we aliquoted each subject’s
centrifuged blood samples into about ten to twelve 0.5 mL plasma normal Eppendorf tubes
stored in -80 deg C freezers, we had to thaw between 2 to 3 tubes from each subject to pool
together 3-5 subjects’ samples to form a exosome study sample tube which required at least
5mL pooled plasma to be optimized for exosome enrichment and mass spectrometry. For
TACTICAL-II samples: We pooled together from N=3-5 subjects with the strongest PET
SUV. Thus, we had 1 tube of 5 mL pooled plasma (pre-cold stimulation via cooling vest) and
1 tube 5 mL pooled plasma (post-cold stimulation via cooling vest), 1 tube of 5 mL pooled
plasma (pre-capsinoids) and 1 tube of 5 mL pooled plasma (post-capsinoids).
For TRIBUTE samples: We pooled together from N=3-5 patients with the strongest PET
SUV to get 1 tube of 5 mL pooled plasma (hyperthyroid state) and 1 tube of 5 mL pooled
plasma (euthyroid state). From the above, we therefore had a total of 3+3=6 sample tubes
(Table 5.1).

We then sent the 6 sample tubes to our collaborators at NTU School of Biological Sciences
(SBS) to conduct the exosome enrichment via ultracentrifugation into pelleted sample, from
which pure exosomes will be isolated for the mass spectrometry experiment via the Thermo
Fisher Tandem Mass Tag (TMT) system which is powerful, robust, reliable and efficient
especially for exosome experiments. This will yield the final protein expression, whereupon
the ratios of the samples between the different conditions will allow us to compare the BAT
stimulated versus the inactive BAT states.
180

Figure 5.5. Eppendorf tubes containing pooled plasma from 3 selected groups showing the
most extreme results in BAT responses to cold and capsinoids, and the most biochemically
hyperthyroid compared against euthyroid states. (Legend - tube 1: P baseline – treated
hyperthyroid patients; tube 2: Bl capsinoid – pre-capsinoid baseline; tube 3: PCV – post
cooling vest; tube 4: P treatment – hyperthyroid patients pre-treated with antithyroid drugs;
tube 5: Post capsinoid – post-capsinoid stimulation; tube 6: BLCV – baseline pre-cooling vest)

Each sample was run three times.
•

Proteins were measured at least twice in controls and twice in cases.

•

Differential expression analysis

•

Pathway analysis of differentially expressed proteins
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Table 5.1. Pooled plasma samples from selected subjects in TACTICAL-II/TRIBUTE

Label
Sample

126
1
Euthyroid
state

127
2
Postcapsinoids

128
3
Postcooling

129
4
Hyperthyroid
state

130
5
Precapsinoids

131
6
Precooling

The abundance ratios were as follows:
129:126 = hyperthyroid against euthyroid state
128:131 = post-cold against pre-cold stimulated state
127:130 = post-capsinoids against pre-capsinoids state

We expect BAT to be activated in all the above states.

5.3.2 EXOSOMAL PROTEINS IN COLD STIMULATION OF BAT

Figure 5.6. Volcano plot of exosomal proteins in cold-stimulated BAT (FDR < 0.05, FC
cutoff = log2(1.3).
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Upregulated proteins (cold stimulation)
•

cDNA FLJ56016

•

cDNA FLJ76493, highly similar to Homo sapiens N-deacetylase/N-sulfotransferase
(heparan glucosaminyl) 1 (NDST1), mRNA

Downregulated proteins (cold stimulation)
•

Keratin, type I cytoskeletal 10

•

Keratin 1

•

Keratin, type II cytoskeletal 2 epidermal

•

cAMP-dependent protein kinase type I-alpha regulatory subunit

•

Emerin

•

Microtubule-associated protein RP/EB family member 2

•

Isoform 3 of Actin-related protein 2/3 complex subunit 4

•

Actin-related protein 2/3 complex subunit 1B
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Figure 5.7. Pathways significant at p < 0.05 for cold-activated BAT. We found 78.57% of
pathways activated in cold stimulation belonging to the RHO GTPases, activate WASPs and
WAVEs signaling pathways.
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5.3.3 EXOSOMAL PROTEINS IN CAPSINOIDS STIMULATION

Figure 5.8. Volcano plot of exosomal proteins in capsinoids-stimulated BAT (FDR < 0.05,
FC cutoff = log2(1.2).

Upregulated proteins (capsinoids stimulation)
•

Alpha-1-acid glycoprotein 1

•

cDNA FLJ58310, highly similar to Homo sapiens trinucleotide repeat containing 15
(TNRC15), mRNA

•

cDNA FLJ76493, highly similar to Homo sapiens N-deacetylase/N-sulfotransferase
(heparan glucosaminyl) 1 (NDST1), mRNA

•

Collagen alpha-5(VI) chain

•

cDNA FLJ56016
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Downregulated proteins (capsinoids stimulation)
•

Fibronectin 1, isoform CRA_n

•

von Willebrand factor

•

Keratin, type I cytoskeletal 10

•

Immunoglobulin lambda variable 7-43

•

Trinucleotide repeat containing 5

•

Ig mu heavy chain disease protein

•

Lectin galactoside-binding soluble 3 binding protein isoform 1 (Fragment)
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Figure 5.9. Pathways significant at p < 0.05 for capsinoids-activated BAT. We found 92.59%
of pathways activated in capsinoids BAT stimulation belonging to platelet degranulation.

5.3.4 EXOSOMAL PROTEINS IN HYPERTHYROID STATE

Figure 5.10. Volcano plot of exosomal proteins in hyperthyroid state (FDR < 0.05, FC
cutoff = log2(1.5).

Upregulated proteins (hyperthyroid state)
•

L-lactate dehydrogenase

•

Glyceraldehyde-3-phosphate dehydrogenase

•

Zyxin Myosin regulatory light chain 12A

•

Tropomyosin alpha-4 chain

•

Myosin light polypeptide 6

•

Isoform 3 of Syntaxin-binding protein 2

•

cDNA FLJ56016
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Downregulated proteins (hyperthyroid state)
•

C-reactive protein

•

Fructose-bisphosphate aldolase

•

Myosin-reactive immunoglobulin heavy chain variable region

Figure 5.11. Pathways significant at p < 0.05 for hyperthyroid-associated BAT activation.
These include plasma lipoprotein assembly, glycolysis and gluconeogenesis, Rap1 and Grb2
SOS signaling and immune system and interleukins signaling pathways.
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Figure 5.12. Percentage contributions of the different pathways significant at p < 0.05 for
hyperthyroid-associated BAT activation.

Figure 5.13. Correlations of exosomal protein expressions for cold vs capsinoid vs
hyperthyroid states of BAT activation.
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When we next proceeded to check the correlation of protein expression patterns between the
3 different modes of BAT activation, we find that both cold and capsinoids stimulated BAT
in a similar direction as hyperthyroidism. This implies that there are probably commonalities
in the genes that are actively transcribed during BAT activation by these different modes of
stimulation. However, intriguingly, we find a negative correlation between the proteins
expression in cold-stimulated and thyroid-stimulated BAT (Fig. 5.13). This is presently still
enigmatic to us but it is possible that the mechanisms and gene programs that are activated in
these 2 methods of BAT stimulation differs in the upstream pathways, but that these
pathways somehow must have converged downstream such that the final end result was BAT
activation that led to increased thermogenesis. In all three BAT-activated states, a single
common protein (B7Z809 - cDNA FLJ56016) is over-expressed in the circulating exosomes
which implies that this can serve as a biomarker of BAT activation.
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5.4

RESEARCH DIRECTIONS – CURRENT & FUTURE

The BAT/thyroid research as described in this thesis forms a part of my overarching research
plan which can be subdivided into the following 3 areas based on an approximate time span:

Research Plans

 Short term
 Validation & implementation of IRT and fat fraction MRI as PET-equivalent
for BAT imaging & probe how thyroid hormone status and its optimization
influences BAT thermogenesis
 Intermediate term
 Unravel BAT pathophysiology, interrogate the intricate cross-talk between
BAT, WAT, muscles, thyroid status and energy metabolism, discovery of
BAT secretome
 Long term
 Development of new BAT biomarkers/diagnostics and methodologies, and
potentially BAT functional foods/nutraceuticals which may lead to the
development of new therapies for obesity and diabetes

Much of what has been done here forms my short term and intermediate term project plans.
The subsequent remaining studies are part of the intermediate and long term plans. They will
be pursued under other research grant funding in my post-doctoral years ahead.
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5.5

CONCLUDING REMARK

The above outlined three areas that our present research described so far in this thesis can
lead us to as future directions. First, this project led to another successful NMRC nationally
competitive grant application that will fund my team to study functional foods and
nutraceuticals so that we can expand the range of naturally GRAS foods that can activate
BAT and which may then be encouraged to be used regularly in the meals among the
Singapore population as a means of increasing their diet-induced thermogenesis and control
of body weight. This will hopefully have a bench to bedside to population translation that
benefit human health in the future.

Second, the widespread and ubiquitous use of mobile smartphones round the world can be
leveraged in terms of incorporating an IRT thermal camera such as the FLIR ONE into
existing Android and iOS mobile devices so that anyone with such smartphones can take
thermogram selfies pre- and post-meals to elucidate which foods they eat evoke BAT
activation. Together with the development of digital apps in parallel that compute heat power
expended based on the IR thermal selfies, this can facilitate the change in human behavior in
the selection of foods that will exert the greatest effect on BAT activation and hence
potentially promoting better metabolic health in the long term.

•

Finally, our quest to discover within exosomes a unique biomarker or readout of BAT
activation satisfying the definition of a biomarker of BAT activation seems successful.
At this juncture, we have identified a novel protein (cDNA FLJ56016) as a common
indicator of BAT activation.
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CHAPTER 6
DISCUSSION
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6.1. INTRODUCTION
From physiological estimates, BAT can expend up to 300 W/kg when maximally stimulated
(Power, 1989; Cannon and Nedergaard, 2004). The amount of BAT in human varies greatly,
from as low as negligible to nearly 300g in a study of healthy males (Ouellet et al., 2012).
Theoretically, a human with 300g of active BAT can generate about 90 W of heat energy.
Since nearly 70% of our body is made of water, we can put into perspective this quantity of
heat energy (Q) by considering the amount of heat needed to raise the temperature of a small
cup of water (250 mL) from room temperature (25 deg C) to boiling point (100 deg C) at sea
level. Taking the specific heat capacity of water to be 4.2 J/g, we have:
Q = 250g x 4.2 J/g x (100-25) ֠ C = 78 750J
Since 90 W = 90 J/s, this heat power would deliver 78.8 kJ in 875s, or just under 15 minutes.
So assuming all the heat power is transferred to the water with no conductive losses and that
the heating was uniform, approximately 300g of activated BAT can potentially bring a small
cup of water at room temperature to ebullition within 15 minutes. Evidently, if this occurs
within the human body, we would suffer serious and possibly life-threatening heat injuries. It
is thus highly improbable that the tissues within BAT interspersed in various sites of the body
activate simultaneously and to maximal thermogenesis capacity all at once, at least in humans.
However, it stands to reason that BAT is an organ that possess the function of catabolizing
fuel stores for thermogenesis.
The notion of exploiting BAT to control adiposity or WAT excess is thus not unfounded. A
quick calculation will reveal that if we can even activate 50g of BAT and sustain that for an
hour a day, it would lead to an extra energy expenditure of approximately 200 kcal per day.
Since it only requires a cumulative 30 kcal per day energy gap excess over a year to become
obese, being able to activate 200 kcal daily on a consistent basis would theoretically lead to
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net negative energy balance or weight loss (Hill et al., 2009). Activating 50g of BAT can thus
consume 20% of daily calories equivalent to 200-400 kcal/day. Even if human BAT tissue
only possesses a capacity of 10% of BAT from rodents, it would still lead to weight
maintenance if we have just 50g of functional BAT (Muzik et al., 2012). Hence, there is
much interest in tapping into methods of activating as well as recruiting BAT through
browning of WAT. From the existing literature, it appears that the degree of thermogenesis
by BAT in humans ranges from 25 kcal/day to 400 kcal/day in healthy lean individuals
(Muzik et al., 2013; Yoneshiro et al., 2011a).

6.2. DEVELOPING NON-INVASIVE BAT DETECTION PLATFORMS
A major obstacle in BAT research is the fact that BAT is not easily biopsied as it is often
distributed in body locations that are medically inaccessible or unsafe for biopsy. As well, it
is difficult and unethical to use techniques of imaging that utilizes an inordinately high dose
of ionizing radiation such as PET/CT or SPECT/CT on healthy human subjects for the
purposes of large-scale serial studies, on infants and children, and on healthy adult volunteers.
The minimum threshold SUV and therefore the detection limit for the tracer in BAT has been
defined as 2 standard deviations above the maximal SUV distribution in typical WAT
(Ouellet et al., 2012; Cypess et al., 2009) and varies between ≥1 and ≥2 g/mL (Yoneshiro et
al., 2011b; Lee et al., 2011b). These cutoffs are the criteria to define the presence or absence
of BAT using 18F-FDG-PET. Notably, using PET SUV as a determinant of BAT is affected
by the amount and rate of glucose uptake into other tissues and organs, the dosage of 18-FDG
administered, body weight and fat, fasting vs. fed states, partial volume effects, and glucose
uptake kinetics. Although 18-FDG PET/CT has advanced the BAT field, it is far from ideal
as the gold standard for BAT detection. Since PET/CT-based BAT detection often is
performed after a 2-hour cooling protocol and is restricted to a single time domain of capture
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depending on the kinetics of the radiopharmaceutical, IRT offers clear advantages for BAT
assessment by its ability to serially measure real-time changes in BAT responses to a modest
cold stimulus or food intake. In addition, the equipment and study costs are significantly less
as compared with PET/CT imaging and IRT can be housed within a clinical research unit.
And most importantly, IRT can be performed numerous times, including serially, on
individual subjects since it does not involve ionizing radiation exposure as with PET/CT.
It is imperative to develop BAT imaging techniques that are not based on ionizing radiation
and methods that are also cheap, portable, easily repeatable and reproducible. This present
effort (TACTICAL-II) aims to establish IRT as a reliable and low-cost method of BAT
imaging by correlating it to 18F-FDG-PET and fat fraction MRI. The thermogenesis as
measured by IRT is correlated to an increase in metabolic rate as measured by whole body
calorimetry. In the pilot (TACTICAL & BRIGHT) and main studies (TACTICAL-II &
TRIBUTE), we have confirmed that IRT performs relatively accurately as a method of BAT
detection that correlated with 18F-FDG-PET. Based on the data shown in Sections 4.1.4 and
4.1.5, BAT segmentation by IRT corresponds anatomically and functionally to BAT
delineated by 18F-FDG-PET scanning. This constitutes one of the pioneering steps together
with several other BAT research groups elsewhere that champion IRT with the hope that IRT
can be established as a robust method that is faster, better, cheaper and safer imaging for
BAT than 18F-FDG-PET. We applied it to the study of BAT and WAT partitioning and body
composition among healthy individuals as well as in a group of patients with hyperthyroidism
undergoing anti-thyroid drug therapy.
It is notable that we have also explored MR FF as another non-invasive alternative BAT
imaging technique. Although MR FF is certainly more costly and non-portable compared to
IRT, it is still far better than PET because it does not utilize ionizing radiation. The other
advantage of MRI is that it can not only provide functional MR information that allows BAT
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to be distinguished from WAT, MRI can also be used simultaneously to accurately segment
the various WAT depot volumes at the same setting. This makes MRI unique as a strategy
that can interrogate both BAT and WAT at the same time. The data presented in Section 4.1.2,
Section 4.1.3 and Section 4.1.6 all show that MR FF corresponds to PET and IRT. Hence,
MR FF should be considered as a feasible BAT imaging platform at least in the context of
research rather than for widespread clinical and layperson usage. At least it shows sufficient
equivalence to 18F-FDG-PET to make it a reliable technique.
As to the use of indirect calorimetry for measurement of EE and RQ (to assess FATOX), this
is also to be regarded as a highly sensitive BAT detection strategy presently only useful in
research. Small increases in EE after capsinoids (~100 kcal) easily detectable by indirect
calorimetry but such stimulation by capsinoids seems to escape detection if the cut-off level
(SUV~2) to define BAT is used. In other words, FDG-PET may be less sensitive to detect
BAT activation than EE measurement especially if the BAT-activating stimuli employed is
much less potent than cold. Also, in the case of beige fat that occurs as a result of browning
of WAT depots, such beige fat may not be easily discernible even with all existing BAT
imaging methods. This is where indirect calorimetry may be the superior method for beige fat
detection. We utilized a whole body calorimeter (WBC) which provides unparalleled
precision in EE measurements, and so this provided much robustness in the readouts we get
in order to obtain reliable correlations against the other three BAT imaging modalities.
Notably, there are at most only about ten research centres worldwide that possess such a
sophisticated WBC. The EE correlated very well to BAT activation in our data. But
obviously, before we can resort to using EE at the clinical setting or in the population at large,
we need to have an indirect calorimeter that can be portable. In this regard, we are aware that
a few companies have attempted to miniaturize indirect calorimeters to instruments that are
small enough to be handheld. One such indirect calorimeter is the Breezing calorimeter which
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is as small as a Wright’s peak flow meter and readily portable with one hand (Tinsley et al.,
2019). We anticipate that someday in the near future, such indirect calorimeters may even be
miniaturized to be used as a mobile smartphone accessory attachment so that it becomes
readily available to the general public.

6.3. BAT-ACTIVATING STIMULI
6.3.1. COLD AS BAT-ACTIVATING STIMULUS
Based on reviews on cold-induced BAT activation (CIBA), the use of fixed cooling protocols
with an ambient temperature below 17°C results in the highest probability to detect BAT in
lean subjects (van der Lans et al., 2014). We therefore used the cooling vest (Polar Products)
set at 14.5°C to activate BAT without inducing shivering in our study design.
Muzik et al. (Muzik et al., 2013) reported a significant relationship between PET-detected
maximal SUVs of BAT depots and the daily EE (r2 = 0.65, P = 0.02) with 150 minutes of
mild cold challenge (15.5°C ambient temperature), and Leitner et al. (Leitner et al., 2017)
demonstrated that the SUVmax of BAT was considerably higher than that of five other
tissues—subcutaneous white adipose tissue (scWAT), deltoid muscle, liver, myocardium, and
cerebellum—following cold exposure. The latter was corroborated by Gifford et al. (Gifford
et al., 2016) who showed a markedly increased standardized uptake value (SUV) in the
supraclavicular adipose tissue, but not in the brain and heart, after exposure to cold. As such,
we may reason that the strong positive correlation delineated by Muzik et al. supports the use
of SUVmax as a proxy for EE, and by extension the high SUVmax of BAT outlined by Leitner
et al. suggests that BAT activation may be the principal driver of increased EE with a cold
challenge albeit a much more prolonged one.
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The short cold water challenge was inspired by the cooling protocol used by Symonds et al.
(Symonds et al., 2012), whereby short-term (5 minutes) cooling of the hand resulted in a
highly-localized increase in IRT-measured supraclavicular (SCV) skin temperature in BATpositive individuals. Of note, the anatomic position of the increase in temperature within the
supraclavicular region measured by thermal imaging was very similar to that of BAT
measured using PET/CT in a comparable group of age- and sex-matched subjects (PET/CT [n
= 5], 8.00 ± 0.51 cm from the anatomic midline; thermal imaging [n = 5], 7.81 ± 0.22 cm
from the anatomic midline). This is compatible with the rapid activation of the sympathetic
nervous system by cold stress, and the stimulatory effect of catecholamines on heat
production by BAT in adults. Nevertheless, we appreciated that local cutaneous
vasoconstriction would be expected at the cooled hand as part of the systemic sympathetic
activity stemming from cold stress. In addition, we sought to minimize shivering by adopting
a comfortable ambient temperature and stimulus of cold water both at 19°C to 20°C, though
electromyograms (EMGs) were not performed to quantitatively examine burst activity
indicative of shivering.
As succinctly summarised by Morrison (Morrison et al., 2016), the principal
thermoregulatory effectors include the cutaneous blood vessels for control of heat loss as well
as BAT and skeletal muscle for thermogenesis, and that the activation of these
thermoeffectors is regulated by parallel but distinct, effector-specific, core efferent pathways
within the CNS that share a common peripheral thermal sensory input. In particular,
shivering thermogenesis is the last cold-defence mechanism to be activated as its thermal
threshold is at a lower core temperature than that for either cutaneous vasoconstriction or
BAT thermogenesis, which lends further credence to the notion that BAT thermogenesis can
be and is rapidly elicited in response to cold stress. While we believe that shivering is
essential in the thermoregulatory response to an intense cold stimulus, it should be
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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 (Morrison et al.,
2016).
There is a lack of direct information on acclimation by the enrolled subjects in the study by
Symonds et al. (2012); notwithstanding, it was reported that subjects were kept in a relaxed
“steady-state” over an indeterminate period and that the subjects had spent at least 5 minutes
in ambient temperature prior to the cold water challenge. A follow-up study by the Symonds
lab in 2016 (Law et al., 2017) reported that a proper acclimation period (at least 20 minutes)
is essential for the accurate measurement of BAT activity using IRT, which was accounted
for in our study as our subjects first spent 45 minutes in the WBC under a thermo-neutral
ambient temperature of 24 ± 1°C (as per Singapore’s tropical rainforest climate – Köppen
climate classification Af).
All in all, our lab’s findings support immediate BAT activation as the initial response to a
mild short cold water challenge in line with the results of Symonds et al. (Symonds et al.,
2012). During the entire cooling vest session, this mild cold exposure (wearing our cooling
vest under light T-shirt) did not induce any significant shivering as assessed by questioning
the volunteers frequently during the study sessions. None of the subjects had any subjective
report of shivering nor was there any overt shivering observed by the experimenter. Thus
shivering was negligible and kept to an absolute minimum throughout the study. Hence, the
observed CIT is mostly attributed to CIBA with negligible muscle shivering.

200

6.3.2. CAPSINOIDS AS BAT-ACTIVATING STIMULUS
Apart from investigating CIBA, we also determined whether our IRT imaging method could
detect the BAT activation induced by the capsinoids. The threshold for capsinoid-induced
BAT activation is not very well established at the time we conducted this research. From a
scientific perspective, it is an important methodological issue to consider because without a
clear idea of what constitutes a sufficient concentration of capsinoids, we cannot be certain if
the amount of capsinoids we used would even lead to any detectable BAT signal. There are
no standard reports on the threshold for capsinoids induced BAT activation. In light of a few
recent studies which demonstrated the efficacy of BAT activation by capsinoids at 9 mg
(Yoneshiro et al., 2012; Saito M & Yoneshiro, 2013; Ohyama et al., 2016) and its relative
safety profile, I decided to use 12 mg of capsinoids for my main study as that should
expectedly be well above the threshold capsinoids dose required to ensure that adequate
stimulatory effect on BAT activation could be achieved. Indeed, simultaneous IRT revealed a
significant increase in IR power output at 2.5 hours post-capsinoid ingestion coinciding with
an increase in fat oxidation using whole body indirect calorimetry. These results indicate that
the heat changes detected by IRT over the C-SCV were a measure of BAT activation
consistent with the expected metabolic effects, rather than a mere temperature rise caused by
non-specific vasodilatation.
Interestingly, the PET SUV of capsinoids stimulation was below the cut-off for definition of
BAT positivity. However, when we re-windowed through varying the greyscale values of the
displayed window without adjusting the SUV thresholding, faint BAT FDG uptake was still
found (Fig. 4.6). This meant that capsinoids actually activate BAT, though the degree of BAT
stimulation by capsinoids is probably a fraction of what cold stimulation can achieve.
Importantly, the effect of cold exposure is 2-3-folds greater than that of capsinoids even in
BAT-positive subjects, as clearly shown in this and previous studies. Greater responses to
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cold exposure were also observed in blood parameters. It is thus rational to consider that
capsinoids are considerably less potent for activating BAT than cold exposure. This would be
a reason why overt FDG uptake into BAT was undetected after capsinoids ingestion even in
subjects having cold-activated BAT. It is an extremely important discovery because had we
assumed that 18F-FDG PET scanning is the only gold standard and that visible uptake using
the SUV of 2.0 is the only way to define BAT positivity, we would have totally missed all
those who are BAT-positive if we only relied on capsinoids as the BAT-activating stimulus
without employing CIBA. This finding has been published by my team in the American
Journal of Clinical Nutrition (Sun et al., 2018). Since we demonstrated that acute capsinoids
ingestion actually increased EE in BAT positive subjects but apparently did not induce a
detectable BAT activity using standard PET SUV cutoff of 2.0, our study did not contradict
Yoneshiro’s et al. hypothesis that capsinoids ingestion increases EE through the activation of
BAT in humans. However, as that research group did not directly measure the BAT activity
induced by capsinoids ingestion with any standard imaging modality, our results neither
compare fairly with theirs nor disprove their hypothesis. Because we demonstrated that
capsinoids indeed induce an elevation in 18F-FDG uptake in BAT which falls below the
usual CIBA SUV threshold, we concluded that FDG-PET imaging may be less sensitive for
BAT activity detection than EE measurement induced by capsinoids ingestion. It implied that
if capsinoids were used for BAT stimulation, we ought to bear in mind that normal PET scans
using usual SUV cutoff can misclassify a BAT-positive for a BAT-negative subject.
Fortunately, unlike PET, IRT is quite sensitive and capable of detecting BAT activation by
cold and also by capsinoids. This property of IRT makes it a promising method of BAT
detection. Moreover, the fact that capsinoids are capable of activating BAT implied that
many other as yet undiscovered food ingredients could well stimulate BAT and that these
substances might be therapeutic against the scourge of obesity and type 2 diabetes mellitus.
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Thus, we will endeavor to study another GRAS food ingredient (namely, optimized Longvida
curcumin) as yet another BAT-activating nutraceutical in the near future.

6.4. EVIDENCE FOR IRT, MR FF AND EE AS BAT TOOLS
Thus far, our data appear rather promising and support IRT as an alternative BAT imaging
strategy to 18F-FDG-PET. Heat power measurement by IRT at the BAT localized over the
supraclavicular and cervical regions showed a significantly higher amount of heat generated
among BAT-positive subjects as defined by 18F-FDG-PET compared with those who are
BAT-negative by PET in both cold and capsinoid stimulated conditions. This strongly
suggests that BAT detection and quantification by IRT is reliable and congruent with that
measured by 18F-FDG-PET scan. Yet, we can also resort to non-imaging correlates to IRT
that supports its ability as a BAT measurement tool. Although the inverse link between
quantity of functional BAT and glucose homeostasis has been well established (Cypess et al.,
2013; Kubo et al., 2019), being able to replicate this finding using IRT supports this method
as a reliable BAT imaging tool. The correlation of the degree of BAT activation to changes in
BMR lends further credence to the utility of both our novel IRT method as well as indirect
calorimetry as BAT activity assessment tools. The results of this study provide the rationale
to propose IRT as a safe and inexpensive alternative to the current ‘gold standard’ of PET/CT
imaging for detecting BAT activation.
Figs 4.29-4.31 illustrate the correlations between anatomical MRI, fat fraction MRI and PET.
The nice overlaps in BAT by PET and MRI prove that fat fraction functional MRI can serve
as an alternative technique to assess BAT. The associated increase in energy expenditure (EE)
with BAT activation was also measured using whole body calorimetry (WBC). This is
arguably able to detect BAT activation even in situations where BAT cannot be easily
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visualized, such as beige fat dispersed within WAT. Figs. 4.23-4.26 show the significantly
higher level of EE among those who are BAT-positive compared to BAT-negative
individuals when exposed to mild cold or capsinoids. What we have yet to show is whether
BAT-negative individuals upon chronic exposure to cold and/or capsinoids can eventually
develop sufficient beige fat through the process of browning of WAT so as to eventually
become BAT-positive. This is an interesting hypothesis that we will next explore in a
subsequent study (BEACON BEAMS) funded by a separate NMRC nationally competitive
research grant.
Fig. 4.27 shows a strong correlation between the increase in EE upon BAT stimulation by
cold and by capsinoids. But given that the gradient of the linear regression line is ~2, this
suggests that the amount of heat generated by BAT with cold stimulation is twice that
achieved by capsinoids, possibly reflecting the higher efficacy of cold in triggering BAT
activity. The significant correlation between infrared power emitted by BAT and the increase
in energy expenditure (Fig.4.28) indicates that the heat generated by BAT contributes to the
higher metabolic rate as detected by WBC. EE comprises BMR (~50%), thermic effect of
food (TEF ~10%), non-activity adaptive thermogenesis (mostly due to BAT ~ 10%) and
physical activity (~28%). Hence, by increasing BAT activity, it can potentially lead to
negative energy balance and gradual weight loss. Fat-free mass (FFM), largely composed of
skeletal muscles, would be much less likely to play a significant role in terms of
thermogenesis in this acute setting of cold and capsinoids challenge. The recent evidence
suggesting that non-shivering thermogenesis (NST) by muscles in a mice study indicates that
sarcolipin-mediated futile calcium cycling could account for NST in chronic cold adaptation
in addition to BAT. However, during acute cold, shivering thermogenesis is the key
mechanism of heat production by the muscles while NST is mostly due to BAT. In acute cold
and capsinoids challenge, any increase in NST is mostly contributed by BAT as shown by
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most studies in the literature (Ouellet et al., 2012; van Marken Lichtenbelt, 2012). BAT is
undoubtedly the first line of defense against a drop in core temperature and thus represents
the major player in NST in an acute setting. Hence, Fig. 4.23 and Fig. 4.24 depicting a strong
correlation between EE induced by cold and capsinoids is deemed to reflect essentially NST
by BAT rather than NST from non-BAT FFM. All the data here support EE as a sensitive
indicator of BAT activation among healthy subjects.

Finally, this cross-sectional data shows a negative correlation between BAT volume and
visceral white adipose tissue (VAT) (Fig. 4.46). The assumption from this finding is that
those with more BAT are likely to have a higher net level of energy expenditure, fat
oxidation and hence reduced amount of pathogenic VAT depots. More exciting would be a
project in which we hypothesize that processes that result in browning of WAT and activation
of BAT would over time reduce VAT compared to baseline in a cohort of obese individuals
with metabolic syndrome or type 2 diabetes mellitus, with resultant improvement in
metabolic and glycemic parameters. Again, this would be a project to be pursued
subsequently under a separate research funding.

6.5 HEAT DETECTED BY IRT IS RELIABLE INDICATOR OF BAT
Critics of IRT often comment that any increase in heat output observed over the lateral neck
and the supraclavicular regions is none other than a reflection of heightened blood flow
through the carotid and subclavian arteries and their branches rather than BAT activation per
se. Although increased perfusion from vasodilatation is a common reason for observing an
increase in heat output detected by IRT, at least two facts support that BAT activation is the
most likely explanation.
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First, it is important to appreciate that the usual typical thermoregulatory response during
cold exposure is actually vasoconstriction in the skin vessels to conserve body heat by
shunting blood flow away from the skin to minimize heat loss (Charkoudian, 2010). So
finding increased blood flow during cold stimulation is paradoxical as vasoconstriction is
usually the response to cold unless it is due to a process of BAT activation. Secondly, BAT
activation has been shown to be definitely accompanied by increased blood flow due to the
oxygen and nutrient demands of thermogenesis (Foster and Depocas, 1980). Additionally,
given the high amount of heat energy that BAT thermogenesis can generate, an increased
perfusion through the activated BAT to conduct the enormous amount of heat away to avoid
heat injury to the surrounding tissues and in the process distribute heat to the rest of the body
is itself is a sine qua non feature of BAT activation.

While it is plausible that increased blood flow in the carotids may contribute to the raised CSCV skin temperature following cold stimulation, Jang et al. (Jang et al., 2014) had shown
that an increase in supraclavicular skin temperature after cold exposure corresponds to BAT
activation on IRT, which corresponds well with the gold standard 18F-FDG PET scan, in the
absence of shivering. In particular, the temperature difference (Δtemp) between left SCV and
chest during cooling is consistently greater in the BAT-positive (1.2 ± 0.2 to 2.0 ± 0.3°C, P
<0.002) but not in the negative group (0.6 ± 0.1 to 0.7 ± 0.1°C).

To further address the relative contributions to C-SCV skin temperature by the common
carotid artery versus BAT, we can refer to two excellent papers detailing this physiological
change. In the paper by Flück et al. (Fluck et al., 2017) whose cold pressor test was relatively
similar to our cold water immersion design, the blood flow in the common carotid artery
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increased by about 12% following a 3-min cold water challenge. Conversely, Muzik et al.
(Muzik et al., 2013) demonstrated that BAT increased in blood flow by 40-50% under mild
cold stimulation. Since increase in IR output (heat energy) is directly proportional to the
increase in blood flow, it is obvious that BAT is by far the major contributor to the C-SCV
thermal signature detected by IRT. Furthermore, the primary purpose of cutaneous
vasoconstriction is to be the “first line of defence” during exposure to cold environmental
temperatures, by conserving heat in the body core and limiting heat loss to the environment.
As such, while there will inevitably be increased blood flow in the central vasculature
including the carotids, this mechanism may at best maintain core temperature but is unlikely
to propel a significantly marked increase in C-SCV skin temperatures seen in the various
BAT studies that employ IRT. Increasing evidence has also emerged in support of the use of
IRT in assessing BAT activity in humans. A recent study by Law et al. (Law et al., 2017)
recognized that the IRT-measured SCV hotspot closely corresponds to the area of maximal
uptake on PET-CT-derived MR(gluc)MIP images, and greater increases in relative TSCR were
associated with raised glucose uptake. As such, it is reasonable to assume that the pixel of the
highest temperature in the C-SCV area in the thermograms following cold stimulation is BAT.
Nevertheless, more studies are required to tease apart the relative contributions of cutaneous
vasoconstriction and BAT activity on C-SCV temperature, though it would be technically
difficult to studying each factor in isolation.

6.6. BAT ACTIVATION IN HYPERTHYROIDISM
Thyroid hormones are well established to be critical in the development of BAT and
induction of browning of WAT (Weiner et al., 2016; Hoefig et al., 2016), leading to
obligatory thermogenesis in several tissues, including skeletal muscles and BAT (Silva,
2006). Thyroid hormones exert their effects mainly through their actions on thyroid hormone
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nuclear receptors (TR) which are expressed in nearly every tissue of the body (Yen, 2001).
Depending on the tissues, the main isoform of TR responsible for the transduction of thyroid
hormone signaling may vary from TRα1 to TRβ1 to TRβ2 (Sap, 1986; Tata, 1986; Thompson,
1987). In regard to thermogenesis, TRβ is mainly responsible for adaptive thermogenesis via
its control on UCP1 mRNA expression (Ribeiro, 2001). Also, BAT thermogenesis depends
on the expression of UCP1 in its mitochondria (Cannon and Nedergaard, 2004), and T3 is
crucial in the expression of UCP1 in mitochondria of BAT (Christoffolete et al., 2004).
Taken together, the extant literature informs us that thyroid hormones are the drivers of BAT
activation and browning of WAT. This accounts partly for the profound loss of body weight
despite an increased appetite in association with heat intolerance in hyperthyroidism.

The data presented demonstrate that the body weight decrease in the hyperthyroid state
occurred in both lean mass and fat mass. Interestingly, there were no overt changes in fat
depots of the DSAT and VAT compartments, and the only main change occurred in the
SSAT compartment. This suggests possibly that the adipocytes in the SSAT compartment
may possibly express more TR nuclear receptors and hence be more susceptible to browning
under the influence of T3. There are very few published studies on the relative expression of
TRs in the different human adipose tissue depots. One interesting study by Ortega et al.
reported that subcutaneous fat expresses higher TRα1 receptors than omental fat (Ortega FJ et
al., 2009), and that this could account for the higher adipose tissue expandability in
subcutaneous fat compared with visceral fat. The higher expression of TRα1 in SAT could
actually even differ between SSAT and DSAT, since our data showed only changes in SSAT
but not in DSAT fat depot volumes between the hyperthyroid and euthyroid states. However,
there are no published reports showing the difference in TRα1 expression between SSAT and
DSAT in humans. Yet, it is important to point out that TRα1 signaling has been linked
mainly to adrenergic sensitivity rather than browning per se (Ribeiro et al., 2001). This
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implied that thyroid hormone may facilitate catecholamine-induced lipolysis rather than
BAT-induced fat oxidation through the TRα1 receptors, predominantly in SAT and less in
VAT. But evidently even in VAT, thyroid hormone can potentially trigger thyroid hormone
facilitation of catecholamine-induced lipolysis in VAT. An interesting paper revealed the
importance of this pathway as a mutant TRα antagonizes PPARα signaling and impairs fatty
acid oxidation (Liu et al., 2007) as well as being associated with visceral adiposity (Liu et al.,
2003). That could explain why we observed a negative correlation between BAT and VAT
among the healthy subjects even though we did not find any VAT changes in 12 weeks of
ATD treatment to render hyperthyroid patients into the euthyroid state.

To be sure, Ortega et al. did not study the expression of TRβ in SAT versus VAT. Thus, their
work could not answer if VAT can undergo some degree of WAT browning into beige fat,
which will then imply the possibility of ‘whitening’ of beige fat during the switch from the
hyperthyroid state to the euthyroid state. That said, our longitudinal study was possibly not
long enough, since the follow-up period from the hyperthyroid state to the euthyroid state
varied from about 3-6 months while we await the suppressed TSH to return to normal serum
concentrations due to the different duration that individuals take for the effects of hysteresis
(Leow, 2007; Goede & Leow, 2013; Leow, 2016) of the TSH gene expression to wear off.
An important work by Lonn et al. showed that both SAT and VAT did increase gradually by
15% and 28% respectively at 3 months, and 33% and 40% at 12 months of attaining
euthyroidism (Lonn L et al., 1998).

My own laboratory has collected samples of euthyroid human adipose tissues according to
specific fat depots – SSAT, DSAT and VAT under another ethically approved fat biobanking protocol. We can next pursue a research grant to fund an in vitro study on TR
expression differences between these fat depots and then observe their adipocyte responses
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when these tissues are exposed to T3 to clarify this question of whether if SSAT is the key
WAT depot or if VAT also undergoes browning during hyperthyroidism accompanied by
increased FATOX.

6.7. DISCOVERY OF A NOVEL BAT-THYROID AXIS
As shown earlier in Table 4.7, the data strongly suggest that CIBA and capsinoids can
unexpectedly evoke acute changes in FT3 and FT4 with reciprocal changes in TSH. Given
the significant reduction in TSH accompanied by increases in FT3 and FT4 with cold
stimulation (and only an increase in FT4 with capsinoids), our findings support primary
hormonal changes originating at the level of the thyroid gland itself as a rapid form of
response to stimuli that act on BAT. This appears to be the case rather than thyroid hormones
being driven by the hypothalamus or pituitary gland, since there is a detectable significant
negative feedback inhibition on TSH, which probably suggests that the thyroid responds
acutely to BAT stimuli directly and independently of the TRH-TSH axis as a form of rapid
adaptation to the environment.

It is unclear if cold and capsinoid stimulation directly induced thyroidal gland secretion of
pre-formed thyroid hormones or thyroidal enzymatic synthesis of thyroid hormones. To
trigger an accentuated rate of thyroid hormone biosynthesis implies that activated BAT must
somehow release a ‘secretome’ via direct diffusion or active transport of specific hormones
or exocytosis of exosomes which carry a range of molecular cargoes that impact directly on
the enzymatic pathways of thyroid hormonogenesis, such as increasing the expression of
sodium-iodide symporter (NIS), thyroglobulin (Tg), thyroid peroxidase (TPO) and Type I 5’deiodinases (D1 and D2). There is thus a possibility that cold and capsinoids act directly on
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thyroid gland hormonogenesis through BAT, though the mechanism is presently obscure.
Inducing an increase in gene expression tends to take a longer timeframe in the order of
several hours (Déjean et al., 2007; Palou et al., 2008). Thus, the rapidity of this HPT axis
response during acute BAT activation could also reflect a trigger that release thyroid gland
pre-formed thyroid hormones which would be expectedly faster in the order of minutes to a
few hours (Doerge et al., 1994).

The data (Table 4.7) shows that only FT4 was increased whereas FT3 remained largely
unaltered. Close inspection of the data shows that there is also a very slight increase in FT3
but this is not statistically significant. Based on the fact that the majority of thyroid hormone
directly arising from the thyroid gland is T4 while the majority of T3 is derived from
peripheral deiodination of T4 (Fig. 6.1), this finding suggests that BAT activation probably
induces thyroid hormone release from the thyroid gland rather than augmenting peripheral
conversion of T4.

211

Figure 6.1. Different quantities of T4 relative to T3 secreted daily by the thyroid.

From a biological perspective, non-shivering thermogenesis (NST) by activated BAT acts to
raise body core temperature. It may therefore seem counterintuitive that activated BAT which
results in NST then stimulates a slight increase in FT4, as thyroid hormones are themselves
thermogenic (Yau et al., 2019) and capable of stimulating BAT (Silva et al., 2005) and
inducing WAT browning (Lee et al., 2012). The predicted response at first glance is that of a
negative feedback inhibition characteristic of most endocrinologically controlled homeostatic
systems. What we observed here is clearly a positive feedback instead of the expected
homeostatic negative feedback (Fig. 6.2). This is unlikely to be coincidental or clinically
insignificant because even such a small but detectable increase in FT4 was coupled with an
appropriate significant reciprocal reduction in TSH, given that TSH is extremely sensitive
negative feedback inhibition via a log-linear scale of response (Jonklaas et al., 2008; Leow et
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al, 2007; Leow & Goede, 2014; Goede et al., 2014) to mitigate excessive thermogenesis
which would otherwise be deleterious.
This finding of a possible novel hormonal axis is clearly a tentative postulation and certainly
requires further confirmation using a larger sample size as well as by other independent
methods (eg. exosome labeling and tracking from BAT to thyroid follicular cells).
Additionally, it could be useful to examine if such a BAT-thyroid axis is also present in other
mammals via comparative biology, since existence in animals apart from humans would
indicate that such an axis could well be evolutionarily conserved due to survival advantages.
Although speculative, it is possible that the existence of such a novel BAT-thyroid axis is to
ensure that thermogenesis can be rapidly initiated first by sympathetically triggered BAT and
then sustained further by thyroid-induced thermogenesis acting both via BAT and non-BAT
pathways (Dittner et al., 2019).

Figure 6.2. A potential novel BAT-thyroid axis to sustain thermogenesis.
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6.8. LIMITATIONS
There are some limitations and potential difficulties which are elaborated below. Firstly, it
should be noted that IRT likely underestimates the heat energy output from BAT since it
detects changes in temperature at the skin surface, which is a result of heat transfer from the
underlying BAT depots along a temperature gradient, and such a process could be
confounded by subcutaneous adipose tissue thickness (Gatidis et al., 2016). This meant that
for certain individuals with little BAT, weakening of IR signal from excessive subcutaneous
WAT can lead to under detection or false negatives. As our subjects in both TACTICAL-II
and TRIBUTE studies were not obese, the SAT overlying any BAT in the SCV was probably
not significant. So our IRT results were unlikely to be confounded by this factor.

Secondly, it will appear to most reviewers that the study sample sizes were relatively small in
the research projects carried out here. It is certainly true that too small a sample size will
always limit the ability to generalize the findings or test the hypotheses. But we were
statistically powered for the key hypotheses under investigation. We concur that for some
other endpoints, a sample size of N ~ 20 could be too small to detect signals of low effect size.
But for a number similar prospective human studies published in the BAT literature in
renowned journals of high impact factors, sample sizes between N = 8 – 24 were statistically
powered to address their hypotheses conclusively (Fraum et al., 2019; Law J et al., 2018;
Jang et al., 2014; Leitner et al., 2017; Holstila et al., 2017; Koskensalo et al., 2017).
Compared against these papers, our sample sizes in both the 2 pilot and 2 main (TACTICALII & TRIBUTE) studies were probably adequate.

Thirdly, we concede that we did not apply EMG to accurately assess if we had totally
avoided shivering thermogenesis which would lead to skeletal muscle heat generation
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measured on IRT to confound our measurements of EE and BAT heat production in the cold
stimulation components of our studies. We had tried our best to mitigate against shivering by
a more gradual cooling protocol using the whole body calorimeter which we could adjust the
temperature down a gentle gradient. Also, we attempted to check with all the subjects
regularly if they had subjective sensation of shivering via direct questioning during the
cooling protocol as well as observe them closely for any shivering that might have occurred.

An additional limitation of this study is that the 18F-FDG-PET scan was not conducted under
control conditions, i.e., warm condition, and placebo ingestion. Ideally, including such
conditions into the study design will allow a more scientifically robust conclusion to be
drawn. But as there was a need to restrict the amount of radiation exposure of PET scanning
per healthy subject for the study to be ethically approved, and to reduce costs which would
otherwise be prohibitive. Hence, we had to sacrifice and conduct the study without the
control conditions, a situation which was also shared by other BAT researchers elsewhere.
Also, it is difficult to compare our study with other researchers because while there are many
cross-sectional studies being published, there is extremely few published longitudinal followup to examine for changes in a range of variables during the transition between thyroid status.

Finally, we also acknowledge that the results of this study is also limited in part by the fact
that our image processing and BAT segmentation algorithm is probably not available to every
investigator round the world due to the programming codes being written using MATLAB
software. We realize that MATLAB is not a mathematical software that many researchers
possess due to its high costs. In future, our image processing scientists will attempt to code
the program using other software that can be implemented widely on smartphones so as to
allow our technique to be more readily and meaningfully applied worldwide.
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CHAPTER 7
CONCLUSIONS
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7.1 INTRODUCTION
The existence of BAT in adults and the ability to brown WAT hold the promise of harnessing
the action of focused fat oxidation via thermogenesis on the excess fat calories to curb
overweight and obesity (Zingaretti et al., 2009; Cypess et al., 2009; Virtanen et al., 2009;
Saito M et al., 2009; Chechi et al., 2013). While the developmental origins of BAT remains
debatable as classic and beige BAT adipocytes may arise from different precursors
(Spiegelman, 2013; Smorlesi et al., 2012; Frontini A et al., 2013), there are observations
which suggested that human BAT may arise substantially through the browning of WAT via
induction by sympathetic nervous system activation as well as by a range of endocrine factors
including BNP-7, FGF-21, natriuretic peptides. This implies that beige fat may be more
relevant in human adults compared to classical brown fat in accounting for total thermogenic
potential of BAT. On the basis of computations by Rothwell and Stock, activating 50g of
BAT amounts to an increase in daily EE by 20% (Rothwell & Stock, 1983), a sizeable
fraction of metabolic rate that can tip the overall energy balance in favor of weight loss by
10-20 kg within a few years.

Yet, some recent reports are casting doubts over the effectiveness of activated BAT in the
control of body weight in humans (Muzik et al., 2013) as a decrease of 20 kg body weight in
an obese person requires an obligatory reduction of 400 kcal/day in EE. This exceeds the
capacity of any thermogenic compounds currently known which expend no more than 150
kcal/day (Dulloo, 2013). So it is necessary to re-examine this notion of BAT being the
panacea against obesity. Notwithstanding this, it is still feasible for activated BAT to attain an
increase of 24h EE by 50-150 kcal/day, a level compatible with dissipating extra calories to
achieve weight maintenance, assuming that there is up to about 50g of activatable BAT in the
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body. From the available literature, most adult humans possess anywhere from negligible to
200g of BAT (Virtanen et al., 2009). Increasing evidence also suggests that those classified
as BAT-negative by so called ‘gold standard’ 18F-FDG-PET/CT scanning may still reveal
the presence of UCP-1 positive beige adipocytes within the SCV (Lee et al., 2011), which
suggests that PET/CT has suboptimal sensitivity for BAT detection and thus many more
people could well possess BAT so as to be amenable to BAT recruitment and WAT browning
by thermogenic compounds. Hence, even among those with negligible classic BAT, there is
still a possibility of inducing sufficient browning of WAT to beige fat that can then in turn be
activate sufficiently for expending excess calories for weight control. Cold stimulation as an
adjunct to thermogenic compounds is still another BAT stimulant that deserves exploration.
Studies in adult humans have revealed that 10 days of cold acclimatization to ambient
temperatures of 15-16 degrees Celsius led to an about 300 kcal/day of NST (van der Lans et
al., 2013). Longer term exposure to lower ambient temperature of 12 degrees Celsius has
been shown to stimulate NST exceeding 600 kcal/day (Davis, 1961). This level of energy
expenditure if sustainable and durable will potentially be able to overcome the energy gap of
600 kcal/day required to lead to a lasting weight loss of up to 20 kg in an obese individual. In
the light of novel discoveries of new nutraceuticals and endogenous hormones with browning
and BAT-activating properties, there is a urgent need to take BAT research to a whole new
level, and this requires switching from harmful PET/CT scanning to adopting safe and
reproducible methods of BAT detection that can be implemented on mobile platforms widely
adopted by people worldwide.
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7.2.

CONCLUSIONS FOR EACH RESEARCH ISSUE

While BAT localized and segmented by IRT and MR FF aligned and corroborated well with
PET anatomically, they are less well functionally correlated to PET due to inherent
differences in the underlying scientific principles in each imaging methodology.
Nevertheless, BAT temperature and heat power as measured and calculated by IRT varied in
direct proportion with PET, while BAT activity using MR FF varied inversely with PET.

Conclusion 1:
- BAT activation appears to be reliably detectable using IRT and MR FF, both
imaging techniques being safe and proven against gold standard PET.

Cold is far more potent a stimulus for BAT activation compared against other forms of
stimuli. Using a PET SUV of 2.0 g/mL to define BAT positivity (Ouellet et al., 2012;
Matsushita et al., 2014; Leitner et al., 2017) renders PET/CT a less sensitive method of BAT
detection as many other agents apart from cold (eg. capsinoids) that stimulate BAT lead to
lower 18F-FDG uptake and hence may result in subjects undergoing PET/CT studies
erroneously catgeroized as “BAT-negative” even when they clearly have been proven to
possess functionally active BAT.

Conclusion 2:
- Although PET remains the reference yardstick with respect to BAT imaging at
the present, it is inferior in sensitivity for BAT detection when stimuli other
than cold are used to activate BAT.
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In terms of the ability to detect BAT activation, 18F-FDG PET/CT only measures glucose
substrate uptake by active BAT whereas fatty acids are the chief fuel substrates of active
BAT (Ma and Foster, 1986; Blondin et al., 2017). During cold stimulation in a BAT-positive
person, plasma glucose oxidation accounts for ~30% of the increase in resting EE whereas
plasma FFA oxidation accounts for the remaining 70% of the increase in resting EE
(Chondronikola M et al., 2014; Ma & Foster, 1986). IRT which measures heat output as the
final end-product of BAT activation is thus arguably a better detector of BAT, a finding
borne by our data whereby capsinoids stimulation of BAT was clearly detectable by IRT but
escaped detection by 18F-FDG-PET in those who are proven to be BAT-positive by 18FFDG-PET under cold stimulation. Similarly, MR FF which relies on the physiology of active
BAT in hydrolyzing intracellular TG and fat oxidation of FFA was able to detect BAT by
both cold and capsinoid stimulation as shown by our data.
Conclusion 3:
- Both IRT and MR FF may be more sensitive than PET for BAT detection
when non-cold stimuli are used to activate BAT.

As a corroborative measure, we used indirect calorimetry - a non-imaging method to detect
the increased EE of thermogenesis during BAT activation. We found that indirect calorimetry
was a very sensitive marker of BAT activation regardless of stimuli use, cold or capsinoids.
Increased in EE was higher in BAT-positive compared to BAT-negative individuals.
Conclusion 4:
- Indirect calorimetry may be a highly sensitive indicator of BAT activation and
can be used to quantify the metabolic rate and determine the substrate utilized
by activated BAT.
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Unravelling the differences in WAT depots has been a keen research interest I have since the
past decade. Together with a group of endocrinologists, metabolic physiologists, basic
scientists and bariatric surgeons, we have been examining how Caucasians and Asians differ
in the manner they store excess calories and our research which has been reported and
published supports a clear existence of an Asian phenotype in which Asians tend to deposit
fat in the VAT compartment whereas Caucasians tend to deposit fat in the SAT compartment
as many other researchers elsewhere have also found. There is overwhelming evidence from
existing literature that VAT is metabolically unhealthy and is linked to the adverse sequelae
of obesity, including hypertension dyslipidemia and diabetes. Hence, it is part of my mission
to seek a further understanding into any other factors such as the presence or absence of BAT
that also contribute to the tendency to deposit adipose tissue in the various fat depots of the
body. In this present project, we have unraveled the finding that BAT (as determined by
either 18F-FDG-PET, MR FF, IRT or EE) does vary inversely with all fat depots of the body
based on the statistically significant correlations shown in our data. But intriguingly, when
we examined how the fat depots have changed when a patient transitioned from the
hyperthyroid to the euthyroid state, it was predominantly the SSAT compartment that was
significantly changed over a period of up to about 3-6 months that it took for hyperthyroid
patients to achieve a state of euthyroidism defined as the normalization of FT3, FT4 and TSH.

Conclusion 5:
- The quantity and activity of BAT as detected by any of the above techniques
correlate inversely with the amount of WAT depots in the body.
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We also sought to determine if the amount of BAT did confer any significant changes to
metabolic parameters such as fasting plasma glucose, lipids, insulin and insulin resistance.
Both our pilot study (TACTICAL) and our main study proper (TACTICAL-II and TRIBUTE)
revealed that there was indeed an inverse association between BAT and metabolic profile.
Our study showed cogent data that support the beneficial effects of BAT by its mitigating
influence on features of the metabolic syndrome which indicate that it is a reasonable
assumption that we should attempt to figure out ways to accentuate BAT mass and activity
and/or induce browning of WAT and also reduce any subsequent tendency to ‘whitening’ of
beige fat.

Conclusion 6:
- BAT as detected by IRT and MR FF correlate inversely with circulating
glucose and insulin resistance.

Our data also showed that thyroid hormone (FT3) correlates positively with PET SUV by
BAT. This implies that thyroid status is a factor that can exert an influence on BAT such that
changes in the latter can in turn be reflected on tools like PET, MR FF, IRT and EE. We have
shown this to be the case, thus leading us to the next conclusion.

Conclusion 7:
- Blood concentrations of thyroid hormones in healthy individuals correlate
with PET, IRT and EE, thereby supporting the role played by thyroid
hormones in influencing BAT mass and activity.
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Because one of the main endpoints that the TRIBUTE Study examined was WAT
partitioning, we assessed how WAT volumes were altered during the transition from the
hyperthyroid to the euthyroid states. We found that WAT depot volumes generally correlated
inversely with thyroid hormones during hyperthyroidism which is not a surprising fact. But
the interesting part is that out of all the fat depots, mainly SSAT showed a statistically
significant increase going from the hyperthyroid to the euthyroid state. We expected to find
VAT changes but conceded that our study duration was probably somewhat too short to find
a profound change in this fat depot. We acknowledge that this is partly due to lag time bias
(since we did not follow up further from the time point that the euthyroid state was attained),
and partly also because the rate of change in VAT and other fat compartments may not be the
same going from euthyroidism to hyperthyroidism as opposed to from hyperthyroidism to
euthyroidism, this rate being governed by differential systemic effects on gene expression by
thyroid hormones according to the directionality of the switch in thyroid status.

Conclusion 8:
- All WAT depots correlate inversely with thyroid hormone during
hyperthyroidism, but only SSAT showed a significant increase as patients
transitioned from the hyperthyroid to the euthyroid state.
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7.3. IMPLICATIONS FOR SCIENCE AND THEORY
As in most scientific research, the more findings and facts we unravel, the more questions
and hypotheses the newly acquired knowledge seemingly generate. In our quest to prove that
other safer and better methods of BAT imaging are possible alternatives to PET, we realized
that BAT detection itself by any investigative tool may be fraught with more unexpected
challenges than we had initially suspected.
That capsinoids activate BAT to subthreshold PET SUV levels imply that it is necessary to
confirm the presence or absence of BAT by comparing the technique used against cold as a
stimulus to avoid the situation of false negatives. Hence, the use of any BAT detection tools
should always take into consideration that the ability of the technique to demonstrate the
presence of BAT is dependent on the strength and potency of the stimuli used. We should
appreciate that our ‘discovery’ was analogous to the manner that led to the original discovery
of BAT in adult humans. What spurred those researchers to question if BAT exists in adult
humans was in fact related to how they capitalized on the puzzling transient changes in 18FFDG uptake among “lesions suspicious for cancer metastases” among cancer patients who
underwent PET scanning during cancer staging and follow-up for distant metastases that
seemingly vanished and reappeared depending on whether they were cold in the PET
scanning facility and whether a warming blanket wad offered to them if they were shivering.
We had since published our discovery in the American Journal of Clinical Nutrition to
forewarn other BAT researchers of the pitfalls of using 18F-FDG PET as a tool for studying
nutraceuticals in their ability to stimulate BAT. As well, we recognize that BAT is a tissue
that can exhibit considerable plasticity depending on the persistence of the relevant stimuli
(exogenous and endogenous) under study. The same BAT depot present in an individual
could react and activate differently depending on the types of stimuli presented to it. Even if
browning of WAT has occurred, the degree of sympathetic innervation to this beige fat can
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also determine its final capacity for NST. Since nerve supply to any organ is dynamic and can
change in adaptive response depending on the environmental exposures (eg. presence of cold)
(Cao et al., 2019; Zhu et al., 2019), this implies that merely inducing WAT to become beige
using any nutraceutical such as capsinoids may not translate into increased NST if that beige
fat is devoid of sympathetic innervation. So this implies that a combination of factors acting
in concert (especially by incorporating cold stimulation in the browning protocol) rather than
any single factor acting in isolation is a more efficient method of triggering the induction of
sufficient browning and BAT to a level that can become effective as a means of weight
control and weight loss among the overweight and obese.
Next, an interesting ‘absence of an expected result’ led to our reasoning is that the vector or
directionality of the transition in thyroid states may confer unequal degrees of gene
expression with consequent differences in degrees of associated phenotypic alterations, a
concept illustrated in the simplified schematic below (Fig. 7.1).

Figure 7.1. Unequal and different gene expression profiles (L ≠ L’) in the transition from
hyperthyroid to euthyroid states and vice versa can contribute to incongruent or discordant
changes in phenotypic endpoints (P ≠ P’) such as fat depots, leading to decrease in VAT
during thyrotoxicosis but no detectable changes in VAT during recovery to euthyroidism.
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My research group and collaborators had conducted an animal ethics-approved murine study
of a model of thyrotoxicosis using C57BL6 mice with basic scientists colleagues in 20132015 which confirmed that the resultant gene expression patterns due to hormonal changes
from the euthyroid state to the thyrotoxic state differed significantly from that which occurred
when the states switched from the thyrotoxic state to the euthyroid state (Ohba et al., 2016;
Ohba et al., 2017). This supports the enigmatic observation that VAT seemed not to change
substantially going from the hyperthyroid to the euthyroid state. Perhaps VAT does not alter
to equal extents from the euthyroid to the hyperthyroid state compared to during treatment of
a hyperthyroid state till euthyroidism is achieved. It is however likely that VAT does
decrease significantly when euthyroid individuals develop hyperthyroidism. But it would not
be feasible to do a prospective clinical study to resolve this question because we will never be
able to follow up a cohort of normal healthy euthyroid people till they develop
hyperthyroidism spontaneously as that could take decades. As well, it is not ethically
acceptable to deliberately induce thyrotoxicosis in healthy people and observe if their VAT
volume or mass alters with an increase in thyroid hormones to supraphysiological and
pathological levels as this is a potentially harmful maneuver with risky consequences.

Finally, our serendipitous discovery of a possible ‘BAT-thyroid’ axis potentially mediated by
exosomes showed that in theory, there is an inherent biological advantage of thyroid
hormone-induced activated BAT that in turn stimulate thyroid glandular secretion of thyroid
hormones, a positive feedback mechanism. Basically, the principal function of BAT is NST
as a defense mechanism to prevent hypothermia from happening. Since BAT can be activated
by thyroid hormones and thyroid hormones are themselves thermogenic, when BAT is
activated, its capacity for NST is amplified further if it can then augment an increase in
thyroid hormones release.
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We can view this as a coordinated sequence of an evolutionarily conserved physiological
response to prevent a deleterious decline in core temperature of an organism. During a
sudden profound cold exposure, before sufficient BAT is present or activated, the only way
that the organism can generate heat initially is by muscle contraction through shivering. The
sympathetic stimulation that occurs in rapid succession then triggers a swift, robust BAT
response among people who possess BAT. Activated BAT then generates heat via NST
which then replaces shivering thermogenesis. But activated BAT probably also triggers and
accentuates thyroid hormone secretion through yet unknown mechanisms (potentially
mediated by BAT-derived exosomes) so that thyroid hormones can next activate more
existing BAT (short positive feedback loop) and also set in motion the processes of thyroid
hormone-induced browning of WAT which can then lead to further heat generation by beigetype BAT in WAT depots, which may or may not then stimulate more thyroid hormone
secretion (theoretically this would represent a predicted ‘long positive feedback loop). The
net result is a more sustained, efficient heat generation that will maintain thermal homeostasis
to better protect and adapt the organism from hypothermia in the presence of chronic cold
environment. It remains speculative if nutraceutical-triggered BAT activation will be as
effective as cold stimulus to have a clinically tangible effect operating through this BATthyroid axis. A recent report suggested that beige fat may not contribute to NST due to its
‘functional denervation’ (Johann et al., 2019). With negligible adrenergic input, they
concluded that beige fat from browning lacks the capacity for NST. However, we should
view this with caution and some healthy skepticism as their study is on mice and not humans,
which may thus not be extrapolatable. Moreover, they did not measure SNS activity or
examine for any change in sympathetic innervation in beige fat upon prolonged exposure to
cold, since the beiging experiments were studied at 23 and 30 deg C over a short term. On the
contrary, others have earlier established WAT intra-adipose sympathetic plasticity regulated
by NGF-TrKA signal during cold-induced beiging/browning (Cao, et al., 2018).
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7.4. IMPLICATIONS FOR MEDICINE AND PRACTICE
One of the useful practical implications arising from our study is that there could well be
untold numbers of nutraceuticals that are thermogenic just like capsinoids that we can tap on
to add to the arsenal of BAT functional foods to tackle obesity. This can certainly be
investigated in future studies. However, until we can increase their BAT-stimulating potency
to match cold stimulation, we cannot claim that nutraceuticals can be utilize in the population
as an obesity control strategy. Nevertheless, it is helpful to study their different mechanisms
of BAT activation at the molecular level so that we can both understand the biology of BAT
better and also elucidate how we can further augment the BAT response to nutraceuticals.
The other practical implication is that we can try to implement a miniaturized method of IRT
for BAT detection that can be readily available to the population at large. We envisage the
scenario when most people can access their own individual built-in thermal camera on their
mobile smartphones and take infrared selfies of their neck and SCV regions for BAT heat
output computations using powerful smartphone software apps, and then determine what
types of foods they eat that have a beneficial action on BAT. This can potentially have
positive effects on promoting long term health to the population by influencing and
reinforcing eating behaviors which activate BAT via healthy food choices that contain potent
BAT-activating nutraceuticals.
Finally, through our experimental work on exosomes to decipher the activated BAT
secretome, we believe we are on track to discovering some specific protein candidates or
proteome signatures that may work in practice as novel biomarkers of BAT activation. If
successful, this can then become the next generation of BAT detection tools totally
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independent of BAT imaging. Although the ultracentrifugation methodology of exosome
isolation is not complex in principle, an important obstacle is the fact that steps leading to
LCMS-tandem mass spectrometry to elucidate the whole repertoire of proteins is a costly and
tedious endeavor. The literature also shows that apart from proteins, exosomes can carry
other molecular cargoes, including nucleic acids like mRNA and even non-coding RNA such
has microRNA and circular RNA (Zhang et al., 2019). Obviously for this to be truly practical,
we need to modify the exosome method so that it is affordable and cost-effective to be
conveniently exploited in the clinical or research setting.

7.5 SUMMARY
I end this thesis with the following summary statements:

 Increase in IRT heat power output over the neck/SCV regions correlates with PET
FDG uptake, thus corresponding to BAT stimulation
 IRT, MR FF and indirect calorimetry are able to detect BAT activation
 Increased EE & FATOX are associated with higher levels of BAT
 Thyroid hormones are correlated to PET SUV, MR FF, IRT, EE, FATOX, and
reduced WAT depots and LDL-C, supporting that thyroid hormones directly activates
BAT in vivo with metabolic impact
 BAT-positive people have higher FT3 relative to those who are BAT-negative
 FT4 levels increased significantly accompanied by reciprocal suppression of TSH
after acute cold exposure and capsinoids ingestion independent of treatment and
subject status
 FT3 at baseline was significantly associated with change of EE from baseline after
cold exposure (p = 0.037) and capsinoids (p = 0.047) after adjusting for body fat
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1.

SCREENING FORM - TACTICAL-II STUDY

TACTICAL-II Study Screening Form
Subject ID: __________________

Screening date & time: ___________________

Gender: M / F

Ethnicity: _____________________

Date of birth: ___________________

Age (as of this date): ___________

Resting heart rate: ______________

Resting BP: _______________ mmHg

Anthropometry

1

2

Mean

Height (cm)
Weight (kg)
BMI (kg/m2)
BIA (% body fat)
Waist circumference (cm)
Hip circumference (cm)
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Are you a smoker? Yes / No
Are you on prescribed medications? Yes / No
Are you on any off-the counter medications? Yes / No
Are you taking any traditional Chinese medicines (TCMs)? Yes / No
Do you have any drug or food intolerance or allergy? Yes / No
If yes, what are they? ____________________________________________________

Do you train regularly and take part in competitive sports? Yes / No

For pre-menopausal women only:
Are you presently or intending to be pregnant soon? Yes / No
Start date of last menstrual cycle: ____________________________________________________

For official use only:
(For pre-menopausal women only)
Urine pregnancy test result: Negative / Positive
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2. INFORMED CONSENT – TACTICAL-II STUDY

INFORMED CONSENT FORM

1. Study Information

Protocol Title:

Brown Adipose Tissue Activation and Energy Expenditure by Capsinoids Stimulation with
Trimodality Imaging using 18F-FDG-PET, Fat Fraction MRI and Infrared Thermography
(TACTICAL-II)

Principal Investigator & Contact Details:

A/Prof Melvin Leow Khee Shing
Deputy Director, Clinical Nutrition Research Centre (CNRC)
Tel: xxxx0105
Mobile number: xxxx3172

Study Sponsor:

NMRC Clinician Scientist Award Grant
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2. Purpose of the Research Study

You are invited to participate in a research study. It is important to us that you first take time
to read through and understand the information provided in this sheet. Nevertheless, before
you take part in this research study, the study will be explained to you and you will be given
the chance to ask questions. After you are properly satisfied that you understand this study,
and that you wish to take part in the study, you must sign this informed consent form. You
will be given a copy of this consent form to take home with you.
You are invited because you are a healthy adult man or woman without any background
history of chronic medical illnesses that may interfere with the brown fat reserves in your
body. Our body fat (adipose tissue) is largely made up of white adipose tissue (WAT) that
stores surplus energy as white fat depots. In addition, adult humans have another type of fat
similar to the brown fat in babies that burns up fat to generate heat for maintenance of body
temperature during cold exposure. Adults have much lesser amounts of such brown adipose
tissue (BAT), most of which are located within the sides of the neck and under the skin above
the collar bones as well as along the sides of the spine. BAT consists of both classical brown
fat identical to that found in babies as well as beige fat (composed of brown-in-white or ‘brite’
fat cells) found mainly in adults. Both types of BAT burn fat upon activation by various stimuli
such as cold or by substances like capsaicin found in chillies and peppers.
This study is carried out to find out the different ways that BAT present in healthy adults may
be assessed by both imaging procedures as well as by measuring metabolic rate.

Some of the requirements to be in this study are the following:

1. You must be aged 21 to 40 years old
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2. You must be generally healthy with no history of chronic illnesses
3. You are able to give informed consent.
4. You must have body mass index (BMI) between 18.5 to 29.9 kg/m 2 inclusive
5. Your thyroid function test must be within the normal ranges
6. Willing to avail yourself for the whole study and follow study procedures
You cannot participate in this study if:



Recent changes in weight of >5% over the past 6 months



Attempts to lose weight over the past 6 months



Significant changes in diet over the past 6 months



Any use of weight reducing drugs in the past 6 months



Previous weight reducing surgery



Any use of investigational drugs in the past 6 months



Subclinical thyroid dysfunction based on thyroid function test



Chronic illnesses such as diabetes mellitus or cancer



You have a known history of thyroid, liver or kidney disease



Use of any prescription medication that cannot be safely discontinued within
14 days prior to study entry



Female subjects who are pregnant



Oral medications affecting brown fat activity (eg. alpha agonists or blockers,
beta agonists or blockers, sympatholytic agents) which the researchers will
clarify with you



Chronic topical ointment with menthol or capsaicin or use of nasal
decongestants



History of surgery with metallic clips, staples or stents



Presence of cardiac pacemaker or other foreign body in any part of the body
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History of claustrophobia particularly in a MRI scanner



Had a PET scan done within the past 4 months

This study will recruit 30 healthy volunteers from the general public over a period of 2 years.
About 15 men and 15 women subjects will be involved in this study.

3. What procedures will be followed in this study

If you take part in this study, you will be asked to come to the Clinical Nutrition Research
Centre (CNRC) for a screening visit (1st visit) in which you will undergo a blood sampling from
your vein (6 mL or approximately 1.5 teaspoons) to be tested for thyroid, liver and kidney
function tests. Pre-menopausal females will also undergo a urine pregnancy test to exclude
pregnancy prior to participation at study entry. You will also undergo anthropometry (ie.
measures of body weight, height, waist and hip circumference), non-invasive percentage fat
estimation using bioelectrical impedence analysis (BIA) and assessment of body composition
by Air Displacement Plethysmography (Bodpod®). You will then undergo a cold water
challenge by submerging your hands and feet in 18 ± 2oC water for 5 minutes with infrared
thermography (IRT) focusing on your neck and area above the collar bone images taken at
periodic time intervals. These are performed because you can only be recruited into the
study proper if these laboratory tests should be proven normal. You will next be required to
turn up for three or four further study visits, depending on the results from the 2 nd visit (first
test session).

On the 2nd visit (first test session), you will need come to CNRC in the morning and receive

269

your laboratory test results. If these are all shown to be normal, you will qualify to be
recruited for the study proper. These will include undergoing body composition evaluation
using dual energy X-ray absorptiometry (DXA) which allows quantification of fat, lean and
bone mass, magnetic resonance imaging (MRI) of abdominal white fat, magnetic resonance
spectroscopy (MRS) of liver fat and baseline positron emission tomography (PET scan) with
simultaneous fat fraction MRI scanning of BAT. You will then be served 8 gel capsules (= 12
mg) of capsinoids to be swallowed with some plain water in CIRC. Capsinoids are naturally
occurring non-pungent, non-spicy forms of the spice called capsaicin found in chillies and
peppers. These substances taken orally have been shown to be able to effectively stimulate
BAT in the body. Use of capsinoids to stimulate BAT is essentially safe as capsinoids are
naturally occurring plant derived substances from Capsicum annuum and generally
recognised as safe for human consumption. The US FDA has approved capsinoids as
‘Generally Recognised as Safe’ (GRAS) status and allows this to be taken as foods
ingredients. Subsequently, you will receive an intravenous injection of a radioactive labeled
glucose called 18-FDG through an intravenous cannula. This will be followed by PET and fat
fraction MRI scanning over the next 1 hour to understand the difference between BAT activity
prior to and post-capsinoid ingestion. MRI of abdominal white fat and MRS of liver fat will
follow thereafter for the next 1 hour. The MRI, MRS and PET scan will be performed for the
next 2 hours in Clinical Imaging Research Centre (CIRC) located at the basement level of the
same building.
On the 3rd visit (second test session), you will need come to CNRC in the morning first.
Depending on your scan results on the second visit, you will either
- if FDG uptake is demonstrated in the 2nd visit, proceed to CIRC directly for an
intravenous injection of a radioactive labeled glucose called 18-FDG through an
intravenous cannula and followed by PET and fat fraction MRI scanning over the
next 1 hour. MRI of abdominal white fat and MRS of liver fat will follow thereafter for
the next 1 hour. You will not need to come for a 5th visit (fourth test session).
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OR
- if no FDG uptake is demonstrated in the 2nd visit, undergo a mild cold stimulation of
about 14C by wearing a cooling vest with iButtons® (on 5 different upper body
locations for skin temperature measurements) for approximately an hour to two
hours before proceeding to CIRC for an intravenous injection of a radioactive labeled
glucose called 18-FDG through an intravenous cannula and followed by PET and fat
fraction MRI scanning over the next 1 hour. MRI of abdominal white fat and MRS of
liver fat will follow thereafter for the next 1 hour. You will then also need to come for
a 5th visit (fourth test session).
**Note: Wearing the cooling vest may lead to some shivering, but it is generally
considered safe.

On the 4th visit (third test session), you will need to come to CNRC in the morning and a
fasting blood sample (12 mL or approximately 2.5 teaspoons) will be taken. A urine sample
will also be collected before you proceed to undergo metabolic rate measurement with IRT
focusing on your neck and area above the collar bone in a whole body room calorimeter for
the next 45 minutes. You will next be served 8 gel capsules (= 12 mg) of capsinoids to be
swallowed with some plain water. Metabolic rate measurement and IRT in the whole body
calorimeter will continue for the next 120 min after the capsinoids have been ingested. At the
end of this period, another urine sample will be collected and 12 mL (approximately 2.5
teaspoons) of blood sample will be drawn again.
On the 5th visit (fourth test session), you will need come to CNRC in the morning and a
fasting blood sample (12 mL or approximately 2.5 teaspoons) will be taken. A urine sample
will also be collected before you proceed to undergo metabolic rate measurement with IRT
focusing on your neck and area above the collar bone in a whole body room calorimeter for
the next 45 minutes. You will then undergo a mild cold stimulation of about 14C by wearing
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a cooling vest for the next 120 min, in which metabolic rate measurement and IRT in the
whole body calorimeter will be performed during this period. At the end of this period, another
urine sample will be collected and 12 mL (approximately 2.5 teaspoons) of blood sample will
be drawn again.
For each of the 5 visits, you will be required to fast overnight and avoid caffeine and alcohol
for 8-10 hours before reporting at the CNRC in the morning between 8 to 9 AM. Only plain
water can be consumed during the fast. You are to avoid any physical activity/exercise and
alcohol on the day prior to the visit.
Please also take note that:
- The 2nd, 3rd, 4th and 5th visits will be scheduled with a minimum 48h capsinoids
washout in between.
- The 3rd, 4th and 5th visits will be held in no particular order.
- All five visits are to be completed within a month.

DXA – Dual energy X-ray Absorptiometry (15-20 mins)

Dual energy X-ray Absorptiometry will be used to assess bone
mineral density and body composition. You will be required to lie
still on a bed while the scanner moves over your body. One whole
body scan will be performed, with the typical scan duration being
10-15 minutes depending on your height. You will then be
repositioned for a second scan (to look at your left hip) which will
take approximately 5-7 mins. The scan poses no discomfort and involves a minimal radiation
exposure that is no more than the exposure encountered in everyday living.
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BIA – Bioelectrical Impedance Analysis (5 mins)

This is a standard technique for estimating body composition. A
small, harmless electrical current is passed through the body,
which determines the electrical resistance of body tissues. Water
conducts electricity, fat does not and an estimate of total body
water (TBW) can be made. TBW can then be used to estimate
fat-free body mass and body fat. It is completely painless and
takes less than a minute.

Bod Pod® – Air Displacement Plethysmography (10 mins)

This test measures the volume of your body. It involves sitting
in a machine known as the Bod Pod® for two one-minute
periods. The test is performed while wearing a swimming
costume or minimal tight fitting clothing and a swimming cap
(this is to prevent the body appearing larger than it is – there
is no water involved).
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Whole body calorimetry (165 min)
You will wear standardized testing attire of
singlet and shorts, sit quietly on a chair within the
calorimeter chamber the size of a small enclosed
room at approximately 24C. The gases within
the atmosphere of the room will be analyzed in order to determine the rate of oxygen
consumption and rate of carbon dioxide production to yield an indirect estimate of oxidation
of fuels in your body and a measure of your metabolic rate.

IRT - Infrared Thermography (during screening and
calorimetry)
Infrared thermography with a thermal camera (FLIR
model) will be done in the calorimeter. Infrared images
will be taken over the exposed skin of your neck and
above your collar bones on both sides.

Fusion PET-MRI Positron Emission Tomography-Magnetic Resonance Imaging (60-120
min)
You will lie on supine within a doughnut shaped
scanner. After an injection of a radioactive glucose
into an intravenous cannula inserted into your arm
vein, simultaneous PET and fat fraction MRI scanning
will take place to study your brown fat activity and
volume. This will be followed by another MRI to examine abdominal white fat depots.
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Your total participation time in the study will last about 12 (for 4 visits) or 16 hours (for 5
visits) in total, as per the following:
- an hour for the 1st screening visit
- four hours for the 2nd study visit
- three hours for the 3rd study visit
- four hours for the 4th study visit
- four hours for the 5th study visit
You will take 8 capsinoids capsules only twice on the 2nd and 4th study visit. In total, all test
sessions can be timed to occur within a month. You will need to visit the CNRC five times
and the CIRC twice in the course of the study.
In total, eleven (11) teaspoons (~ 54 mL) of blood will be taken as part of this study.
Any blood, urine or tissue specimens obtained during the course of this study will be stored
and analyzed only for the purposes of this study for a period not exceeding 10 years after
completion of the study.

275

4. Your Responsibilities in This Study

If you agree to participate in this study, you should follow the advice given to you by the
study team. You should be prepared to visit the CNRC for 5 visits and the CIRC for 2 visits
and undergo all the procedures that are outlined above.

5. What Is Not Standard Care or is Experimental in This Study

The study is being conducted because infrared thermography (IRT) and fat fraction magnetic
resonance imaging (MRI) are not yet proven to be a standard imaging evaluation of brown fat
in human subjects. We hope that your participation will help us to determine whether infrared
thermography and fat fraction magnetic resonance imaging are equal or superior to existing
positron emission tomography (PET) scanning for brown fat in humans.
The imaging for brown fat assessment and whole body calorimetry for metabolic rate
measurement in this study are only being performed for the purposes of the research, and
are not part of any routine or standard care.

6. Possible Risks and Side Effects

Allergic reactions can occur with any food or drug, including the capsinoids that will be
served to you for this study. Common symptoms may include: rash, itching etc.
Rarely, a severe and possibly life-threatening allergic reaction can occur. Symptoms of a
severe reaction include: swelling of the face, difficulty breathing, or a sudden drop in blood
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pressure that may cause dizziness. If you have any of these symptoms, you should inform
the team researchers at once.
The risks related to dual energy X-ray absorptiometry are the low energy X-rays which in
effect amount to roughly a tenth of the amount of radiation one gets from a standard chest Xray in the hospital. As for the radiation exposure from PET scanning, this will be about
equivalent to 3-4 milliSieverts in total. We estimate this to be the equivalent of 150 to 200
chest X-rays or just slightly more than the average annual natural background radiation
exposure from living in Singapore.
Magnetic resonance imaging (MRI) is commonly performed and is generally safe. MRI can
be hazardous in the presence of some metallic devices. Specifically, strong magnetic fields
may dislodge metallic implants, causing bleeding and disruption of adjacent tissues. These
fields may also cause erratic function of electrical pacemakers and stimulators. Radio waves
may heat the body and metallic objects within or on the body, possibly resulting in burns.
Certain metallic objects may move toward the magnet at very fast speeds if attracted by the
magnetic field.
It is very important to:


Answer the MRI Screening and Consent Form accurately;



Tell the investigators about all metallic devices in/on your body, and;



Not bring any metal devices (e.g., watches, eye-glasses, pens, keys, knives, pins,
hair-clips, jewelry) or magnetic cards into the scanning room.

Although highly unlikely, you may experience dizziness or tingling while in the magnet or
possible momentary loss of balance after leaving the magnet. These sensations are mostly
due to movement while inside the magnet and can be minimized by staying still. All of these
sensations should stop shortly after you leave the magnet. Additionally, because of the small
space in the magnet and the duration of the study, some people find the procedure to be
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uncomfortable. Some people may find being in the narrow confines within the ‘doughnutshaped’ magnetic scanner coil slightly claustrophobic. In some instances, certain more
sensitive people may feel dizzy or break into a panic reaction as a result. The MR operator
will check with you frequently to determine if you are comfortable. You can discontinue the
study at any time.
As for intravenous cannulation and blood sampling through the indwelling cannula, this is a
standard procedure that is performed by a qualified nurse or personnel certified in this. For
most people, needle punctures for blood draws do not cause any serious problems.
However, they may cause bleeding, bruising, swelling and/or pain at the site of the needle
stick. These are nonetheless unlikely to occur when a phlebotomist experienced in this
procedure performs these venipunctures. Fainting sometimes occurs and infection rarely
occurs.
Wearing the cooing vest may lead to some shivering, but it is generally considered safe. A
cooling vest is worn to ensure that there is always a fabric between the skin and the 14C
cooling packs. In case of a cooling pack rupture or leakage, and if the encapsulated material
comes into contact with your skin, flush the exposed area with warm, soapy water and wash
with baking soda. Although encapsulated material is non-toxic, it can cause a skin rash. We
will then discontinue its use immediately.

7. Possible Benefits from Participating in the Study

There is no assurance you will benefit from participation in this study. However, your
participation in this study may add to the medical knowledge about the use of infrared
thermography and fat fraction magnetic resonance imaging for brown fat imaging.
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8. Important Information for Women Subjects

The effect of X-rays from the dual energy X-ray absorptiometry (DXA) and ionizing radiation
from the PET scan on a baby's development is not known. Therefore, pregnant and breastfeeding women may not take part in this study. Women who have a chance of becoming
pregnant must have a negative pregnancy test at study entry and use birth control during the
study. If you become pregnant during this study, you must stop participating and call your
doctor or the Principal Investigator immediately.

9. Alternatives to Participation

You are free to decide whether to participate in the study or not. Because this is a study on
healthy volunteers without any illness or chronic medications, alternative tests or treatment
are not applicable. If you choose not to take part in this study, you have no further obligations
with respect to responsibilities of a study subject and can simply leave the research centre
with no penalties imposed on you. We have no alternative imaging tests on brown fat to offer
to you if you do not wish to participate. There will be no risks involved by not participating in
the study because you are a healthy volunteer to start off with.

10. Costs & Payments if Participating in the Study

If you take part in this study, the following will be performed at no charge to you:
-

Blood tests, dual energy X-ray absorptiometry, anthropometry, bioelectrical
impedence analysis, Bodpod, PET scan, MRI scan, infrared thermography and whole
body calorimetry.

279

These costs will be borne by the research grant (NMRC CSA). There is no component of the
study requiring you to pay for anything.

You will be reimbursed for your time, inconvenience and transportation costs as follows:


For 1st visit (screening), you will be reimbursed $20.



You will be compensated $100 upon completing all tests each visit (only for 2nd, 3rd,
4th and 5th visit).



If you do not complete the study for any reason on 2nd, 3rd, 4th and 5th visit, you will be
paid transportation $20 per visit only.



Additionally if you complete the study (ie. 1st, 2nd, 3rd, and 4th visit), you will reimbursed
$130 or if you complete the study (ie. 1st, 2nd, 3rd, 4th and 5th visit), you will reimbursed
$150.

Therefore the total compensation for the entire study will be either $450 or $570.

11. Voluntary Participation

Your participation in this study is voluntary. You may stop participating in this study at any
time. Your decision not to take part in this study or to stop your participation will not affect
any benefits to which you are entitled. If you decide to stop taking part in this study, you
should tell the Principal Investigator.
If you withdraw from the study, you will be required to inform the research team. Although
you can leave the study at any time without having to give a reason, we will appreciate if you
provide your feedback especially if the reason may be related to a side effect which could
alert us to the possibility in other participants in this study. The data that have been collected
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until the time of your withdrawal will be kept and analysed. The reason is to enable a
complete and comprehensive evaluation of the study.

The biological samples collected for the study will be deemed to be gifted to the Clinical
Nutrition Research Centre (CNRC) and will not be returned to you. However, you retain your
right to ask the Principal Investigator to discard or destroy any remaining samples if they
have not been anonymised.
Your doctor, the Investigator and/or the Sponsor of this study may stop your participation in
the study at any time if they decide that it is in your best interests. They may also do this if
you do not follow instructions required to complete the study adequately. If you have other
medical problems or side effects, the doctor and/or nurse will decide if you may continue in
the research study.
In the event of any new information becoming available that may be relevant to your
willingness to continue in this study, you (or your legally acceptable representative, if
relevant) will be informed in a timely manner by the Principal Investigator or his/her
representative.

12. Compensation for Injury

If you follow the directions of the doctors in charge of this study and you are physically
injured due to the trial substance or procedure given under the plan for this study, SICS will
pay the medical expenses for the treatment of that injury.
Payment for management of the normally expected consequences of your treatment will not
be provided by SICS.
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SICS without legal commitment will compensate you for the injuries arising from your
participation in the study without you having to prove SICS is at fault. There are however
conditions and limitations to the extent of compensation provided. You may wish to discuss
this with your Principal Investigator
By signing this consent form, you will not waive any of your legal rights or release the parties
involved in this study from liability for negligence.

13. Confidentiality of Study and Medical Records

Information collected for this study will be kept confidential. Your records, to the extent of the
applicable laws and regulations, will not be made publicly available.
However, the Research institute (SICS), Regulatory Agencies and NHG Domain-Specific
Review Board and Ministry of Health will be granted direct access to your original medical
records to check study procedures and data, without making any of your information public.
By signing the Informed Consent Form attached, you (or your legally acceptable
representative, if relevant) are authorizing (i) collection, access to, use and storage of your
“Personal Data, and (ii) disclosure to authorised service providers and relevant third parties.
“Personal Data” means data about you which makes you identifiable (i) from such data or (ii)
from that data and other information which an organisation has or likely to have access. This
includes medical conditions, medications, investigations and treatment history.
Research arising in the future, based on this Personal Data, will be subject to review by the
relevant institutional review board.
Data collected and entered into the Case Report Forms are the property of SICS. In the
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event of any publication regarding this study, your identity will remain confidential.

By participating in this research study, you are confirming that you have read understood and
consent to the ASTAR data protection policy, a copy of this policy brief is available at
http://www.a-star.edu.sg/sics/Privacy_Policy.aspx.

14. Who To Contact if You Have Questions

If you have questions about this research study, you may contact the research team,

Prof. Jeyakumar Henry

Ms. Goh Hui Jen

Tel: xxxx-0793

Tel: xxxx 4363

A/Prof. Melvin Leow

Dr. Stefan Camps

Tel: xxxx-0105

Dr Sun Lijuan

Tel: xxxx 4357

Ms. Priya Govindharajulu
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Tel: xxxx-4362
Main Line: xxxx-0778

In case of any injuries during the course of this study, you may contact the Principal
Investigator,
A/Prof. Melvin Leow

The study has been reviewed by the NHG Domain Specific Review Board (the central ethics
committee) for ethics approval.
If you want an independent opinion to discuss problems and questions, obtain information
and offer inputs on your rights as a research subject, you may contact the NHG Domain
Specific Review Board Secretariat at 6471-3266. You can also find more information about
the NHG Domain Specific Review Board at www.research.nhg.com.sg.
If you have any complaints or feedback about this research study, you may contact the
Principal Investigator or the NHG Domain Specific Review Board Secretariat.
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CONSENT FORM

Protocol Title:

Brown Adipose Tissue Activation and Energy Expenditure by Capsinoids Stimulation with
Trimodality Imaging using 18F-FDG-PET, Fat Fraction MRI and Infrared Thermography
(TACTICAL-II)

Principal Investigator & Contact Details:

A/Prof Melvin Leow Khee Shing
Deputy Director, Clinical Nutrition Research Centre (CNRC)

I voluntarily consent to take part in this research study. I have fully discussed and
understood the purpose and procedures of this study. This study has been explained to me
in a language that I understand. I have been given enough time to ask any questions that I
have about the study, and all my questions have been answered to my satisfaction.
By participating in this research study, I confirm that I have read, understood and consent to
the SICS Personal Data Protection Notification. I also consent to the use of my Personal
Data for the purposes of engaging in related research arising the future.
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 I agree to allow the study team to store my biological samples and data for any future
research.

 I agree to allow the study team to store my biological samples and data for future related
research limited to metabolic research.



I disagree to allow the study team to store my biological samples and data for future

related research.



Would you want the study team to contact you for other future new studies?

 YES  NO

_______________________
Name of Participant

_____________________________
Signature

_________________
Date

Impartial Witness Statement
I, the undersigned, certify to the best of my knowledge that the participant signing this
informed consent form had the study fully explained in a language understood by him / her
and clearly understands the nature, risks and benefits of his / her participation in the study.

_______________________
Name of Impartial Witness

_____________________________
Signature
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Investigator Statement
I, the undersigned, certify that I explained the study to the participant and to the best of my
knowledge the participant signing this informed consent form clearly understands the nature,
risks and benefits of his / her participation in the study.

_______________________
Name of Investigator /

_____________________________
Signature

_________________
Date

Person administering consent
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3. SCREENING FORM – TRIBUTE STUDY

TRIBUTE Study Screening Form

Subject ID: __________________

Screening date & time: ___________________

Gender / Ethnicity:

_______________________

Date of birth: ___________________

Age (as of this date): ___________

Resting heart rate: ______________

Anthropometry

Resting BP: _______________ mmHg

1

2

Mean

Height (cm)
Weight (kg)
BMI (kg/m2)
BIA (% body fat)
Waist circumference (cm)
Hip circumference (cm)

Informed Consent Form Version 1.7 Dated 29 Sep 2017

Page 288 of 458

Are you a smoker? Yes / No
Are you on prescribed medications? Yes / No
Are you on any off-the counter medications? Yes / No
Are you taking any traditional Chinese medicines (TCMs)? Yes / No
Do you have any drug or food intolerance or allergy? Yes / No
If yes, what are they? ____________________________________________________
Do you train regularly and take part in competitive sports? Yes / No

Usual body weight ________ kg

Any previous normal thyroid function test before hyperthyroidism started? Yes/No
If yes, what was your free T4 and TSH? ___________________________________
For pre-menopausal women only:
Are you intending to be pregnant soon? (Yes/No) Urine pregnancy test result: (negative/positive)
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Clinical Assessment of Thyroid Status
Hyperthyroid symptoms. If Yes, give a rating from 1 (mildest) to 5 (most severe)
-

Palpitations (Yes/No). If Yes: ____

-

Heat intolerance (Yes/No). If Yes: ____

-

Excessive perspiration (Yes/No). If Yes: ____

-

Tremors (Yes/No). If Yes: ____

-

Increased appetite (Yes/No). If Yes: ____

-

Diarrhoea (Yes/No). If Yes: ____

-

Menstrual abnormality (females only) (Yes/No). If Yes: ____

Hypothyroid symptoms. If Yes, give a rating from 1 (mildest) to 5 (most severe)
-

Cold intolerance (Yes/No). If Yes: ____

-

Dry skin (Yes/No). If Yes: ____

-

Difficulty concentration (Yes/No). If Yes: ____

-

Slow in thinking or doing work (Yes/No). If Yes: ____

-

Constipation (Yes/No). If Yes: ____

-

Puts on weight easily even with normal appetite (Yes/No). If Yes: ____

-

Menstrual abnormality (females only) (Yes/No). If Yes: ____

Body weight
-

Stable (Yes/No)

-

Is your present weight near your usual weight? (Yes/No)

-

Is your present weight off usual? (Above / Below) by ______ (kg)
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Energy level
-

Feeling tired easily (Yes/No). If Yes: ____

-

Feeling overactive (Yes/No). If Yes: ____

-

Feeling back to normal energy (Yes/No). If Yes: ____

Appetite
-

Is your appetite back to normal? (Yes/No)

-

If No, is it too (little/much)? Rate from 1 (mild) to 5 (severe)
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4.

INFORMED CONSENT – TRIBUTE STUDY

INFORMED CONSENT FORM

1. Study Information

Protocol Title:

The Role of Thyroid Status in Regulating Brown Adipose Tissue Activity, White Adipose
Tissue Partitioning and Resting Energy Expenditure (TRIBUTE)

Principal Investigator & Contact Details:

A/Prof Melvin Leow Khee Shing
Senior Consultant, Dept of Endocrinology, TTSH
Deputy Director, Clinical Nutrition Research Centre (CNRC)
Tel: xxxx0105
HP: xxxx3172

Study Sponsor:

NMRC Clinician Scientist Award Grant
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2. Purpose of the Research Study

You are invited to participate in a research study. It is important to us that you first take time to
read through and understand the information provided in this sheet. Nevertheless, before you
take part in this research study, the study will be explained to you and you will be given the
chance to ask questions. After you are properly satisfied that you understand this study, and
that you wish to take part in the study, you must sign this informed consent form. You will be
given a copy of this consent form to take home with you.
You are invited because you are a man or woman diagnosed with hyperthyroidism (ie.
overactive thyroid) due to an autoimmune thyroid disease called Graves’ disease. In
hyperthyroidism, there is increased breakdown of body fat often resulting in pronounced weight
loss despite increased appetite.
Our body fat (adipose tissue) is largely made up of white adipose tissue (WAT) that stores
surplus energy as white fat depots. In addition, adult humans have another type of fat similar to
the brown fat in babies that burns up fat to generate heat for maintenance of body temperature
during cold exposure. Adults have much lesser amounts of such brown adipose tissue (BAT),
most of which are located within the sides of the neck and under the skin above the collar
bones as well as along the sides of the spine. BAT consists of both classical brown fat identical
to that found in babies as well as beige fat (composed of brown-in-white or ‘brite’ fat cells)
found mainly in adults. In hyperthyroidism, it is known that thyroid hormones increase BAT
which in turn burns up fat in the body and leads to a decrease of WAT depots.
This study is carried out to find out how thyroid hormone status across the spectrum of
overactive thyroid to normal thyroid function, assessed in terms of circulating thyroid hormones
[i.e. free thyroxine (FT4) and triiodothyronine (FT3)] and thyrotropin (TSH) in the course of
treatment, are related to body fat partitioning, quantity of functional brown fat, and metabolic
rate. In standard treatment of hyperthyroidism of Graves’ disease, the doctor prescribes an
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anti-thyroid drug (ATD) such as carbimazole (CMZ) or thiamazole (TMZ) to reduce the rate of
thyroid hormone secretion from the overactive thyroid. Over a course of several weeks to a few
months, the blood levels of thyroid hormones (called free thyroxine or FT4 and free
triiodothyronine or FT3) and thyroid stimulating hormone (TSH) will be brought down into the
‘normal ranges’ encountered in normal healthy people in the population. However, it is possible
that even after the ATD has restored stable blood levels of FT4, FT3 and TSH within the
normal population ranges, these hormones may not be hovering anywhere close to or exactly
over the actual levels of these hormones when you were originally well before the start of your
hyperthyroidism disease.
There is much scientific evidence suggesting that every individual’s normal FT4 and TSH
levels in the circulation are tightly controlled and fluctuate minimally at any point in time. This
observation supports the concept of a unique set point in FT4 and TSH for any given individual
and forms the basis for optimization of thyroid status by targeting the FT4 and TSH levels
towards the set point. This brings up the question if thyroid hormones within the normal ranges
but away from the usual set point may be associated with suboptimal energy level, metabolic
rate, WAT fat depots and BAT activity. This study will evaluate the body fat, distribution of
WAT, BAT, metabolic rate, energy level and body weight according to thyroid status. All data,
study and clinical endpoints will be analyzed and correlated by the proximity of the final stable
euthyroid Thyroid function test (TFT) to the predicted euthyroid set point using the computer
software.

Knowledge acquired from this project should generate better insights as to the manipulation of
thyroid hormones to optimizing energy level and body weight through healthier levels of
metabolic rate, appropriate amounts and distribution of WAT and BAT and regulation of body
weight.
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Some of the requirements to be in this study are the following:

7. You must be aged 21 to 65 years old (no gender restrictions)
8. You must be diagnosed with Graves’ disease
9. You are able to give informed consent.
10. You must have body mass index (BMI) between 18.5 to 29.9 kg/m 2 inclusive
11. You must be treated with carbimazole (CMZ) or thiamazole (TMZ) and
compliant to treatment
12. Willing to avail yourself for the whole study and follow study procedures

You cannot participate in this study if:


Chronic illnesses such as diabetes mellitus or cancer



You have a known history of liver or kidney disease



Female subjects who are pregnant or contemplating pregnancy



Those allergic to carbimazole (CMZ), thiamazole (TMZ)



History of surgery with metallic clips, staples or stents



Those on drugs that might affect body composition (eg. steroids) or BAT (eg. betablockers)



Those with poor compliance to medication



Presence of cardiac pacemaker or other foreign body in any part of the body



History of claustrophobia particularly in a MRI scanner



Those with a history of bronchial asthma



Those with overt congestive heart failure

This study will recruit up to 40 patients with Graves’ disease from Tan Tock Seng Hospital
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(TTSH) over a period of 2 years. About 30 women and 10 men will be involved in this study.

3. What procedures will be followed in this study

Study Visit 1 is meant to confirm if your hyperthyroidism is due to Graves’ disease via a blood
test called TSH receptor autoantibody (TRAb). This is a standard test that your doctor will
routinely order as part of clinical practice to diagnose the cause of your hyperthyroidism and is
not part of the research procedure. If this TRAb blood test has been done before you have
been referred to the endocrinology clinic at TTSH, we will review that result and decide if a
repeat test is needed. If you are confirmed by blood tests to have Graves’ disease type of
hyperthyroidism, you are eligible to take part in this study. However, approximately 2
teaspoons (~ 10 mL) of blood will be taken for baseline thyroid function test just prior to the
initiation of anti-thyroid drugs. Pre-menopausal women will also undergo a urine pregnancy
test to exclude pregnancy prior to participation at study entry. Once you have consented to
participate in this study, you will receive standard antithyroid drug (ATD) therapy as indicated
clinically which in current practice will either be carbimazole (CMZ) or thiamazole (TMZ).. The
clinic endocrinologists at TTSH will be in charge of deciding on the ATD dose required based
on the latest FT4, FT3 and TSH blood test results as per standard medical practice. . You will
then be scheduled for Visit 2 for baseline research measurements while you are still
hyperthyroid.

On Study Visit 2, you will be asked to come to the Clinical Nutrition Research Centre (CNRC)
at the Centre for Translational Medicine at the National University of Singapore in the morning
at 0830 h after an overnight fast of 8-10 hours. You will undergo anthropometry (ie. measures
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of body weight, height, waist and hip circumference), non-invasive percentage fat estimation
using bioelectrical impedence analysis (BIA) and body composition evaluation using dual
energy X-ray absorptiometry (DXA) which allows quantification of fat, lean and bone mass.
You will then undergo metabolic rate measurement in a whole body calorimeter coupled with
infrared thermography using a thermal camera mounted on a tripod stand (IRT) focusing on
your neck and area above the collar bone in a whole body room calorimeter for the next 45
minutes.
You will then proceed to the Clinical Imaging Research Centre (CIRC) also located in the same
building at the basement where an intravenous indwelling cannula will be inserted into an arm
vein from which a fasting blood sample will be taken. At first, 30 mL of blood will be taken
(about 6 teaspoons) in which 10 mL will be tested for thyroid function while the other 10 mL will
be tested for liver and kidney function and the remaining 10mL for fasting glucose, insulin and
lipids. An additional 20 mL blood (about 4 teaspoons) will be taken for analysis of markers of
fat metabolism and protein profiles reflective of brown fat activity. A urine sample will also be
collected. Subsequently, you will be given an intravenous injection of a radioactive labeled
glucose called 18-FDG through the intravenous cannula and followed by PET and fat fraction
MRI scanning for BAT and MRI-MRS of abdominal white fat for the next 1 hour.
After that, you will then be required to go to the endocrinology clinic at TTSH for control of your
hyperthyroidism via ATD. This may take about 6 months to attain stable thyroid hormones
levels (FT4, FT3, TSH). You will be followed up every 6-8 weeks as per standard medical
practice by your TTSH endocrinologist and have your ATD doses adjusted till your thyroid
function tests are stable`. When this happens, you will continue with the remaining part of the
research, which is Study Visit 3. With the exception an additional urine pregnancy test, Study
Visit 3 is exactly the same as Study Visit 2.
If you agree to take part in this study, the following will happen to you as summarized in the
flow chart below:
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DXA – Dual energy X-ray Absorptiometry (15-20 mins)

Dual energy X-ray Absorptiometry will be used to assess bone
mineral density and body composition. You will be required to lie
still on a bed while the scanner moves over your body. One whole
body scan will be performed, with the typical scan duration being
10-15 minutes depending on your height. You will then be
repositioned for a second scan (to look at your left hip) which will
take approximately 5-7 mins. The scan poses no discomfort and involves a minimal radiation
exposure that is no more than the exposure encountered in everyday living.
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BIA – Bioelectrical Impedance Analysis (5 mins)

This is a standard technique for estimating body composition. A
small, harmless electrical current is passed through the body,
which determines the electrical resistance of body tissues. Water
conducts electricity, fat does not and an estimate of total body
water (TBW) can be made. TBW can then be used to estimate
fat-free body mass and body fat. It is completely painless and
takes less than a minute.

Whole body calorimetry (45 mins – Visit 2 & 3)
You will wear standardized testing attire of singlet and shorts, sit quietly on a chair within the
calorimeter chamber the size of a small enclosed
room at approximately 24C. The gases within the
atmosphere of the room will be analyzed in order
to determine the rate of oxygen consumption and
rate of carbon dioxide production to yield an
indirect estimate of oxidation of fuels in your body
and a measure of your metabolic rate.

IRT - Infrared Thermography (during calorimetry)
Infrared thermography with a thermal camera (FLIR model)
will be done in the calorimeter. Infrared images will be taken
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over the exposed skin of your neck and above your collar bones on both sides.

Fusion PET-MRI Positron Emission Tomography-Fat fraction Magnetic Resonance Imaging
(MRI) and Anatomical Magnetic Resonance Imaging with Magnetic Resonance Spectroscopy
(MRS) (60 mins for Visits 2 & 3)
You will lie supine within a doughnut shaped scanner. Fat fraction MRI scanning will take place
to study your brown fat activity and volume. After an
injection of a radioactive glucose into an intravenous
cannula inserted into your arm vein, simultaneous
PET and fat fraction MRI scanning will take place to
study your brown fat activity and volume. This will be
followed by another MRI to examine abdominal white fat depots.

Your participation in the study will last about an hour for the screening visit. The study will last
about 4 hours for the second study visit and another 4 hours for the third study visit. You will
need to visit the CNRC two times and the CIRC two times in the course of the study. In total,
the estimated amount of time you are likely to spend in this study is between 6 to 7 months.

In total, twenty two (22) teaspoons (about 110 mL) of blood will be taken as part of this study.
Blood specimens obtained during the course of this study will be stored and analyzed only for
the purposes of this study for a period not exceeding 6 years after completion of the study.
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4. Your Responsibilities in This Study

If you agree to participate in this study, you should follow the advice given to you by the study
team. You should be prepared to visit the CNRC for 2 visits and the CIRC for 2 visits and
undergo all the procedures that are outlined above.

5. What Is Not Standard Care or is Experimental in This Study

This is one of the very first studies in which infrared thermography (IRT) and Fusion PET-MRI
Positron Emission Tomography-fat fraction magnetic resonance imaging (PET-MRI) are being
utilized for imaging evaluation of BAT in human patients with hyperthyroidism. The infrared
thermography and fat fraction magnetic resonance imaging together with whole body
calorimetry can assess and help us better understand the nature of fat and metabolic rate
changes with treatment of hyperthyroidism. The imaging for BAT and whole body calorimetry
for metabolic rate measurement in this study are only being performed for the purposes of the
research, and are not part of any routine or standard care.
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6. Possible Risks and Side Effects

Allergic reactions can occur with any food or drug that will be served to you for this study, the
antithyroid drug that are used for treatment of hyperthyroidism. Common symptoms may
include: rash, itching etc.
Rarely, a severe and possibly life-threatening allergic reaction can occur. Symptoms of a
severe reaction include: swelling of the face, difficulty breathing, or a sudden drop in blood
pressure that may cause dizziness. If you have any of these symptoms, you should inform the
team researchers at once.
The risks related to dual energy X-ray absorptiometry are the low energy X-rays which in effect
amount to roughly a tenth of the amount of radiation one gets from a standard chest X-ray in
the hospital. As for the radiation exposure from PET scanning, this will be about equivalent to
3-4 milliSieverts in total. We estimate this to be the equivalent of 150 to 200 chest X-rays or
just slightly more than the average annual natural background radiation exposure from living in
Singapore. Magnetic resonance imaging (MRI) is commonly performed and is generally safe.
MRI can be hazardous in the presence of some metallic devices. Specifically, strong magnetic
fields may dislodge metallic implants, causing bleeding and disruption of adjacent tissues.
These fields may also cause erratic function of electrical pacemakers and stimulators. Radio
waves may heat the body and metallic objects within or on the body, possibly resulting in
burns. Certain metallic objects may move toward the magnet at very fast speeds if attracted by
the magnetic field.
It is very important to:


Answer the MRI Screening and Consent Form accurately;



Tell the investigators about all metallic devices in/on your body, and;



Not bring any metal devices (e.g., watches, eye-glasses, pens, keys, knives, pins, hair-
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clips, jewelry) or magnetic cards into the scanning room.
Although highly unlikely, you may experience dizziness or tingling while in the magnet or
possible momentary loss of balance after leaving the magnet. These sensations are mostly
due to movement while inside the magnet and can be minimized by staying still. All of these
sensations should stop shortly after you leave the magnet. Additionally, because of the small
space in the magnet and the duration of the study, some people find the procedure to be
uncomfortable. Some people may find being in the narrow confines within the ‘doughnutshaped’ magnetic scanner coil slightly claustrophobic. In some instances, certain more
sensitive people may feel dizzy or break into a panic reaction as a result. The MR operator will
check with you frequently to determine if you are comfortable. You can discontinue the study at
any time.
As for intravenous cannulation and blood sampling through the indwelling cannula, this is a
standard procedure that is performed by a qualified nurse or personnel certified in this. For
most people, needle punctures for blood draws do not cause any serious problems. However,
they may cause bleeding, bruising, swelling and/or pain at the site of the needle stick. These
are nonetheless unlikely to occur when a phlebotomist experienced in this procedure performs
these venipunctures. Fainting sometimes occurs and infection rarely occurs.

7. Possible Benefits from Participating in the Study

There is no assurance you will benefit from participation in this study.

8. Important Information for Women Subjects

The effect of X-rays from the dual energy X-ray absorptiometry (DXA) and ionizing radiation
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from the PET scan on a baby's development is not known. Therefore, pregnant and breastfeeding women may not take part in this study. Women who have a chance of becoming
pregnant must have a negative pregnancy test at study entry and use birth control during the
study. If you become pregnant during this study, you must stop participating and call your
doctor or the Principal Investigator immediately.

9. Alternatives to Participation

You are free to decide whether to participate in the study or not. If you choose not to take part
in this study, you will receive standard care for your condition. In our institution this would be
antithyroid drugs (ATD) such as carbimazole (CMZ), thiamazole (TMZ) or propylthiouracil
(PTU) that will achieve thyroid function tests results that fall within the normal ranges of serum
free thyroxine and serum TSH. This is the standard treatment that all patients will receive if
they had not participated in this study.

10. Costs & Payments if Participating in the Study

If you take part in this study, the following will be performed at no charge to you:
-

Blood tests during study visits and TFT (FT4 & TSH) during clinic visits, dual energy Xray absorptiometry, anthropometry, bioelectrical impedence analysis, PET-MRI scan,
infrared thermography and whole body calorimetry.

These costs will be borne by the research grant (NMRC CSA). Other than the antithyroid drugs
and associated costs (eg. consultation cost and additional blood tests other than TFT) during
clinic visits, there is no component of the study requiring you to pay for anything.
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You will be reimbursed for your time, inconvenience and transportation costs as follows:


For Visit 1 (screening), you will be reimbursed $20 to cover transportation costs.



You will be compensated $80 upon completing all tests each visit (for Visits 2 & 3) in
addition to $20 to cover transportation for each of these visits (totaling $100 per visit).



If you do not complete the study for any reason on Visits 2 & 3, you will be paid
transportation $20 per visit only.



Additionally if you complete the entire study (ie. Visits 1-3 including the clinical visits in
between spanning approximately 6 months), you will receive a bonus compensation of
$180.

Therefore the total compensation for the entire study will be $400.

11. Voluntary Participation

Your participation in this study is voluntary. You may stop participating in this study at any time.
Your decision not to take part in this study or to stop your participation will not affect any
benefits to which you are entitled. If you decide to stop taking part in this study, you should tell
the Principal Investigator.
If you withdraw from the study, you will be required to inform the research team. Although you
can leave the study at any time without having to give a reason, we will appreciate if you
provide your feedback especially if the reason may be related to a side effect which could alert
us to the possibility in other participants in this study. The data that have been collected until
the time of your withdrawal will be kept and analysed. The reason is to enable a complete and
comprehensive evaluation of the study.
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The biological samples collected for the study will be deemed to be gifted to the Tan Tock
Seng Hospital (TTSH) and will not be returned to you. However, you retain your right to ask the
Principal Investigator to discard or destroy any remaining samples if they have not been
anonymised.
Your doctor, the Investigator and/or the Sponsor of this study may stop your participation in the
study at any time if they decide that it is in your best interests. They may also do this if you do
not follow instructions required to complete the study adequately. If you have other medical
problems or side effects, the doctor and/or nurse will decide if you may continue in the
research study.
In the event of any new information becoming available that may be relevant to your
willingness to continue in this study, you (or your legally acceptable representative, if relevant)
will be informed in a timely manner by the Principal Investigator or his/her representative.

12. Compensation for Injury

If you follow the directions of the doctors in charge of this study and you are physically injured
due to the trial substance or procedure given under the plan for this study, TTSH will pay the
medical expenses for the treatment of that injury. Payment for management of the normally
expected consequences of your treatment will not be provided by TTSH. TTSH without legal
commitment will compensate you for the injuries arising from your participation in the study
without you having to prove TTSH is at fault. For any injuries arising during your participation at
CNRC, the Singapore Institute for Clinical Sciences (SICS) of A*STAR will compensate you.
There are however conditions and limitations to the extent of compensation provided. You may
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wish to discuss this with your Principal Investigator
By signing this consent form, you will not waive any of your legal rights or release the parties
involved in this study from liability for negligence.

13. Confidentiality of Study and Medical Records

Information collected for this study will be kept confidential. Your records, to the extent of the
applicable laws and regulations, will not be made publicly available.
However, the Tan Tock Seng Hospital (TTSH), Regulatory Agencies and NHG DomainSpecific Review Board and Ministry of Health will be granted direct access to your original
medical records to check study procedures and data, without making any of your information
public. By signing the Informed Consent Form attached, you (or your legally acceptable
representative, if relevant) are authorizing (i) collection, access to, use and storage of your
“Personal Data, and (ii) disclosure to authorised service providers and relevant third parties.
“Personal Data” means data about you which makes you identifiable (i) from such data or (ii)
from that data and other information which an organisation has or likely to have access. This
includes medical conditions, medications, investigations and treatment history.
Research arising in the future, based on this Personal Data, will be subject to review by the
relevant institutional review board.
By participating in this research study, you are confirming that you have read, understood and
consent to the Personal Data Protection Notification available at
https://www.ttsh.com.sg/patient-guide/page.aspx?id=4468 (TTSH PDPA)
http://www.a-star.edu.sg/sics/Privacy_Policy.aspx (ASTAR PDPA)
Data collected and entered into the Case Report Forms are the property of TTSH. In the event
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of any publication regarding this study, your identity will remain confidential.

14. Who To Contact if You Have Questions

If you have questions about this research study, you may contact the research team,

A/Prof. Melvin Leow

Tel: xxxx-0105

Ms. Guo Yanrong
Hp: xxxx-4898

In case of any injuries during the course of this study, you may contact the Principal
Investigator,
A/Prof. Melvin Leow
Tel: xxxx-0105
Hp: xxxx-3172

The study has been reviewed by the NHG Domain Specific Review Board (the central ethics
committee) for ethics approval.
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If you want an independent opinion to discuss problems and questions, obtain information and
offer inputs on your rights as a research subject, you may contact the NHG Domain Specific
Review Board Secretariat at 6471-3266. You can also find more information about the NHG
Domain Specific Review Board at www.research.nhg.com.sg.
If you have any complaints or feedback about this research study, you may contact the
Principal Investigator or the NHG Domain Specific Review Board Secretariat.
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CONSENT FORM

Protocol Title:

The Role of Thyroid Status in Regulating Brown Adipose Tissue Activity, White Adipose
Tissue Partitioning and Resting Energy Expenditure (TRIBUTE)

Principal Investigator & Contact Details:

A/Prof Melvin Leow Khee Shing
Senior Consultant, Dept of Endocrinology, TTSH
Deputy Director, Clinical Nutrition Research Centre (CNRC)
Tel: xxxx0105
Hp: xxxx3172

I voluntarily consent to take part in this research study. I have fully discussed and understood
the purpose and procedures of this study. This study has been explained to me in a language
that I understand. I have been given enough time to ask any questions that I have about the
study, and all my questions have been answered to my satisfaction.
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By participating in this research study, I confirm that I have read, understood and consent to the
TTSH and ASTAR Personal Data Protection Notification. I also consent to the use of my
Personal Data for the purposes of engaging in related research arising the future.

 I agree to allow the study team to store my biological samples and data for any future
research.

 I agree to allow the study team to store my biological samples and data for future related
research limited to metabolic research.



I disagree to allow the study team to store my biological samples and data for future related

research.



Would you want the study team to contact you for other future new studies?

 YES  NO

_______________________
Name of Participant

_____________________________
Signature

_________________
Date

Translator Information
The study has been explained to the participant / legally acceptable representative in
______________ by ______ _______
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Impartial Witness Statement
I, the undersigned, certify to the best of my knowledge that the participant signing this informed
consent form had the study fully explained in a language understood by him / her and clearly
understands the nature, risks and benefits of his / her participation in the study.

_______________________
Name of Impartial Witness

_____________________________
Signature

_________________
Date

Investigator Statement
I, the undersigned, certify that I explained the study to the participant and to the best of my
knowledge the participant signing this informed consent form clearly understands the nature,
risks and benefits of his / her participation in the study.

_______________________
Name of Investigator /

_____________________________
Signature

Person administering consent
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_________________
Date

5. Sensitivity Analysis-Error Estimate of the Stefan-Boltzmann Equation

6

Page 313 of 458

6

Page 314 of 458

6. Monte Carlo Simulation Result
As mathematically theorized in the error analysis of the Stefan-Boltzmann equation
above, we know that the computation of area (A) is the chief source of error for small ROI
segmented on the IRT, particularly if the ROI measures < 10 cm2. But the noise is greater from
temperature (delta T) for ROI exceeding 200 cm2.
Using Monte-Carlo simulation in MATLAB, we generate the following output:

The value of each cell is computed as:

If the value of the cell > 0, it denotes that the variance in delta T > A.
If the value of the cell < 0, it denotes that the variance in A > delta T.
Overall, delta T seemingly contributes more variability than A. This implies more effort must be
made to reduce errors in measurements of T. Hence, a highly precise infrared thermal camera is a
strong advantage for IRT studies of BAT.
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7. Extra Details of Protocols and Algorithms
Seed Region Growing (SRG) algorithm
SRG algorithm starts by selecting a suitable seed and then expands it into spatially
connected regions of similar characteristics. The seed is automatically detected by
searching for the pixel of the highest temperature in the pre-defined image areas. Next,
we define a small local region A containing the seed pixel to ensure that a stable mean
temperature can be estimated for the region. Let H be the set of all unallocated pixels that
are adjacent to region 𝐴 :
𝐻 = {𝒙 ∉ 𝐴 |𝑁(𝒙) ∩ 𝐴 ≠ ∅}
, where 𝑁(𝒙) is the 8-neighbors of the pixel 𝒙. For a pixel𝒙 ∈ 𝐻, the SRG algorithm
computes the difference 𝛿(𝒙) between its temperature value and the mean temperature of
the region A as a measure of how different pixel 𝒙 is from the region it adjoins:
𝛿(𝒙) = 𝑇(𝒙) − mean[𝑇(𝒚)]
𝒚∈

, where 𝑇(𝒙) is the temperature reading of pixel 𝒙. We then take 𝒛 ∈ 𝐻 such that
𝛿(𝒛) = min[𝛿(𝒙)] and 𝛿(𝒛) ≤ 𝑇
𝒙∈

, and add pixel 𝒛 into the region 𝐴 . This iterative process is repeated until 𝛿(𝒛) becomes
larger than a pre-defined threshold 𝑇 . In this fashion, this algorithm detects local ROIs
containing spatially-connected isothermic pixels. 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 𝑇

is automatically

selected as a “seed”. The same bounding box is used on the remaining frames, based on

6
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the assumption that the subject kept still over video acquisition such that the “seed”
always falls within the box.
The seed initializes the region of interest (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 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 certain threshold
𝑇 that has been heuristically set. In our study, 𝑇 was optimized for individual subjects
to achieve reliable segmentation. ROIs from all frames are obtained via this process.
With the same 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 millimetres; 4 on the face and 1 on the upper section of the deltoid, about 2 centimetres
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 preset threshold h
to sieve out potential candidates

30,

and a roundness metric is computed for each

candidate as follows:
𝑀𝑒𝑡𝑟𝑖𝑐 = 4 ∗ 𝜋 ∗ 𝑎/𝑝 ,
Where 𝑎 and 𝑝 are its area and perimeter respectively. The candidates with highest metric
values correspond to the aluminum markers. Following marker identification on every
frame, the centre 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.
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The subsequent 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.

TACTICAL II study schedule (Visits with approximate timings)
1. 1st visit for screening: (~1hr)


Subject arrives in CNRC.
o Anthropometry measurements, BIA and Bodpod.
o 6ml blood taking for thyroid/liver/kidney function test.
o Urine pregnancy test for female.
o Undergo a cold water challenge by submerging of hands and feet in 18 ±
2oC water for 5 minutes with IR imaging taken at periodic time points.

2. 2nd visit for first test session: (~4hrs)


0830 – Subject arrives in CNRC for review of results of thyroid/liver/kidney
function test.



0900 – Proceed to CIRC (at basement) for setup of intravenous injection of 18FDG, and ingestion of 8 capsinoids gel capsules (12mg) just before setup of 18FDG intravenous injection.



0930 to 1130 – Dynamic PET-MRI for BAT and MRI/MRS for WAT for 120 min
in CIRC.



6

1300 to 1330 – DXA in CNRC.
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3. 3rd visit for second test session: (~3hrs)
* If FDG uptake is demonstrated in the 2nd visit:


0830 – Subject arrives in CNRC.



0900 – Proceed to CIRC (at basement) for the setup of 18-FDG intravenous
injection.



0930 to 1130 – Dynamic PET-MRI for BAT and MRI/MRS for WAT for 120 min
in CIRC.

 Subject will not need to come back for a 5th visit (fourth test session).
OR
* If no FDG uptake is demonstrated in the 2nd visit, subject will undergo a cold stimulation:


0800 – Subject arrives in CNRC. Wears a cooling vest and place iButtons® on 5
different upper body locations (for skin temperature monitoring) for
approximately an hour to two hours.



0900 – Proceed to CIRC (at basement) for the setup of 18-FDG intravenous
injection.



0930 to 1130 – Dynamic PET-MRI for BAT and MRI/MRS for WAT for 120 min
in CIRC.

a. Subject will also need to come back for a 5th visit (fourth test session).

4. 4th visit for third test session: (~4hrs)


0830 – Subject arrives in CNRC. Venipuncture for blood taking of 12ml and urine
collection at baseline.


6

0900 to 1230 – In the Whole Body Calorimeter and IR imaging.
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o Enter WBC. Start with 45min of measurement with subject seated and IR
imaging (subject’s neck area) at periodic time points.
o Ingestion of 8 capsinoids gel capsules (12mg).
o 120min of measurement with subject seated and IR imaging (subject’s
neck and supraclavicular area) at periodic time points.
o Exit WBC. Venipuncture for blood taking of 12ml and urine collection.

5. 5th visit for fourth test session: (~4hrs)


0830 – Subject arrives in CNRC. Venipuncture for blood taking of 12ml and urine
collection at baseline.



0900 to 1230 – In the Whole Body Calorimeter and IR imaging.
o Enter WBC. Start with 45min of measurement with subject seated and IR
imaging (subject’s neck and supraclavicular area) at periodic time points.
o Wears a cooling vest of about 14oC for the next 120min.
o 120min of measurement with subject seated and IR imaging (subject’s
neck and supraclavicular area) at periodic time points.
o Exit WBC. Venipuncture for blood taking of 12ml and urine collection.

Notes:
 2nd, 3rd, 4th and 5th visits will be scheduled with at least a 48hrs capsinoids
washout period in between.
 3rd, 4thand 5th visits will be scheduled in no particular order.
 All test sessions are to be completed within a month.
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8. IRB (DSRB) APPROVAL – TACTICAL-II STUDY
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9.
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IRB (DSRB) APPROVAL – TRIBUTE STUDY
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10.
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HEALTH SCIENCES AUTHORITY (HSA) APPROVAL
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11. ClinicalTrials.gov Registration Certificate

6

Page 328 of 458

12. NMRC grant award letters for two (2) Clinician Scientist Awards –
7 July 2015 (TRIBUTE study) & 8 August 2018 (BEACON BEAMS)
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13. Multi-institutional Project Research Agreement

6

Page 331 of 458

14. My Publications Relevant to this PhD project
My publications ( > 130) of which 8 are related to BAT research. Highlighted are 4 papers
leading to this PhD thesis.
1. Than A, He HL, Chua SH, Xu D, Sun L, Leow MK, Chen P. Apelin enhances brown
adipogenesis and browning of white adipocytes. J Biol Chem 2015; 290(23): 14679-91.
“pii: jbc.M115.643817” (IF = 4.125)
2. Than A, Xu S, Li R, Leow MK, Sun L, Chen P. Angiotensin type 2 receptor activation
promotes browning of white adipose tissue and brown adipogenesis. Signal Transduct
Target Ther 2017; 2: 17022 (IF = 5.35)
3. Xu D, Xu S, Kyaw AM, Lim YC, Chia SY, Alvarez-Dominiguez JR, Chen P, Leow MK,
Sun L. RNA binding protein, Ybx2, regulates RNA stability during cold-induced brown
fat activation. Diabetes 2017; 66(12): 2987-3000. (IF=8.684)
4. Ang QY, Goh HJ, Cao YP, Li YQ, Chan SP, Swain JL, Henry CJ, Leow MK. A New
Method of Infrared Thermography for Quantification of Brown Adipose Tissue
Activation in Healthy Adults (TACTICAL): a double-blind, placebo-controlled
randomized trial. J Physiol Sci 2017; 67(3): 395-406. (IF=2.075)
5. Sun LJ, Yan JH, Sun L, Velan SS, Leow MK. A Synopsis of Brown Adipose Tissue
Imaging for Clinical Research. Diabetes Metab 2017; 43(5): 401-410.
doi:10.1016/j.diabet.2017.03.008. (IF = 4.693)
6. Ding CM, Lim YC, Chia SY, Arcinas C, Xu SH, Lo AK, Zhao YL, Zhu DW, Shan ZH,
Chen QF, Leow MK, Xu D, Sun L. De novo reconstruction of human adipose
transcriptome reveals conserved lncRNAs as regulators of brown adipogenesis. Nature
Comm 2018; 9(1): 1321. (IF = 12.124)
7. Sun LJ, Goh HJ, Govindharajulu P, Camps SG, Velan SS, Schaefferkoetter J, Totman J,
Townsend DW, Sun L, Sze NS, Lim SC, Boehm BO, Henry CJ, Leow MK. Capsinoids
activate BAT with increased energy expenditure associated with subthreshold 18F-FDG
uptake in BAT-positive humans confirmed by PET scan. Am J Clin Nutr 2018; 107(1):
62-70. (IF=6.77)
8. Sun LJ, Verma Sanjay K, Navin M, Stefan G Camps, Sendhil Velan, Goh HJ, Priya
Govindharajulu, Sadanathan S, Tottman J, Townsend David, Goh Pak Nam Julian, Chan
Siew Pang, Henry CJ, Houchen Harry Hu, Sun Lei, Boehm BO, Lim SC, Sze Newman,
Leow MK. Brown Adipose Tissue Activation by Capsinoids and Cold Stimulation
Quantified by Whole Body Calorimetry Combined with Tri-modality Imaging using 18F-FDG-Positron Emission Tomography, Fat Fraction Magnetic Resonance Imaging and
Infrared Thermography (TACTICAL-II). Obesity 2019 (IF = 3.614)
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PhD Graduate Student Matriculation
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PhD Coursework Exam Grades
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17.

PhD Thesis Advisory Committee (TAC) Progress Reports
1st TAC Report
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2nd TAC Report
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Final TAC Report
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PhD Qualifying Exam (PQE) Confirmation of Candidature
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Research Integrity Online Course Certificate
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Certificate for NTU Course on Image Integrity for Publications
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Compulsory Scientific Seminars Attendance
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Exemption from Teaching Assistant (TA) Duties
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Exemption from Residential Program
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Exemption from Transferrable Skills Program
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Teaching Assistant (TA) Certificate from NIE (NTU)
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Team-Based Learning (TBL) Certificate from LKCMed (NTU)
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Laser License for NTU Lab Confocal Microscopy Course
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Permission to Reproduce Figures Used in This Thesis
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29.

CURRICULUM VITAE (ACADEMIC ABRIDGED)
Melvin Khee Shing Leow

I.

PRESENT POSITIONS (Primary)

2012 –

Senior Consultant Endocrinologist
Department of Endocrinology
Division of Medicine
Tan Tock Seng Hospital (TTSH)

2008 –

Clinical Investigator
Singapore Institute for Clinical Sciences (SICS)
Agency for Science, Technology and Research (A*STAR)
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2011 –

Deputy Director (Clinical)
Clinical Nutrition Research Centre (CNRC)
NUHS-A*STAR

PRESENT POSITIONS (Academic)
2009 –

Clinical Associate Professor
Yong Loo Lin School of Medicine
National University of Singapore

2011 –

Adjunct Associate Professor
Office of Clinical Sciences
Duke-NUS Graduate Medical School

2015 –

Associate Professor (non-tenured regular appointment)
Lee Kong Chian (NTU/Imperial) School of Medicine
Metabolic Disease Program
(June 1st - present)
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PRESENT POSITIONS (Others)
2011 –

Visiting Consultant (Senior Consultant)
Dept of Medicine, Division of Endocrinology, National University
Hospital (NUH)

2014 –

Visiting Consultant
Clinical Trials & Research Unit (CTRU)
Changi General Hospital

2014 –

Clinician Scientist (CSCS track – Senior)
National Healthcare Group (NHG)

2015 –

Clinical Teacher (Part-time)
LKC School of Medicine
Nanyang Technological University

2015 –

Faculty Member of the Clinician Scientist Preparatory Program
National Healthcare Group (NHG)

2015 –

Member of Personalized Medicine Clinical Genomics &
Diagnostic Odyssey Workgroup, Tan Tock Seng Hospital
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II.

2015 –

Member, Health and Biomedical Sciences (HBMS) Diabetes Taskforce

2016 –

Physician Faculty for NHG Residency

2016 –

Vice-President, Endocrine and Metabolic Society of Singapore (EMSS)

2018 –

President, Endocrine and Metabolic Society of Singapore (EMSS)

2019 –

Appointed Member of the Clinician Scientist-Individual Research Grant
(CS-IRG) Local Review Panel (LRP) of the NMRC

PROFESSIONAL CREDENTIALS
National University of Singapore (NUS)
MBBS (Bachelor of Medicine and Bachelor of Surgery) (1990)
MMed (Internal Medicine) (1998)

United States Medical Licensing Examinations (USMLE)
ECFMG certification (1994)
USMLE Step 1 (1994)
USMLE Step 2 (1994)
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Academy of Medicine, Singapore
Endocrinology Board Certification (2003), FAMS (Endocr) (2004)

American College of Physicians
FACP (2005)

American College of Endocrinology
FACE (2004)

Royal College of Physicians of Edinburgh
FRCP (Edin) (2012)

Royal College of Pathologists
FRCPath (Lond) (2018)

Postgraduate: Academy of Medicine, Singapore
Endocrinology Board Certification (2003)
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III.

PREVIOUS APPOINTMENTS

1990-1991
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- Obstetrics-Gynaecology (Kandang Kerbau Hosp-KKH)
- General Surgery (Singapore General Hospital-SGH)
- Internal Medicine (Toa Payoh Hospital-TPH)

1991-1998

Medical Officer
- Psychiatry (Woodbridge/Institute of Mental Health-IMH)
- Transfusion Medicine (Health Sciences Authority-HSA)
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Registrar – Endocrinology (TTSH)
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Academic Consultant – National Healthcare Group (NHG)
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IV.

MEDICAL LICENSURE
Full Registration with Singapore Medical Council

Accredited as Endocrinologist with Specialist Accreditation Board
Certificate number: EN 0040

Registered Specialist with Singapore Medical Council
Certificate number: 002390

V.
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Service in 1985 for Medical School.
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VI.

HONORS AND AWARDS
National Healthcare Group Doctor Award (Young Investigator) 3 rd NHG
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2004 – Fellow, College of Physicians, Singapore (elected)

Endocrine and Metabolic Society of Singapore (EMSS)
1999 – Member
2003 – Member, Education Subcomm ExCo
2004 – Secretary
2008/9 –Vice-President elect
2016/8 –Vice-President
2018/2020 – President, EMSS

International

6

2001

Member, The Endocrine Society (U.S.A.)

2001

Member, Massachusetts Medical Society
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X.

2004

Fellow, American College of Endocrinology (elected)

2005

Fellow, American College of Physicians (elected)

2012

Fellow, Royal College of Physicians, Edinburgh (elected)

CURRENT RESEARCH STUDIES
Adipose Tissue Biology
Metabolic Physiology, Epigenetics and Body Composition in Healthy Overweight
and Obese Subjects in Singapore – The Singapore Adult Metabolism Study (SAMS)
(co-PI)
A study to investigate the influence of birth weight, genetic and epigenetic markers
on site-specific adipose tissue gene expression profile among obese adults (co-PI)

Study of Angiotensin II Receptors on Adipocytes: Physiological Functions and
Therapeutic Potentials for Metab Diseases (co-I)

Comparative molecular and epigenetic analysis of adipose tissue compartments from
patients with obesity and type 2 diabetes: a pilot study (APOD) (co-I)

Characterization of patients with partial lipodystrophy in Singapore (co-I)

6
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Brown adipose tissue activation and energy expenditure – TACTICAL (PI)

Brown fat activity measurement with infrared imaging thermography and
thermogenesis – BRIGHT study (PI)

Brown Adipose Tissue Activation and Energy Expenditure by Capsinoids Stimulation
with Trimodality Imaging using 18F-FDG-PET, Fat Fraction MRI and Infrared
Thermography (TACTICAL-II) (PI)

Muscle Biology
Assessment of phosphocreatine recovery, proton handling, and muscle oxygenation
in Thyroid Disorders using 31P Magnetic Resonance Spectroscopy and Near Infrared
Spectroscopy (PI)

Effects of a branched chain amino acids supplemented hypocaloric diet versus a
standard hypocaloric diet on weight loss, lean mass preservation and improvement of
insulin sensitivity, and its benefits over a high protein hypocaloric diet (co-I)

6
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Peripheral (muscle) and hepatic insulin sensitivity in non-diabetic non-obese Asian
Indian men (co-I)

Identification of biomarkers and molecular mechanisms in muscles of aging
populations (co-I)

Phenotypic, metabolic, proteomic, genetic, epigenetic assessment of muscles of
healthy subjects and people with diabetes (co-I)

Thyroidology
A Prospective Randomized, Double-blind, Parallel Arm, Multi-centre Clinical Trial
to Evaluate the Quality of Life and Euthyroid Balance using Conventional Thyroid
Hormone Replacement versus Set Point Strategy (EQUILEBRATE) (Co-PI)

The Role of Thyroid Status in Regulating Brown Adipose Tisue Activity. White
Adipose Tissue Partitioning and Resting Energy Expenditure (TRIBUTE) (PI)

Profiling Retrospective Thyroid Function Data in Complete Thyroidectomy Patients
to Investigate the HPT axis Set Point (PREDICT-IT) (PI)

6
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Effects of 4-month Therapy of Levothyroxine on Non-Alcoholic Fatty Liver Disease
(NAFLD) and Diabetes Control in Diabetic Male Patients (co-I)

Epigenetic Mechanisms in the Temporal Regulation of TSH Gene Expression in
Thyrotoxicosis in a Mouse Model (PI)

XI.

GRANTS AWARDED
Current grants:
A*STAR, SERC Nutrition and Food Science
Title: The role of carbohydrate-lipid interaction in foods on human lipidaemicglycaemic response
Role: Collaborator
Date: 2012-2015
Amount: $543,500

NMRC TCR (Metabolic) Flagship grant
Title: Developmental Pathways to Metabolic Diseases
Role: Co-I
Date: 2009-2014
Amount: $25,000,000

6
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Exploit Technologies Gap-Fund
Title: Thyroid Set-Point Software Development
Role: PI
Date: 2011-2016
Amount: $78,000

MOE (University Level) Internal Grant
Title: Investigating the Emerging Regulatory Roles of Apelin on Adipose Tissue
Inflammation and Oxidative Stress, and the Implications in Metabolic
Diseases
Role: Collaborator
Date: 2013-2016
Amount: S$150,000

NMRC Centre Grant
Title: Chloroquine for Insulin Resistance and Metabolic Syndrome (CHIMES)
Role: Collaborator
Date: 2013-2016
Amount: $336,911

6
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NMRC IRG Grant
Title: Effects of a BCAA (branched-chain amino acids) supplemented hypocaloric
diet versus a standard hypocaloric diet on weight loss, lean mass preservation and
improvement of insulin sensitivity, and its benefits over a high protein hypocaloric
diet.
Role: Collaborator
Date: 2014-2017
Amount: $999,553

NMRC HSR NIG
Title: Evaluation of treatment strategies in prevention of stroke and coronary heart
disease among type 2 diabetic patients using Markov Decision Process
Role: Co-I
Date: 2015-2017
Amount: $99,880

NHG Investigator-Clinician Award (clinician scientist track support)
Role: PI
Date: 2008-2014
Amount: Funding 20% FTE

6
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NMRC CBRG Grant
Title: Investigating the Autocrine Regulatory Roles of Adipokines on Adipose
Tissue Browning and the Implications in Metabolic Diseases
Role: Collaborator
Date: 2015-2018
Amount: $1,000,000

NMRC Clinician Scientist Award (INV)
Title: The Role of Thyroid Status in Regulating Brown and White Adipose Tissue
Partitioning and Activity, and Resting Energy Expenditure (TRIBUTE)
Role: PI
Date: 2015-2018
Amount: $1,519,500

NTU-NHG Metabolic Diseases Collaboration Grant (FY 2015)
Title: Development Utilities of Nanotechnology-based Oral Insulin Delivery
Systems
Role: Co-PI (NHG Lead PI)
Date: 2015-2017
Amount: $50, 000

6
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EMSS research grant (Endocrine & Metabolic Society of Singapore)
Title:

Elucidation of the molecular structure of the catalytic domain of human
thyroid peroxidase (hTPO)

Role: PI
Date: 2017-2020
Amount: $30,000 over 3 years

EMSS Research Grant (Endocrine & Metabolic Society of Singapore)
Title:

Investigation of Thyroid Peroxidase (TPO) and TSH Receptor to Decipher

Structural Homologies to Environmental Antigens – the INTERCEPTOR Study
Role: PI
Date: 2019-2022)
Amount: $30,000 over 3 years

Singapore-ASTAR-Nestle R&D Partnership Grant
Title: Identification of Postprandial Biomarkers towards Cardiovascular Prevention
(ARROW)
Role: Co-PI
Date: 2017- 2019
Amount: $406,909 over 2 years

6
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NMRC Clinician Scientist Award (INV)
Title: Brown fat activation and browning efficacy augmented by chronic cold and
nutraceutical for brown adipose tissue mediated effect against metabolic
syndrome (BEACON BEAMS)
Role: PI
Date: 2019-2022
Amount: $1,519,500

NMRC Clinician Scientist-Individual Research Grant (CS-IRG)
Title: Determining the regulatory role of RNA binding protein in energy
homeostasis of brown and white adipose tissues
Role: Co-I
Date: 2018-2023
Amount: $1,248,000

NMRC OF-IRG Grant
Title:

Exploring the Therapeutic Potential of Narsiclasine in treating Metabolic

Disorders
Role: Co-I
Date: 2018-2022
Amount: S$1,250,000.00

6
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Past grants:
TTSH Individual Research Grant
Title: Catecholamines and Metanephrines Excess in Intracerebral Hemorrhage
Role: PI
Date: 2001-2003
Amount: $20,000

BMRC Research Grant
Title: Study of Long Term Outcomes in SARS Survivors
Role: Co-I
Date: 2003-2006
Amount: $270,000

NMRC IRG Research Grant
Title: Study of TB Prevalence in Diabetes
Role: PI
Date: 2007-2010
Amount: $65,000

6
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EMSS Research Grant
Title: Role of Epigenetic Mechanisms in the Temporal Regulation of TSH Gene
Expression in Thyrotoxicosis
Role: PI
Date: 2009-2012
Amount: $20,000

A*STAR Food and Nutrition grant
Title: Identifying the neural and cognitive mechanisms that may predict risk for the
development of obesity
Role: Co-I
Date: 2010-2013
Amount: $710,590

NMRC EDG
Title: Role of Non-absorbing Macromolecules in the Adhesion of Pathological Red
Blood Cells to the Endothelium
Role: Co-I
Date: 2010-2013
Amount: $195,000

6
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NMRC EDG
Title: Study of Angiotensin II Receptors on Adipocytes: Physiological Functions
and Therapeutic Potentials for Metabolic Diseases
Role: Collaborator
Date: 2011-2013
Amount: $180,000

Tanoto Initiative for Diabetes Research (TIDR) Award Grant
Title: Vitamin D Supplementation in Patients with Type 2 Diabetes Mellitus and
Low 25 (OH) D3 Concentrations: Does It Help to Improve Endothelial
Function – The Dimension Trial
Role: Co-I
Date: 2012-2014
Amount: $238,369.70

FY2013NHG-KTPH SIG I Grant:
Title: Pro-inflammatory immune profiling and transcriptome analysis in Type 2
Diabetes Mellitus: Exploring racial differences
Role: Co-I
Date: 2013-2014

6
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XII.

PATENTS / INVENTIONS
1. System and method for deriving parameters for homeostatic feedback control of
the hypothalamic-pituitary-thyroid axis of an individual
Co-inventor of algorithm
Date: Dec 5th, 2013.
Singapore patent no: PCT/SG2013/000515

2. Co-inventor of Thyroid Set Point Optimization and Targeting (Thyroid-SPOT)
desktop software and Android + iPhone apps
Technology Disclosure Application Prosecution Evaluation (TDAP) –
Date: 26 May 2015: Copyrighted software application no:SICS/Z09136

6
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XIII.

STUDENTS SUPERVISED OR MENTORED in RESEARCH
Clinician scientist
Rinkoo Dalan, (2004-present), Senior Consultant, Endocrinology, TTSH

A*STAR MBBS-PhD Scholars
Felicia Tan, A*STAR Scholar research attachment (2009)
Wu Jing Jing, A*STAR Scholar research attachment (2009)
Lim Li Yan, A*STAR Scholar research attachment (2009)
Chua Yi Yi, A*STAR Scholar research attachment (2009)
Eugene Gan, A*STAR Scholar research attachment (2009)
Ada Teo Ee Der, MBBS-PhD A*STAR Scholar (Cambridge University)
(8 weeks – ½ day per week, Jun-Aug 2010, Jul-Sep 2011)
Sim Jing Wei, MBBS-PhD A*STAR Scholar (Cambridge University)
(8 weeks, ½ day per week, Jun-Aug 2010)

Sarah Tai, MBBS-PhD A*STAR Scholar
(8 weeks, ½ day per week, Jun-Aug 2010)

Tay Rong En, MBBS-PhD A*STAR Scholar
(8 weeks, ½ day per week, Jun-Aug 2010)

6
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Germaine Liu, MBBS-PhD A*STAR Scholar
(8 weeks, ½ day per week, Jun-Aug 2010)

Evelyn Thangaraj, MBBS-PhD A*STAR Scholar (Imperial College)
(8 weeks, ½ day per week, Jun-Aug 2010)

Meghan Lim Xu Xin, MBBS-PhD A*STAR Scholar
(8 weeks, ½ day per week, Jun-Aug 2010)

Samantha Wong, BSc (Biomedical Sciences) A*STAR Scholar
(Imperial College London) (8 weeks, Jul 8th-Aug 31st, 2013)

Pre-PhD 1-year research project
Ang Qi Yan, BSc (Cambridge University) (1 year attachment to CNRC)
(July 10th, 2013 – July 31st, 2014)

Alexander Mok, BSc (NTU) A*STAR Scholar (1 year attachment to CNRC)
(July 3rd, 2014 – July 31st, 2015)
Tay Shi Huan, BSc, A*STAR Scholar (1 year attachment to CNRC)
6
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(July 22nd, 2015 – July 31st, 2016)

PhD students
Ong Chengsi, PhD student at NUS (Thesis: Functional Outcomes & muscle
atrophy in Children Post-Critical Illness) (Co-supervisor) (2014 – present)

Wendy Phua, PhD student at NTU (Thesis: Role of myostatin in insulin
resistance and muscle wasting in type 2 diabetes) (Clinical mentor) (2014 –
present)

Mr. Tan Chee Fan, PhD student, School of Biological Sciences at NTU (iGS)
(Mentor; Main Supervisor – A/Prof. Newman Sze Siu Kwan) (2015-2019)

Mr. Duong Phan Khanh, PhD student, School of Chemical Engineering, NTU
(Thesis: Theranostic Microneedle Patches for Home-based Healthcare of
Metabolic Diseases) (Clinical Mentor; Main supervisors – Prof. Chen Peng,
A/Prof. Joachim Loo Say Chye) (2016-2020)
Mr. Alexander Mok Zhen Yong, PhD student, MRC Epidemiology Unit,
University of Cambridge (UK) (Reseach Title: Chronic disease epidemiology,
focusing on lifestyle exposures of nutrition and physical activity) (Mentor; Main
supervisor – Dr. Soren Brage) (2017-2020)
6
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Ms. Wang Xiaoying, PhD student, IGS-NITHM, NTU (Non-invasive Early
Detection of Hypo/Hyperthyroidism using mmwave Technique)(Thesis
Advsory Committee member; Main supervisors – A/Prof. Boon Chirn Chye; cosupervisors – A/Prof. Siek Liter & Asst Prof. Yusuf Ali) (2016-2020)

Mr. Zhou Ao, PhD student, IGS-NITHM, NTU (Early detection of
hypo/hyperthyroidism; Thesis Advisory Committee member; Main supervisor –
A/Prof. Siek Liter; Co-supervisors – A/Prof. Boon Chirn Chye & Asst Prof.
Yusuf Ali; Mentor: Dr. Rinkoo Dalan) (2016-2020)

6
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XIV.

PUBLICATIONS (138 published, 20 undergoing peer review)

Book published:
Simon L. Goede, Leow MK. Thyroid Systems Engineering: A Primer on
Mathematical Modeling of the HPT Axis – River Publishers 2018 – indexed in Web of
Science Book Citation Index, CrossRef & Google Scholar; Google Books ID:
AR1nswEACAAJ ; ISBN-13: 978-87-93609-59-4 (Hardback), ISBN: 978-87-9360958-7 (Ebook); ISBN-10:
8793609590; http://www.riverpublishers.com/book_details.php?book_id=487

Original Research
Metabolic/Nutritional Science
1. Dalan R, Leow MK, George J, et al. Neuroglycopenia and Adrenergic Responses
to Hypoglycemia: Insights from a Local Epidemic of Serendipitous Massive
Overdose of Glibenclamide. Diabet Med 2009; 26: 105-9.

2. Dalan R, Jong M, Chan SP, Hawkins R, Choo R, Lim B, Tan ML, Leow MK.
High sensitivity C-reactive protein (hs-CRP) concentrations among patients with
and without diabetes in a multi-ethnic population of Singapore: CREDENCE
Study. Diabetes Metab Syndr Obes 2010; 3: 187-95.

6
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3. Than A, Cheng YQ, Foh LC, Leow MK, Lim SC, Chuah YJ, Kang Y, Chen P.
Apelin inhibits Adipogenesis and Lipolysis. Mol Cellular Endocrinol 2012;
362:227-41.

4. Venkataraman K, Wee HL, Leow MK, Tai ES, Lee J, Lim SC, Tavintharan S,
Wong TY, Ma S, Heng D, Thumboo J. Associations between complications and
Health Related Quality of Life in Individuals with Diabetes. Clin Endocrinol
(Oxf) 2013; 78: 865-73. doi: 10.1111/j.1365-2265.2012.04480.x.

5. Ataie-Jafari A, Loke SC, Rahmat AB, Larijani B, Abbasi F, Leow MK, Yassin Z.
A Randomized Placebo-Controlled Trial of Alphacalcidol on the Preservation of
Beta Cell Function in Children with Recent Onset Type 1 Diabetes Mellitus. Clin
Nutr 2013; 32:911-7. doi:pii S0261-5614(13)00038-1.
10.1016/j.clnu.2013.01.012.

6. Than A, Leow MK, Chen P. Control of adipogenesis by the autocrine interplays
between angiotensin (1-7)/Mas receptor and angiotensin II/AT1 receptor signaling
pathways. J Biol Chem 2013; 288: 15520-31.

7. Dalan R, Earnest A, Leow MK. Ethnic Variation in the Correlation between
Fasting Serum Glucose Concentration and Glycated Hemoglobin (HbA1c). Endo
Pract 2013; 19: 812-7.

6

Page 386 of 458

8. Leow MK, Konstadina G, Wee HL, Choo R, Tai ES, Newman S. Determinants of
health-related quality of life (HRQoL) in the multiethnic Singapore population –
A National Cohort Study. PLoS One 2013; 8: e67138.

9. Bonala S, McFarlane C, Ang J, Lim R, Lee M, Chua H, Sreekanth P, Leow MK,
et al. Pid1 induces insulin resistance in both human and mouse skeletal muscle
during obesity. Mol Endocrinol 2013; 27:1518-35.

10. Dalan R, Choo R, Jong M, Chew DE, Leow MK. Predictors of cardiovascular
complication in patients with diabetes mellitus: a 5-year follow-up study in a
multiethnic population of Singapore: CREDENCE II Study. Int J Cardiol 2013;
169:e67-9. doi:pii: S0167-5273(13)01711-7. 10.1016/j.ijcard.2013.08.128.

11. Ranawana DV, Leow MK, Henry CJ. Mastication effects on the glycemic index:
impact on variability and practical implications. Eur J Clin Nutr 2013; doi:
10.1038/ejcn.2013.231.

12. Venkataraman K, Khoo CM, Leow MK, et al. New measure of insulin sensitivity
predicts cardiovascular disease better than HOMA-IR estimated insulin
resistance. PLoS One 2013; 8(9): e74410. doi: 10.1371/journal.pone.007410

13. Yang PL, Lu Y, Khoo CM, Leow MK, Khoo EY, Teo A, Lee YS, Das DS, Chong
YS, Gluckman PD, Tai ES, Venkataraman K, Ng AC. Associations between

6
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ethnicity, body composition and bone mineral density in a South East Asian
population. J Clin Endocrinol Metab 2013; 98:4516-23.

14. Khoo CM, Leow MK (Co-1st author), Sadananthan SA, et al. Body fat
partitioning does not explain the inter-ethnic variation in insulin sensitivity among
Asian ethnicity: the Singapore Adults Metabolism Study (SAMS). Diabetes 2013;
63:1093-102.

15. Than A, Zhang X, Leow MK, Poh CL, Chong SK, Chen P. Apelin attenuates
oxidative stress in human adipocytes. J Biol Chem 2014; 289: 3763-74.

16. Sadananthan SA, Prakash B, Leow MK, Khoo CM, Chou H, Venkataraman K,
Khoo EY, Lee YS, Gluckman PD, Tai ES, Velan SS. Automated segmentation of
visceral and subcutaneous (deep and superficial) adipose tissues and evaluation on
normal and overweight Chinese men. J Magn Reson Imaging 2014 May 7; doi:
10.1002/jmri.24655

17. Song LL, Venkataraman K, Khoo CM, Leow MK, Lee YS, Tai ES. Validation of
prediction equations for resting energy expenditure in Singaporean Chinese men.
Obes Res Clin Pract 2014; 8(3): e283-e290.
(http://dx.doi.org/10.1016/j.orcp.2013.05.002)

6
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18. Leow MK, Dalan R, Chee BE, Earnest A, Chew DE, Tan AK, Kon YC, Jong M,
Barkham T, Wang YT. Latent tuberculosis in patients with diabetes mellitus:
prevalence, progression and public health implications. Exp Clin Endocrinol
Diabetes 2014 Jul 8.

19. Sun LJ, Ranawaran V, Elliot SA, Leow MK, Henry CJ. Effect of chicken, fat and
vegetable on glycemia and insulinemia to a white-rice based meal in healthy
subjects. Eur J Nutr 2014 [Epub in press]

20. Chong YS, Cai SR, Lin H, Soh SE, Lee YS, Leow MK, Chan YH, Chen L,
Holbrook JD, Tan KH, Rajadurai VS, Yeo GS, Kramer MS, Saw SM, Gluckman
PD, Godfrey KM, Kwek K. Ethnic differences translate to inadequacy of highrisk screening for gestational diabetes mellitus in an Asian population: a cohort
study. BMC Pregnancy and Childbirth 2014; 14: 345.

21. Singhal A, Liu J, Kumar P, Gan SH, Leow MK, et al. Metformin as an adjunct to
anti-tuberculosis therapy. Science Translational Medicine 2014; 6:263ra259.

22. Elliott S, Leow MK, Henry CJ. The Influence of the Menstrual Cycle on Energy
Balance and Taste Preference in Asian Chinese Women. Eur J Nutr Jul 2014;
Dec 14

6
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23. Huckvale K, Adomaviciute S, Prieto JT, Leow MK, Car J. Safety of Smartphone
Apps for Calculating Insulin. BMC Medicine 2015; 13: 106.
Doi:10.1186/s12916-015-0314-7.

24. Lee LS, Leow MK, Xu Y, Wilder-Smith A, Cheung YB, Paton NI. Low dose
chloroquine is associated with favorable effects on lipoprotein metabolism
without significant influence on insulin resistance. Diabetic Med 2015; Aug 19.
Doi: 10.1111/dme.12889.

25. Tan VM, Lee YS, Venkataraman K, Khoo EY, Tai ES, Leow MK, Khoo CM.
Ethnic differences in insulin sensitivity, post-meal glycemic and insulin
responses: The Singapore Adult Metabolism Study. Nutr Diabetes 2015 Jul 20;
5:e173. Doi: 10.1038/nutd.2015.24.

26. Parvaresh E, Teo Y, Leow MK, Khoo EY, Toh SA, Tai ES, Chong YS, Lee YS,
Gluckman PD, Khoo CM. Ethnic differences in the role of adipocytokines linking
abdominal adiposity and insulin sensitivity among Asians. J Clin Endocrinol
Metab 2015; 100:4249-56.

27. Song LL, Venkataraman K, Gluckman PD, Chong YS, Chee MW, Khoo CM,
Leow MK, Lee YS, Tai ES, Khoo EY. Smaller size of high metabolic rate organs
explains lower resting energy expenditure in Asian-Indian than Chinese men. Int
J Obes (Lond) 2015 Nov 16

6

Page 390 of 458

28. Sanjay K Verma1, Jadegoud Yaligar1, Bhanu Prakash KN1, Julian Goggi1,
Venkatesh Gopalan1, Swee Shean Lee1, Tian Xianfeng1, Shigeki Sugii2, Leow
MK3, Kishore Bhakoo1, S. Sendhil Velan. Characterization and segmentation of
brown adipose tissue in rats by multi-modal imaging. Magnetic Resonance
Materials in Physics, Biology and Medicine 2016 Jan 8 [Epub ahead of print]

29. Dalan R, Liew HL, Assam PN, Chan SY, Siddiqui FJ, Tan AW, Chew DE,
Boehm BO, Leow MK. The impact of targeted vitamin D supplementation on
endothelial function in type 2 diabetes mellitus: The DIMENSION Trial. Diab
Vasc Dis Res 2016 (in press)

30. Soong YY, Lim WX, Leow MK, Bi XY, Siow PC, Tay AL, Ranawana V, Henry
CJ Soy protein and polydextrose reduce glycemic response and food intake in
Chinese men. Br J Nutr 2016 (in press)

31. Foong MF, Ayob MN, Chong JK, Tai ES, Khoo CM, Henry CJ, Leow MK, Lee
YS, Tham KW, Venkataraman K, Meaney MJ, Wee HL, Khoo EY. Psychometric
analysis of an eating behavior questionnaire for Chinese population with
overweight and obesity in Singapore. Appetite 2016 Mar 2;101:119-124.
32. Leow SC, Poschmann J, Too PG, Yin J, Joseph R, McFarlane C, Dogra S,
Shabbir A, Ingham PW, Prabhakar S, Leow MK, Lee YS, Ng KL, Chong YS,
Gluckman PD, Stünkel W. The transcription factor SOX6 contributes to the

6
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developmental origins of obesity by promoting adipogenesis. Development 2016
(in press)

33. Mok A, Haldar S, Leow MK, Henry CJ. Postprandial changes in markers of
cardiometabolic disease risk in healthy, young Chinese men following high or
low protein isocaloric diets under different meal frequency patterns – a
randomized controlled crossover trial. Nutr J 2016 (in press).

34. Dalan R, Liew HL, Goh LL, Liu LZ, Wang J, Chew DE, Boehm B, Leow MK.
The haptoglobin 2-2 genotype is associated with inflammation, haptoglobin and
carotid artery intima media thickness. Diab Vasc Dis Res 2016 (in press)

35. Ang QY, Goh HJ, Cao YP, Li YQ, Chan SP, Swain JL, Henry CJ, Leow MK. A
New Method of Infrared Thermography for Quantification of Brown Adipose
Tissue Activation in Healthy Adults (TACTICAL): a double-blind, placebocontrolled randomized trial. J Physiol Sci 2016 (in press)
36.

Ong CS, Lee JH, Leow MK, Puthucheary ZA. Skeletal muscle
ultrasonography in nutrition and functional outcome assessment of critically
ill children: experience and insights from pediatric disease and adult critical
care studies. J Parenteral and Enteral Nutr 2017 Sep; 41(7):1091-1099.
(IF=3.151)
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37.

Goede SL, Latham K, Leow MK, Jonklaas J. High Resolution FT3-TSH
Responses to a Single Oral Dose of Liothyronine in Humans: Evidence of
Distinct Inter-individual Differences Unraveled using an Electrical Network
Model. J Biol Syst 2017; 25(1):119-143. (IF=0.39)

38.

Goede SL, de Galan B, Leow MK. Personalized insulin-glucose model based
on signal analysis. J Theor Biol 2017; 419: 333-342. (IF=2.049)

39.

Leow MK. Characterization of the Asian Phenotype – An Emerging
Paradigm with Clinicopathological and Human Research Implications Int J
Med Sci 2017; 14(7): 639-47. (IF = 2.244)

40.

Sun LJ, Yan JH, Sun L, Velan SS, Leow MK. A Synopsis of Brown Adipose
Tissue Imaging for Clinical Research. Diabetes Metab 2017; 43(5): 401-410.
doi:10.1016/j.diabet.2017.03.008. (IF = 4.693) [in press]

41.

Ong YH, Koh WC, Ng ML, Adult Onset Autoimmune Diabetes Mellitus
Consortium (ADAMS), et al. Glutamic acid decarboxylase and islet antigen 2
antibody profiles in people with adult-onset diabetes mellitus: a comparison
between mixed ethnic populations in Singapore and Germany (ADAMS).
Diabet Med 2017; 34(8):1145-1153. (IF=3.054)

6

Page 393 of 458

42.

Sim JZ, Zang Y, Nguyen PV, Leow MK, Gan SK. Thyroid-SPOT for Mobile
Devices: Personalized Thyroid Treatment Management App. Scientific
Phone Apps Mobile Devices 2017 Dec; 3(4):1-5. doi 10.1186/s41070-0170016-y [Epub ahead of print]

43.

Xu D, Xu S, Kyaw AM, Lim YC, Chia SY, Alvarez-Dominiguez JR, Chen P,
Leow MK, Sun L. RNA binding protein, Ybx2, regulates RNA stability
during cold-induced brown fat activation. Diabetes 2017; 66(12): 2987-3000.
(IF=8.684)

44.

Haldar S, Chia SC, Lee SH, Lim J, Leow MK, Chan E, Henry CJ. Polyphenol
rich curry made with mixed spices and vegetables benefits glucose
homeostasis in Chinese males (Polyspice Study): a dose response randomized
cross-over trial. Eur J Nutr 2017 Dec 13. doi: 10.1007/s00394-017-1594-9.
(IF = 4.370)

45.

Than A, Xu S, Li R, Leow MK, Sun L, Chen P. Angiotensin type 2 receptor
activation promotes browning of white adipose tissue and brown
adipogenesis. Signal Transduct Target Ther 2017; 2: 17022 (IF – 5.35)

46.

Sun LJ, Goh HJ, Govindharajulu P, Camps SG, Velan SS, Schaefferkoetter J,
Totman J, Townsend DW, Sun L, Sze NS, Lim SC, Boehm BO, Henry CJ,
Leow MK. Capsinoids activate BAT with increased energy expenditure
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associated with subthreshold 18F-FDG uptake in BAT-positive humans
confirmed by PET scan. Am J Clin Nutr 2018; 107(1): 62-70. (IF=6.77)

47.

Bhattacharjee A, Easwaran A, Leow MK, Cho N. Evaluation of an Artificial
Pancreas in In Silico Patients with Online-Tuned Internal Model Control.
Biomed Signal Process Control 2018; 41: 198-209 (IF= 2.399)

48.

Sim AY, Lim EX, Leow MK, Cheon BK. Low subjective socioeconomic
status stimulates orexigenic hormone ghrelin – A randomized trial.
Psychoneuroendocrinol 2018; 89: 103-112. (IF = 5.381)

49.

Loh KA, Huang SQ, Walet AC, Zhang ZC, Leow MK, Liu MH, Sun L.
Adipocyte long noncoding RNA transcriptome analysis of obese mice
identified Lnc-leptin which regulates leptin. Diabetes 2018; 67: 1045-1056.
(IF = 8.684)

50.

Ding CM, Lim YC, Chia SY, Arcinas C, Xu SH, Lo AK, Zhao YL, Zhu DW,
Shan ZH, Chen QF, Leow MK, Xu D, Sun L. De novo reconstruction of
human adipose transcriptome reveals conserved lncRNAs as regulators of
brown adipogenesis. Nature Comm 2018; 9(1): 1321. (IF = 12.124)

51.

Ding C, Chan Z, Chooi YC, Choo J, Sadananthan SA, Michael N, Velan SS,
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