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Abstract
BACKGROUND: There has been renewed interest in the study of brown adipose tissue (BAT) as a potential therapeutic target for obesity, diabetes and non-alcoholic fatty liver disease (NAFLD). There is now much evidence to suggest that BAT is not only important in thermogenesis but also plays an important role in metabolism 1. In adults, cold-induced BAT activation has led to a significant increase in insulin sensitivity and energy expenditure 2,3 as well as decreased blood sugar levels 3. Thus, it is important to identify factors associated with these metabolic disorders such as the presence and activity of BAT to better understand if and how BAT can be targeted to treat these disorders. However, as a potential therapeutic target, it is important to develop accurate, precise, robust and reproducible non-invasive modalities to measure BAT.  
PROJECT OBJECTIVES: 
1) Develop and assess protocols for the use of MRI in measuring BAT characteristics and activity
2) Examine the relationship between BAT MR outcomes and known covariates such as age, sex, body fat percentage and outdoor temperature in adult humans
3) Determine if there is any association between BAT outcomes and liver fat in adult humans, before and after adjusting for potential covariates of liver fat such as age, sex and body fat percentage 
METHODS: In total, 36 healthy participants (i.e. no conditions or medications that could influence BAT metabolism and/or liver disease) aged 18 to 60 years were recruited to this cross-sectional study. There were two study visits. In visit 1, anthropometrics (i.e. height, weight and waist circumference), blood pressure and body composition (via dual x-ray energy absorptiometry) were measured. Additionally, fasting bloodwork was collected and a 75-g oral glucose tolerance test (OGTT) was administered. During visit 2, participants were exposed to a standardized cold exposure set at 18°C for 3 hours using a water-perfused suit. MRI scans were acquired to evaluate changes in fat-fraction (FF%) and T2* relaxation (T2*) (BAT MR outcomes), liver fat and abdominal fat after a cold exposure. During the cold exposure protocol, mean skin temperature (MST) was monitored using 12 wireless temperature loggers placed at different sites of the body while electromyography (EMG) was used to measure shivering intensity. 
RESULTS: In the current study, an MRI protocol capable of detecting BAT in the supraclavicular (SCV) region was developed. This protocol included the use of FF and T2* masks to more accurately characterize BAT in the SCV region. Additionally, the MR segmentation protocol was found to be very reliable, as demonstrated by excellent ICC values (i.e. ICCagreement and ICCconsistency ≥ 0.90) for all BAT MR outcomes irrespective of cold exposure. As expected, FF% (mean difference = -2.97; p < 0.0001*) and T2* (mean difference = -0.84; p < 0.0001*) values in the SCV significantly decreased after cold exposure, consistent with BAT activation. Furthermore, the decline in both FF% and T2* after cooling was specific to the SCV region, as these changes did not occur in the posterior neck fat. In examining the relationship between BAT MR outcomes and known covariates of BAT (i.e. age, sex, body fat percentage and outdoor temperature), it is important to note that lower FF% or T2* values are reflective of a browner phenotype while a greater reduction in FF% is indicative of higher BAT activity. BAT characteristics (A: pre-cold FF%; B: pre-cold T2*) and BAT activity (C: FF% reduction) were correlated with age (A: r = 0.54; p = 0.0007*; B: r = 0.42; p = 0.0112*; C: r = -0.39; p = 0.0213*) and body fat percentage (A: r = 0.83; p < 0.0001*; B: r = 0.58; p = 0.0002*; C: r = -0.64; p < 0.0001*). That is, higher age and body fat were associated with a less brown phenotype prior to cold exposure and with less BAT activity (i.e. lower FF% decline) in response to cold exposure. However, no associations were found between BAT MR outcomes and sex or outdoor temperature. Lastly, liver fat was associated with higher values of pre-cold FF% (r = 0.60; p < 0.0001*) and pre-cold T2* (r = 0.47; p = 0.0040*) while FF% reduction was inversely correlated with liver fat (r = -0.38; p = 0.0295*). Additionally, the relationship between BAT MR outcomes and liver fat still existed after adjusting for age and sex while its effects were mediated by adiposity. 
CONCLUSION: In this study, a highly reliable MR segmentation protocol was developed that is capable of measuring BAT characteristics and activity irrespective of cold exposure. Additionally, the cold exposure protocol used was sufficient to elicit changes in BAT MR outcomes, as demonstrated by significant changes in FF% and T2* after cooling. Consistent with previous studies, BAT outcomes (as measured by MRI) were associated with age and body fat percentage. Lastly, findings in this thesis provide strong supporting data that BAT may regulate liver lipid content, however, the extent and mechanisms remain to be determined. 
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[bookmark: _Toc488848118][bookmark: _Toc488848950][bookmark: _Toc489005443][bookmark: _Ref490556444][bookmark: _Toc499791788]Background
Brown adipose tissue (BAT) is a key site for non-shivering thermogenesis, which is defined as heat production not associated with muscle activity (i.e. shivering). It is present in small mammals living in cold environments and animals that undergo hibernation 4. These animals use the heat produced by BAT to warm their core body temperature. In humans, BAT functions as an important thermoregulator for infants and recently, imaging studies have shown that BAT is present in amounts significant enough to have an effect on metabolism in adult humans 5–8.
[bookmark: _Toc488848119][bookmark: _Toc488848951][bookmark: _Toc489005444][bookmark: _Toc499791789]Location
BAT is strategically located around major blood vessels to ensure adequate delivery of substrates and effective dissipation of heat throughout the body. Infants and children have considerable amounts of active BAT which gradually regresses with age, especially after puberty 9. In infants, BAT constitutes 1 to 5% of their body weight and is largely found in the interscapular region 10. In children and adults, BAT is found mainly in the supraclavicular fossa (SCV) and in the mediastinal, thoracic paravertebral, perinephric, and adrenal regions (see Figure 1) 11–13.
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[bookmark: _Toc489453615][bookmark: _Toc498861982]Known sites of BAT activation in adult humans according to 18-fluorodeoxyglucose (18F-FDG) uptake 13. 
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BAT forms before other fat depots during embryonic development and consists of a homogeneous population of adipocytes. BAT originates from precursor cells that also give rise to skeletal muscle cells 14. These precursor cells express two particular genes, myogenic factor 5 (Myf5) and paired box protein Pax-7 (Pax7), which are selective markers of cells in the mesoderm that develop into skeletal myogenic cells. However, it is not known whether these Myf5 expressing cells are either multipotent or consist of separate pools of Myf5 cells that give rise to muscle cells, brown or white adipocytes 14.

[bookmark: _Toc488848124][bookmark: _Toc488848956][bookmark: _Toc489005449][bookmark: _Toc499791791]Morphology
BAT has morphological characteristics that differ from white adipose tissue (WAT). BAT contains a central nucleus, multiple lipid droplets and has an abundance of iron-rich mitochondria. These mitochondria are unique in that their inner membranes contain uncoupling protein-1 (UCP1) 15. When activated, this specific protein uncouples and bypasses the electron transport chain responsible for adenosine triphosphate (ATP) synthesis producing heat 4. In addition, BAT is highly vascularized and densely innervated by terminal fibres of the sympathetic nervous system 13. In comparison, WAT consists of a unilocular lipid droplet, a displaced peripheral nucleus, and limited cytoplasm 16. Recently, cells with thermogenic potential and morphologic features similar to BAT have also been identified. Most commonly termed as beige adipose tissue, these cells express UCP1 in response to adrenergic stimuli and have function similar to classic brown adipocytes 14.  
[bookmark: _Toc433622185][bookmark: _Toc445974605][bookmark: _Toc446922854][bookmark: _Toc488848135][bookmark: _Toc488848970][bookmark: _Toc489005463][bookmark: _Toc499791792]Factors associated with BAT
Most of the studies that have assessed factors associated with BAT were conducted using 18F-FDG Positron Emission Tomography – Computer Tomography (PET-CT). In these studies, they established negative associations between BAT (volume and activity) and adiposity as well as age while the relationship between BAT outcomes with sex and outdoor temperature are inconsistent, which may in part be due to inconsistent cold stimulation of BAT. 
[bookmark: _Toc488848136][bookmark: _Toc488848971][bookmark: _Toc489005464][bookmark: _Toc499791793]BMI and Adiposity 
BAT metabolic activity is inversely related to body mass index (BMI) and adiposity 5,6,11,17–22 in adult humans. Saito et al. 6 exposed 56 healthy adult volunteers to an intermittent cold exposure using ice blocks (every 5 minutes for a duration of approximately 4 minutes) in an air-conditioned room (19°C for two hours). They found 18F-FDG uptake was inversely related to BMI (r = -0.67), total body fat (r = -0.56) and visceral fat (r = -0.68). Similar results were found in 24 healthy men subjected to 16°C cold treatment in a climate chamber for two hours. BAT metabolic activity was negatively correlated with both BMI (r = -0.60) and percent body fat (r = -0.60) 21. These findings provide strong supporting data that BAT activity is closely related to measures of adiposity in adults.  
[bookmark: _Toc488848137][bookmark: _Toc488848972][bookmark: _Toc489005465][bookmark: _Toc489800602][bookmark: _Toc499791794]Age 
A review by Ponrartana and colleagues 23 concluded that BAT prevalence is ten times higher in children than in adults. In adults, age also has an impact as shown by Yoneshiro and colleagues. 24 BAT was identified in half of the participants in their twenties but less than 10% in their fifties and none in their sixties after a brief cold exposure. These results are also consistent with other studies that reported an inverse relationship between BAT and age 5,6,11,18–20,22.
[bookmark: _Toc488848138][bookmark: _Toc488848973][bookmark: _Toc489005466][bookmark: _Toc499791795]Sex
There are conflicting results in the literature regarding the relationship between BAT and sex. In studies conducted retrospectively, BAT prevalence was higher in females than males 5,17. However, these results might be inaccurate since on average, females tend to feel colder at a higher temperature compared to males 18. These retrospectives studies might, therefore, be biased by the inherently lower temperatures in hospitals which could be sufficient in activating BAT in females but not in males 25. In contrast to these findings, cold-activated BAT studies have shown that BAT prevalence is similar in both males and females 26,27. 
[bookmark: _Toc488848139][bookmark: _Toc488848974][bookmark: _Toc489005467][bookmark: _Toc499791796]Outdoor temperature 
In several retrospective studies, BAT metabolic activity has been shown to be inversely related to outdoor temperature 5,11,18. These groups found that BAT is more likely to be detected in studies conducted on days with lower outdoor temperature. Similarly, Saito and colleagues 6 reported higher BAT prevalence in participants that were enrolled in the winter than in the summer. Given the retrospective nature of these studies, BAT measurements did not include either an acclimatization period or a cold treatment to stimulate BAT activity. Recently, Haq et al. 28 showed the importance of an acclimatization phase where following an acclimation period of one hour at either room temperature or at 32°C prior to the cold exposure, BAT activity in response to cold stimulation (as measured by infrared thermography) was not related to outdoor temperature. 
[bookmark: _Toc499791797]IMAGING MODALITIES TO DETECT BAT
As a potential therapeutic target, it is important to develop accurate, precise, robust and reproducible non-invasive modalities to measure BAT.  To date, imaging modalities have been most widely utilized to detect BAT including the use of 18F-FDG PET-CT and MRI. 

[bookmark: _Toc488848126][bookmark: _Toc488848958][bookmark: _Toc489005451][bookmark: _Toc499791798]18F-FDG PET-CT
18F-FDG PET-CT is the most widely used measure of BAT volume and metabolic activity.  Histology studies have confirmed the presence of BAT in SCV tissue with increased 18F-FDG uptake 7,29. 18F-FDG PET-CT scans measure the uptake of a glucose analogue that is taken up by brown adipocytes but is not metabolized, thus remaining trapped in the adipocyte. The combination of PET with CT allows anatomical localization of the 18F-FDG uptake 13. 
Although 18F-FDG PET-CT has been considered the gold standard, a complete picture of BAT metabolism and morphology is not provided by this imaging as this method relies on the amount of glucose that is being taken up by BAT during activation. It is now known that the primary and initial substrate for non-shivering thermogenesis are endogenously derived fatty acids followed by circulating fatty acids 4,30,31. Therefore, relying on glucose uptake as a measure of BAT as is done in 18F-FDG PET-CT leads to the underestimation of BAT mass and metabolic activity 31. In addition, 18F-FDG PET-CT is unable to detect inactive or weakly activated BAT 21,29. Confirming these concerns is a recent study in which 18F-FDG uptake persisted in UCP-1 knockout (KO) mice (therefore without active BAT); thereby dissociating BAT thermogenesis and 18FDG uptake 32. 
PET-CT also involves significant radiation exposure and therefore cannot be used for large-scale studies in healthy individuals or in vulnerable populations 33. It is also expensive, time-consuming and, in the absence of a cold stimulation, has extremely low reproducibility 11. 
[bookmark: _Toc499791799]MRI
Given the limitations of 18F-FDG PET-CT in measuring BAT, other modalities to quantify BAT are now being evaluated, including the use of MRI. 
[bookmark: _Toc499791800]BAT MR Characteristics 
The intrinsic morphologic differences between BAT and WAT result in unique magnetic resonance signatures that can be detected by MRI in the form of proton-density fat-fraction (PDFF) and T2* relaxation (T2*) 16,34,35. 
PDFF is a fundamental property of tissue that accurately reflects the concentration of fat in tissue. It is defined as the ratio of triglycerides (TG) to the sum of TG and water. At the 2012 meeting of the International Society for Magnetic Resonance in Medicine (ISMRM), PDFF was recommended as the standardized imaging biomarker of tissue fat content because of its accuracy, precision, robustness, and reproducibility 36. It has been shown to be insensitive to changes in acquisition parameters, scanner manufacturer, imaging centre and field strength. Brown adipocytes are known to have lower lipid content and higher water content in comparison to white adipocytes resulting in a lower FF value 16,37,38.  
T2* is defined as the decay of transverse magnetization mainly caused by magnetic field inhomogeneity 39. The use of T2* to measure BAT primarily relies on the differences in magnetic susceptibility of various tissues in the body. The high abundance of iron-rich mitochondria in BAT in contrast to WAT causes a faster T2* relaxation, resulting in reduced T2* values 39,40. 
[bookmark: _Toc499791801]BAT MR Activity
In addition to MRI’s ability to differentiate BAT and WAT structurally, both FF and T2* may be used to measure BAT metabolic activity. BAT uses endogenous derived fatty acid when activated resulting in a decreased triglyceride content (i.e. lower FF value) upon BAT activation 31,41. This decline in FF% might be confounded by an increase in blood perfusion that occurs during BAT activation 41–43. However, a recent study showed that blood perfusion has minimal effects on the MR FF signal, as changes in FF% were negligible after a brief warm exposure 44.
The use of T2* relaxation in measuring BAT activity is mainly dependent on the magnetic properties of haemoglobin. Haemoglobin can either be saturated with oxygen molecules (oxyhaemoglobin) or desaturated with oxygen molecules (deoxyhaemoglobin). Oxygen consumption is increased in regions with BAT activation resulting in a higher deoxyhaemoglobin concentration in BAT regions (i.e. lower T2* values) 39. 
[bookmark: _Toc499791802]Non-Alcoholic Fatty Liver Disease 
[bookmark: _Toc499791803]Background
Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver diseases caused by an excessive accumulation of fat in the liver in the absence of other liver conditions and/or significant alcohol consumption. NAFLD is the most common liver disease worldwide – its prevalence is estimated to range from 25 to 45% and is closely linked with metabolic disorders such as obesity and type 2 diabetes (T2D) 45. The spectrum ranges from hepatic steatosis to non-alcoholic steatohepatitis (NASH) to fibrosis and cirrhosis. There are many factors associated with NAFLD progression; among them are genetics, diet, metabolic and inflammatory factors as well as dysbiosis of gut microbiota 46. Although NAFLD is very common, a small proportion of patients with NAFLD develop NASH. NASH is defined by the presence of hepatic steatosis and evidence of hepatocyte damage; specifically the presence of inflammation and significant fibrosis 47. Hepatic fibrosis is characterized by the accumulation of excessive connective tissue (scarring) in the liver caused by chronic liver cell injury. As fibrosis progresses, hepatic structure and function can be severely disrupted and may lead to liver cirrhosis 47. 
[bookmark: _Toc488847521][bookmark: _Toc488847724][bookmark: _Toc488847939][bookmark: _Toc488848142][bookmark: _Toc488848977][bookmark: _Toc488849872][bookmark: _Toc488928983][bookmark: _Toc488929190][bookmark: _Toc488930816][bookmark: _Toc489005470][bookmark: _Toc489005796][bookmark: _Toc488847522][bookmark: _Toc488847725][bookmark: _Toc488847940][bookmark: _Toc488848143][bookmark: _Toc488848978][bookmark: _Toc488849873][bookmark: _Toc488928984][bookmark: _Toc488929191][bookmark: _Toc488930817][bookmark: _Toc489005471][bookmark: _Toc489005797][bookmark: _Toc488847523][bookmark: _Toc488847726][bookmark: _Toc488847941][bookmark: _Toc488848144][bookmark: _Toc488848979][bookmark: _Toc488849874][bookmark: _Toc488928985][bookmark: _Toc488929192][bookmark: _Toc488930818][bookmark: _Toc489005472][bookmark: _Toc489005798][bookmark: _Toc488847524][bookmark: _Toc488847727][bookmark: _Toc488847942][bookmark: _Toc488848145][bookmark: _Toc488848980][bookmark: _Toc488849875][bookmark: _Toc488928986][bookmark: _Toc488929193][bookmark: _Toc488930819][bookmark: _Toc489005473][bookmark: _Toc489005799][bookmark: _Toc488847530][bookmark: _Toc488847733][bookmark: _Toc488847948][bookmark: _Toc488848151][bookmark: _Toc488848986][bookmark: _Toc488849881][bookmark: _Toc488928992][bookmark: _Toc488929199][bookmark: _Toc488930825][bookmark: _Toc489005479][bookmark: _Toc489005805][bookmark: _Toc488847531][bookmark: _Toc488847734][bookmark: _Toc488847949][bookmark: _Toc488848152][bookmark: _Toc488848987][bookmark: _Toc488849882][bookmark: _Toc488928993][bookmark: _Toc488929200][bookmark: _Toc488930826][bookmark: _Toc489005480][bookmark: _Toc489005806][bookmark: _Toc488847532][bookmark: _Toc488847735][bookmark: _Toc488847950][bookmark: _Toc488848153][bookmark: _Toc488848988][bookmark: _Toc488849883][bookmark: _Toc488928994][bookmark: _Toc488929201][bookmark: _Toc488930827][bookmark: _Toc489005481][bookmark: _Toc489005807][bookmark: _Toc433622188][bookmark: _Toc445974608][bookmark: _Toc446922857][bookmark: _Toc488848154][bookmark: _Toc488848989][bookmark: _Toc489005482][bookmark: _Toc499791804]Risk factors associated with NAFLD 
Given the potential for progression to more severe liver disease, it is important to understand the risk factors that predict the development of NAFLD, thereby facilitating early identification and potentially intervention.  Obesity, metabolic syndrome, sex and genetic factors 45 are linked to NAFLD development. The following paragraphs will describe the known risk factors for NAFLD development.
[bookmark: _Toc445974609][bookmark: _Toc488848155][bookmark: _Toc488848990][bookmark: _Toc489005483][bookmark: _Toc499791805]Obesity and Metabolic Syndrome
The prevalence of NAFLD is reported to be around 16% in normal weight individuals, but is higher in those with metabolic disorders and metabolic syndrome 48. Metabolic syndrome, defined as a cluster of risk factors that increase a person’s risk of cardiovascular disease and type 2 diabetes (T2D) is defined by the presence of at least three of the following metabolic disorders: high blood pressure, high fasting glucose, increased triglyceride, low high-density lipoprotein cholesterol (HDL-C) and central obesity 49. In a recent meta-analysis of 86 studies that included 8,515,431 participants from 22 countries, NAFLD was found in 51.34% with obesity, 22.51% with T2D, 69.16% with hyperlipidemia, 39.34% with hypertension and 42.54% with metabolic syndrome 47. These findings suggest that the development of NAFLD is closely linked to the presence of metabolic disorders.  
[bookmark: _Toc488848156][bookmark: _Toc488848991][bookmark: _Toc489005484][bookmark: _Toc499791806][bookmark: _Toc445974610]Sex 
The relationship between sex and NAFLD is currently unclear as there are conflicting results in the literature. In a study of 26,527 Asian subjects, the prevalence of NAFLD was higher in men (31%) than in women (16%) 50. Additionally, male gender was associated with elevated liver enzymes, NAFLD development as well as increased NAFLD-associated mortality 51–53. However, a few studies have also reported that being a female conferred risks in developing NAFLD and fibrosis 51,54. It has been suggested that these discrepancies in the literature were most likely caused by either a sex difference in NAFLD pathogenesis or an inaccurate cut-off of liver enzymes in the diagnosis of NAFLD in females 55. 
[bookmark: _Toc445974611][bookmark: _Toc488848158][bookmark: _Toc488848993][bookmark: _Toc489005486][bookmark: _Toc499791807]Race and Genetic Factors
In a study of 567 patients, NAFLD prevalence was found to be different between races. Researchers in this study reported that NAFLD prevalence was highest in Hispanics (39%) followed by Caucasians (28%) and lowest in African Americans (12%) 56. Genomic studies have shown that the allele PNPLA3-I148M is the most important genetic contributor to NAFLD development. Homozygous carriers of this allele have twice as much hepatic fat content as non-carriers. Homozygosity is most prevalent in Hispanics, the group most susceptible to NAFLD 57. Another variant of the same gene called PNPLA3-S453I that is most common in African Americans but rare in European Americans and Hispanics has been associated with significantly lower liver fat content. These two allele variations were reported to account for 72% of the observed ethnic differences in hepatic fat content in a study cohort 57. These findings suggest race and genetic factors play a role in the development of NAFLD. 
[bookmark: _Toc499791808]Link between BAT and Nafld
The association between BAT and NAFLD has not been extensively investigated. In two adult human studies conducted by the same research group, the investigators examined BAT and non-cold stimulated 18F-FDG PET-CT in a clinical sample (i.e. referred from oncology clinics) 58,59. Although they found that individuals with detectable BAT activity had lower NAFLD prevalence and better hepatic function than those without BAT activity 58,59, the applicability of these findings to healthy humans remains uncertain.
In rodent studies, increased BAT mass and metabolic activity have been shown to reverse or prevent the development of NAFLD 60–62. Liu et al. 60,61 found that BAT transplantation not only reduced weight gain, improved insulin sensitivity and increased energy expenditure, it also reversed hepatic steatosis in ob/ob mice. In another study, Crane et al. 62 showed that mice lacking tryptophan hydroxylase 1 (Tph1), a key enzyme in the synthesis of peripheral serotonin, were protected from obesity, insulin resistance and NAFLD in a BAT-dependent manner. Further, BAT thermogenesis was directly inhibited by circulating peripheral serotonin 62.
The role of BAT in hepatic lipid metabolism has only been directly investigated in a small number of rodent studies 63,64. Bartelt et al. 63 found that BAT activation resulted in reduced hepatic triglyceride-rich lipoprotein (TRL) uptake through increased TG uptake into BAT. In another study, activation of BAT (via cold exposure) has been shown to attenuate corticosterone-induced hyperlipidemia by decreasing very low density lipoprotein (VLDL) production through reduced liver de novo lipogenesis (DNL) 64. Thus, the association between BAT and liver fat may potentially be explained by the ability of BAT to clear substrate from circulation thereby shifting substrate clearance from liver to BAT depots.  

[bookmark: _Toc488847507][bookmark: _Toc488847710][bookmark: _Toc488847925][bookmark: _Toc488848128][bookmark: _Toc488848963][bookmark: _Toc488849858][bookmark: _Toc488928969][bookmark: _Toc488929176][bookmark: _Toc488930802][bookmark: _Toc489005456][bookmark: _Toc489005782][bookmark: _Toc488847508][bookmark: _Toc488847711][bookmark: _Toc488847926][bookmark: _Toc488848129][bookmark: _Toc488848964][bookmark: _Toc488849859][bookmark: _Toc488928970][bookmark: _Toc488929177][bookmark: _Toc488930803][bookmark: _Toc489005457][bookmark: _Toc489005783][bookmark: _Toc488847509][bookmark: _Toc488847712][bookmark: _Toc488847927][bookmark: _Toc488848130][bookmark: _Toc488848965][bookmark: _Toc488849860][bookmark: _Toc488928971][bookmark: _Toc488929178][bookmark: _Toc488930804][bookmark: _Toc489005458][bookmark: _Toc489005784][bookmark: _Toc488847510][bookmark: _Toc488847713][bookmark: _Toc488847928][bookmark: _Toc488848131][bookmark: _Toc488848966][bookmark: _Toc488849861][bookmark: _Toc488928972][bookmark: _Toc488929179][bookmark: _Toc488930805][bookmark: _Toc489005459][bookmark: _Toc489005785][bookmark: _Toc488847511][bookmark: _Toc488847714][bookmark: _Toc488847929][bookmark: _Toc488848132][bookmark: _Toc488848967][bookmark: _Toc488849862][bookmark: _Toc488928973][bookmark: _Toc488929180][bookmark: _Toc488930806][bookmark: _Toc489005460][bookmark: _Toc489005786][bookmark: _Toc488847512][bookmark: _Toc488847715][bookmark: _Toc488847930][bookmark: _Toc488848133][bookmark: _Toc488848968][bookmark: _Toc488849863][bookmark: _Toc488928974][bookmark: _Toc488929181][bookmark: _Toc488930807][bookmark: _Toc489005461][bookmark: _Toc489005787][bookmark: _Toc488847513][bookmark: _Toc488847716][bookmark: _Toc488847931][bookmark: _Toc488848134][bookmark: _Toc488848969][bookmark: _Toc488849864][bookmark: _Toc488928975][bookmark: _Toc488929182][bookmark: _Toc488930808][bookmark: _Toc489005462][bookmark: _Toc489005788][bookmark: _Toc488848160][bookmark: _Toc488848995][bookmark: _Toc489005488][bookmark: _Toc499791809]STUDY DESIGN
[bookmark: _Toc488848161][bookmark: _Toc488848996][bookmark: _Toc489005489][bookmark: _Toc499791810]Rationale
There has been renewed interest in the study of BAT as a potential therapeutic target for obesity, diabetes and NAFLD. There is now much evidence to suggest that BAT is not only important in thermogenesis but also plays an important role in metabolism 1. In adults, cold-induced BAT activation has led to a significant increase in insulin sensitivity and energy expenditure 2,3 as well as decreased blood sugar levels 3. More recently, NAFLD was found to be inversely associated with BAT activity in mice lacking the enzyme, Tph1, a key enzyme in the synthesis of peripheral serotonin. These Tph1 KO mice had low levels of circulating serotonin, significantly higher BAT activity and were protected from NAFLD 62. This study suggests that peripheral serotonin has a direct inhibitory effect on BAT thermogenesis in mice.  Reducing this “brake” on BAT activity resulted in increased BAT activity and reduced hepatic steatosis was also identified. In humans, the relationship between BAT and NAFLD remains underexamined.  In two retrospective 18F-FDG PET-CT studies 58,59, BAT activity was inversely correlated with NAFLD prevalence in a study of 1832 participants 58. Similarly, the presence of BAT in individuals was associated with better hepatic function and lower NAFLD prevalence 59. To date, imaging modalities have most widely been used to detect BAT including the use of 18F-FDG PET-CT and MRI. However, given the limitations associated with 18F-FDG PET-CT in measuring BAT, as described in Chapter 1, it is important to evaluate the use of other modalities to quantify BAT including the use of MRI.
[bookmark: _Toc488848162][bookmark: _Toc488848997][bookmark: _Toc489005490][bookmark: _Toc499791811]Significance 
Obesity is a chronic and progressive condition characterized by excess body fat. In Canada, one in four adults and one in 10 children are considered obese. This means that six million Canadians are currently living with obesity. Obesity increases the likelihood of various diseases such as atherosclerotic heart disease, type 2 diabetes, certain types of cancer and NAFLD. NAFLD is the most common cause of chronic liver disease worldwide. Currently, there are no pharmacological treatments for NAFLD. Therefore, it is important to identify factors that might be associated with hepatic fat accumulation such as the presence and activity of BAT to better understand if and how BAT can be targeted to treat NAFLD. 
[bookmark: _Toc488848163][bookmark: _Toc488848998][bookmark: _Toc489005491][bookmark: _Toc499791812]Objectives
Project Objectives: 
[bookmark: _Hlk496867807]Develop and assess protocols for the use of MRI in measuring BAT characteristics and activity 
Examine the relationship between BAT (characteristics and activity) and known covariates such as age, sex, body fat percentage and outdoor temperature in adult humans
Determine if there is any association between BAT (characteristics and activity) and liver fat content in adult humans, before and after adjusting for potential covariates of liver fat such as age, sex and body fat percentage 
[bookmark: _Toc488848164][bookmark: _Toc488848999][bookmark: _Toc489005492][bookmark: _Toc499791813]GET-BAT Study Methodology
To address the three objectives for this thesis, a subset of data from the adult cohort of the Gene Environment Team on Brown/Beige Adipose Tissue (GET-BAT) study at McMaster University will be utilized. This ongoing cross-sectional study was designed to examine the inter-relationships between BAT, liver fat and the serotonin pathway in human children and adults. An outline of the adult arm of the GETBAT study is presented here, but the specific methods relevant to my thesis will be presented in the respective chapters.
[bookmark: _Toc488848165][bookmark: _Toc488849000][bookmark: _Toc489005493][bookmark: _Toc499791814]Inclusion / Exclusion Criteria
This study was intended to include all adults age 18 to 50 years of age who agreed to the study protocol and did not have any of the exclusion criteria noted below. (Note that the initial age range of 18 to 60 years was later reduced to 18 to 50 years old because of difficulties in recruiting participants over 50 who were eligible for the study and due to the expected low incidence of BAT activity in those 50 years old and over 24). 
1. Self-reported alcohol intake ≥ 7 drinks/week and ≥ 3 drinks/day (males); ≥ 2 drinks/day (females)
2. Use of any of the following medications (β adrenergic, anti-hyperglycemic, antidepressant, anxiolytic, anti-psychotic, thyroid, 5HT3 antagonists, drugs known to influence brown adipocytes, serotonin and hepatic steatosis) – for a complete list of excluded medications, refer to Appendix Section 7.1.3; pp 107-111
3. Tobacco and nicotine use (smoking, nicotine patch, chew tobacco, nicotine gum, e-cigarette or cigar)
4. Any contraindications for MRI (claustrophobic, implanted metal, metallic injuries, recent tattoos and inability to fit inside the MR machine)
5. Pregnant or nursing
6. Prior bariatric surgery or liver transplantation
7. Any conditions expected to be associated with brown adipose tissue dysfunction, hepatic steatosis or liver disorders – for a complete list of excluded conditions, refer to Appendix Section: 7.1.3; pp 112
[bookmark: _Toc488848166][bookmark: _Toc488849001][bookmark: _Toc489005494][bookmark: _Toc499791815]Subject Recruitment 
Participants were recruited in the McMaster and Hamilton community using posters, internal media advertising and social media postings. Recruitment locations included university and college campuses, churches, businesses, recreation and fitness centres, hospitals and primary care clinics. People who were interested in the study were first screened using our inclusion/exclusion list and the Imaging Research Centre’s screening form. Eligible participants were recruited for the study. 
[bookmark: _Toc488848167][bookmark: _Toc488849002][bookmark: _Toc489005495][bookmark: _Toc499791816]Study Visits
The study consisted of two visits. Visit 1 was held at McMaster University Medical Centre (MUMC) and visit 2 at St. Joseph Healthcare Hamilton (SJHH). Participants were reminded of their study visit four days (via email) and two days (via email and phone) before their visit date. In both visits, participants were asked to refrain from eating or drinking (with the exception of water) for at least 8 hours, vigorous physical activity for at least 48 hours, caffeine intake for at least 12 hours and serotonergic food (list included: banana, tomato, kiwi, walnut, avocado, pineapple and plum) for at least 24 hours before both Visits 1 and 2. Participants were also asked to shave any facial hair and to refrain from applying any type of facial or neck cream prior to visit 2. 


VISIT 1
Participants were first consented to the study and were then re-screened for eligibility (initial screening was done during the recruitment phase). Anthropometrics (i.e. height, weight and waist circumference), blood pressure and body composition were then measured. Fasting bloodwork was collected and a 75 g oral glucose tolerance test (OGTT) was administered if the participant did not have known T2D (in which case only fasting blood sampling was conducted). 
VISIT 2 
The visit started with participants acclimatizing to room temperature for at least 30 minutes before their initial MRI scan. After the initial MRI scan, 12 iButtons (wireless temperature loggers) were placed in different sites of the participants’ body to calculate a weighted mean skin temperature. Shivering intensity was also measured using electromyography (EMG) with sensors placed in the trapezius, vastus lateralis and vastus medialis. Participants were then exposed to a standardized cold exposure set at 18°C for 3 hours using a water-perfused suit. MRI scan was repeated immediately after the cold exposure. 
Booking Considerations for Female Participants 
The hormone estrogen promotes a lower body temperature (via vasodilation and heat dissipation) while progesterone has the opposite effect 65. Given fluctuations in estrogen and progesterone levels at various phases of the menstrual cycle, an attempt was made to standardize the timing of the visits relative to the menstrual cycle. Female participants were scheduled when their estrogen and progesterone levels were predicted to be at their lowest point which is generally within seven days of the start of menstruation. 
For females with regular menstruation and on oral contraceptives, participants were scheduled for their second visit within seven days following their next anticipated menstruation. For females with irregular menstruation, participants were asked to contact research personnel at the start of their next menstruation and the visit was booked within seven days.
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[bookmark: _Toc488848168][bookmark: _Toc488849003][bookmark: _Toc489005496][bookmark: _Toc499791817]Visit Timelines
Data presented in this thesis are from the shaded sections in Figures 2-3. * For a detailed list of study variables, refer to Appendix Section 7.1.1; pp 102-103.
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[bookmark: _Toc498861983]Visit 1 Timeline (McMaster University Medical Centre).
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[bookmark: _Toc498861984][bookmark: _Toc483470178]Visit 2 Timeline (St. Joseph’s Healthcare Hamilton).

[bookmark: _Toc489005827][bookmark: _Toc489005828][bookmark: _Toc489005829][bookmark: _Toc489005831][bookmark: _Toc489005832][bookmark: _Toc489005833][bookmark: _Toc489005834][bookmark: _Toc489005835][bookmark: _Toc489005836][bookmark: _Toc489005837][bookmark: _Toc489005838][bookmark: _Toc489005839][bookmark: _Toc489005840][bookmark: _Toc489005841][bookmark: _Toc489005842][bookmark: _Toc489005843][bookmark: _Toc489005844][bookmark: _Toc489005845][bookmark: _Toc489005846][bookmark: _Toc489005847][bookmark: _Toc489005848][bookmark: _Toc489005849][bookmark: _Toc489005850][bookmark: _Toc489005851][bookmark: _Toc489005852][bookmark: _Toc489005853][bookmark: _Toc489005854][bookmark: _Toc489005857][bookmark: _Toc499791818][bookmark: _Toc489005497]Project Recruitment
Recruitment for the adult cohort started on July 2016. As of April 2017, 43 participants have been enrolled in the study, of which 41 have completed visit 1, 36 have completed visit 2 and 4 were ineligible after visit 1 (claustrophobic, thyroid medication, body size and copper IUD). The recruitment flow chart for the adult cohort is presented below in Figure 4. 
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[bookmark: _Toc498861985][bookmark: _Toc489453622]GET-BAT Adult Cohort Recruitment Flow Chart. 
The objectives of this thesis outlined previously in Section 2.3 will be discussed in the subsequent chapters. 







[bookmark: _Toc499791819]DevelopMENT AND ASSESSMENT OF MRI protocols IN MEASURING BAT characteristics and activity (OBJECTIVE 1) 

[bookmark: _Toc499791820]INTRODUCTION
[bookmark: _Hlk496793693]The first objective of this thesis focused on the development and assessment of protocols in using MRI to measure BAT characteristics and activity. The proof of concept MRI paper that showed BAT can be unequivocally identified in human infants has paved the way for new research in the development of MRI as a potential modality to detect BAT 16.  As an emerging field, MR techniques currently used to measure BAT in adult humans lack detailed methodology, standardization and consistency 37,38,66–74,44. Thus, it was important to develop a standardized protocol that could consistently and reliably measure BAT MR outcomes. To present these research questions more effectively, this chapter was separated into two sections. The first section highlights the steps undertaken in the development and design of an MRI protocol capable of measuring BAT characteristics and activity, while, the second section evaluated the effectiveness of the newly developed protocol in detecting BAT using MRI. 









[bookmark: _Toc499791821]DEVELOPMENT AND DESIGN OF PROTOCOL TO MEASURE BAT CHARACTERISTICS AND ACTIVITY USING MRI


[bookmark: _Toc499791822]BACKGROUND
[bookmark: _Hlk496793691]In this section, the steps undertaken to develop a standardized protocol in detecting BAT using MRI technology are presented. Given that BAT activity is one of the primary outcomes in this study, a suitable cold exposure protocol that can consistently activate BAT had to be first defined. With the help of project collaborators at the University of Ottawa and Université de Sherbrooke, the research group was able to adapt the cold exposure protocol used at those sites to this study. This specific cooling protocol was previously shown to be adequate in stimulating BAT activity (as measured by PET-CT) 31,75–79. Additionally, this cold exposure protocol was found to minimize overt shivering, reduce skin temperature by at least 2.5°C and increase energy expenditure by approximately 1.8-fold 31,75–79. Indeed, the amount of cold exposure delivered to all participants was found to be consistent irrespective of body size or sex, as reported in Appendix Section 7.2.4; pp 133. With the cold exposure protocol defined, an MRI protocol capable of detecting BAT had to be developed. In developing an MRI protocol, factors such as data acquisition, data analysis and reliability analysis need to be considered. As such, this section was divided into three parts: 1) designing an acquisition protocol specific to BAT using MRI; 2) developing an analysis or segmentation protocol that can measure BAT MRI characteristics and activity; and 3) assessing the reliability of the MRI analysis protocol. 
[bookmark: _Toc499791823]METHODS 
[bookmark: _Toc499791824]Development of BAT MRI Acquisition Protocol 
To develop an MRI acquisition protocol specific to BAT, a suitable MRI pulse sequence had to be defined prior to data collection. In this study, two commercially available sequences, IDEAL-IQ and LAVA-FLEX, based on fat-water imaging, were used to acquire BAT images. IDEAL-IQ is a confounder-corrected MRI sequence that provides an accurate measure of tissue triglyceride content by using multiple spectral modelling of adipose tissues while accounting for T2* decay 36,80. In contrast, while the LAVA-FLEX sequence provides a better-quality image, its protocol does not account for any of the correction that IDEAL-IQ performs often resulting in an underestimation of fat content. Additionally, a T2* map is not generated with the use of the LAVA-FLEX sequence. Given that FF% and T2* were planned as the primary outcomes in this study, BAT MR outcomes were measured using the more accurate and advanced IDEAL-IQ sequence – though it was recognized that the clarity of the images might be somewhat inferior. 
All MRI scans were performed using a 3-Tesla (T) whole-body MRI scanner (Discovery 750; GE Healthcare, Waukesha, WI, USA) in the Imaging Research Centre at St. Joseph’s Healthcare Hamilton. BAT MRI scans were performed in the axial plane using a Head/Neck/Chest (HNS) coil. The axial plane was selected based on previous protocol trials that found lower incidence of fat-water swaps in images acquired axially than images acquired in the coronal plane. To ensure that the entire neck and SCV region were captured, image acquisition started at the C2/C3 disc and ended at the T4/T5 disc. * Specific MRI protocol parameters can be found in Appendix Section 7.1.4; pp 113-114
[bookmark: _Toc499791825]Development of BAT MRI Analysis and Segmentation Protocol
Using the data acquisition protocol described above, a series of MR images with distinct contrasts was generated: water-only, fat-only, in-phase, out-of-phase, FF% and R2* maps. T2* maps were obtained by transforming the R2* images using the equation: T2* (ms) = 1000/R2* (s1). However, in order to obtain data from these raw MR images, a segmentation protocol would first need to be developed. Given that segmentation protocols are software-specific, it is important that suitable segmentation software is selected at the onset of data analysis. In this study, Analyze Pro was used to segment MR images over other software such as SliceOmatic (commercial software) and FSLView (free software) based on its ease of use, expansive capabilities and availability of technical support. 
An MRI segmentation protocol was developed to measure BAT characteristics and activity in the SCV region, an active BAT depot found in adult humans 11–13. The SCV was segmented in the axial plane using semi-automated and manual segmentation tools. Semi-automated techniques were used to automate processes that would normally be affected by operator bias or subjectivity. Additionally, the use of semi-automated tools was expected to reduce the amount of time in the segmentation of MR images – thereby reducing analysis time and cost. The final segmentation protocol for SCV BAT consisted of five steps, as described below:
1. Application of fat mask: A fat mask was applied directly to the FF map at the C7-T1 disc by applying an image-specific threshold, based on differences in MR intensities. This process was used to isolate adipose tissues and exclude background noise from the MR image. The image at the C7-T1 disc was used as the reference for all participants as previous protocol trials have shown that the image at this disc level contained the largest amount of fat in the SCV region. Given that this tool was sensitive to the difference in fat-water signal in the MR image, it was important to select an image with good fat-water contrast to ensure adipose tissues were isolated more accurately. 
2. FF threshold application: A FF threshold set at 30 to 100% was applied to the FF image to ensure that only voxels within that specific range were included in the segmentation process. This a priori definition was based on published literature data in humans that suggests that SCV BAT occupies a wide range of FF%. Additionally, in previous protocol trials, as presented in Section 3.4.1, the broad threshold (30 to 100%) was more sensitive in capturing changes in the number of FF% voxels after cold exposure than the narrow threshold (50 to 80%). 
* For a complete list of studies that used MR FF% to characterize BAT – refer to Appendix Section 7.1.2; pp 104-105
3. Manual delineation of the SCV: Region of interest (ROI) was manually drawn over the SCV region using the “free-hand draw” tool. The SCV was chosen for BAT segmentation since this area is known to contain the largest and most active BAT depot in adults 11–13. The SCV was defined by the trapezius muscle posteriorly, the sternocleidomastoid muscle medially and the clavicle inferiorly 38. To ensure consistent segmentation between participants, the vertebral column was used as the reference for the start (C5-C6 disc) and end (T1-T2 disc) of segmentation (see Figures 5-6)
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[bookmark: _Toc489453616][bookmark: _Toc498861986]Sagittal view of the start (C5/C6 disc) and end (T1/T2 disc) of BAT segmentation.
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[bookmark: _Toc489453617][bookmark: _Toc498861987]Multi-slice segmentation of the SCV region: left (start of segmentation), right (middle of segmentation) and bottom (end of segmentation).
4. Erosion of ROI: The ROIs were then post-processed using a one-time 2D 1x3 erode (jack structural element) to correct for any inherent partial volume effects in the images. This specific erosion criterion was chosen to minimize the number of eroded voxels while still ensuring partial volume effects were corrected. 
5. Application of T2* mask: As the FF mask applied included tissues with FF from 30 to 100% to maximize acquisition of fat tissue, this method would not allow discrimination between different types of adipose tissues present in the SCV (i.e. mix of brown and white adipocytes). Therefore, a T2* mask was applied to the FF map to help differentiate BAT from WAT by isolating voxels from 2 to 25 ms. This specific T2* range was chosen due to previous reports that identified a T2* value of ≥ 26 ms mostly consisted of muscles, fluids and white adipocytes 37.  Additionally, the lower range of 2 ms was selected due to the MR sequence’s limitation in detecting very low T2* values (i.e. lower than 2 ms).
* For a complete list of studies that used MR T2* signal to characterize BAT – refer to Appendix Section 7.1.2; pp 106






BAT MR Outcomes 
MRI scans before and after cold exposure were analyzed to characterize SCV BAT MR characteristics. MR outcomes before cold exposure were defined as pre-cold SCV BAT FF% or pre-cold SCV BAT T2*. Subsequently, MR outcomes after cooling were defined as post-cold SCV BAT FF% or post-cold SCV BAT T2*. BAT activity was defined as the decrease in FF% (SCV BAT FF% reduction) or T2* (SCV BAT T2* reduction) in the SCV after cold exposure. SCV BAT Volume was obtained by multiplying the total number of segmented voxels to the voxel size (i.e. SCV BAT Volume = # segmented voxels x voxel size)  
[bookmark: _Toc499791826]Reliability Measurement of MRI Segmentation Protocol 
Inter-rater reliability of BAT MR outcomes was assessed in images acquired from the first 10 participants. Reliability analysis of the segmentation protocol only included steps 1 to 3, as described in Section 3.3.2, since this test was conducted in the early stages of protocol development (prior to implementation of ROI erosion and T2* mask application). Although the subsequent steps were not included in the reliability analysis, these processes were applied using semi-automated tools. Given that the reliability analysis of the segmentation protocol already included the steps expected to introduce the greatest human error, the addition of subsequent steps in the protocol is expected to be minimal. 
[bookmark: _Toc499791827]Statistical Analysis 
Participant Demographics
Participant demographics were presented as n or n (%) for categorical variables and mean (SD) or median [Q1, Q3] for skewed variables. Normality was tested using Shapiro-Wilk W-test which is designed for small sample sizes (n ≤ 50). Data that did not follow a normal distribution were either log- or square root-transformed and re-tested for normality. If the data failed to conform to a normal distribution following transformation, non-parametric tests were used for analyses. 
Evaluating BAT FF% Threshold
Using paired t-tests, data from the first 10 participants enrolled in the study were used to compare the sensitivity of a narrower (50 to 80%) or a broader FF threshold (30 to 100%) in capturing changes in FF% after cold exposure. Additionally, FF% histograms were visually inspected to evaluate the effects of cold exposure on voxels at different FF% in select participants with low or high BAT activity (as measured by FF% reduction).
Evaluating BAT T2* Threshold 
Given the lack of standardized cut-offs in using MRI to differentiate BAT activity response, the five participants with the greatest and lowest FF% reduction were categorized into high and low BAT activity groups, respectively. Independent sample t-tests were conducted to assess the effectiveness of the T2* mask in differentiating BAT from WAT by comparing BAT MR outcomes segmented with and without the T2* mask. The dichotomization of participants into either high or low BAT activity groups allowed for a better assessment of the effects of T2* mask on BAT MR outcomes. Additionally, FF% histograms were visually inspected to further assess the effects of the T2* mask on voxels at different FF% in select participants according to their BMI (normal weight vs obese) or BAT activity (low vs high). 

Inter-Rater Reliability 
Reliability of the outcome measures between raters was measured using ICC (intra-class correlation coefficient) (3,1), a two-way mixed, single measure ICC with the following assumptions: 1) each subject is assessed by each rater; 2) raters are the only raters of interest; 3) reliability is calculated on a single measurement. Both ICCagreement and ICCconsistency were conducted to measure the reliability of the segmentation protocol between raters. ICCagreement is defined as the absolute agreement between raters while ICCconsistency measures the consistency between raters by considering systematic errors (i.e. Rater A Score = Rater B Score + systematic error) 81. The reliability of the following SCV BAT MR outcomes (pre- and post-cold) were measured: FF%, R2* and volume. Given that R2* maps were automatically generated by the IDEAL-IQ sequence, inter-rater reliability analyses were conducted for R2* instead of T2* to reduce analysis time associated image transformation.    
Statistical Analysis Software
GraphPad Prism (version 6; GraphPad Software, La Jolla, CA, USA) and SPSS Statistics (version 23; IBM, North Castle, NY, USA) were used for all statistical analysis. 


[bookmark: _Toc499791828]RESULTS
[bookmark: _Toc499791829]Development of BAT MRI Analysis and Segmentation Protocol 
Evaluating BAT FF% Threshold
Data from the first 10 participants in the study were used to evaluate the sensitivity of the different FF% thresholds (50 to 80% vs 30 to 100%) in measuring the change in FF% after cold exposure (See Table 1). 
[bookmark: _Toc498862001]Participant demographics (first 10 participants)
	Variable Name (units)
	N (%)
	Mean (SD)
	Min, Max

	Age (years)
	10
	27.07 (6.23)
	20.43, 39.79

	Sex
	
	
	

	Male
	9 (90.0)
	-
	-

	Female
	1 (10.0)
	-
	-

	Weight (kg)
	10
	75.58 (12.64)
	56.27, 98.70

	Height (cm)
	10
	179.3 (11.27)
	158.8, 198.9

	BMI (kg/m2)
	10
	23.46 (3.13)
	19.80, 30.30

	Waist Circumference (cm)
	10
	82.57 (10.57)
	68.50, 106.6

	Body Fat (%)
	10
	22.44 (6.54)
	12.40, 34.00


A more significant decrease in FF% after cooling was identified when the broader threshold was applied (p = 0.0066*; mean difference = -2.98) compared to the narrower threshold (p =0.0607; mean difference = -1.11). The individualized data is presented in Figure 7.
[image: C:\Users\ongfj\AppData\Local\Microsoft\Windows\INetCache\Content.Word\50-80.png][image: C:\Users\ongfj\AppData\Local\Microsoft\Windows\INetCache\Content.Word\30-100.png]
[bookmark: _Toc498861988][bookmark: _Toc489453619]Comparison of the change in FF% between a narrow and broad threshold. 
FF% histograms were visually evaluated to determine if there were any differences in FF distributions in select participants with respect to their BAT activity (see Appendix Section 7.2.1; pp 117-118). In the current study, participants with high BAT activity (measured by change in FF% after cold exposure) consistently showed significant changes in their FF% distribution while participants with low BAT activity showed negligible changes. Additionally, these histograms showed that decreases in voxel counts typically occurred in the higher fat-fraction ranges (70 to 90%) rather than the lower fat fraction percentages (30 to 55%). These findings may explain the lack of sensitivity of the narrower FF threshold in detecting changes in FF% after cold exposure as the lower and higher FF ranges were not captured in using this specific threshold. 




[bookmark: _Toc488847567][bookmark: _Toc488847770][bookmark: _Toc488847985][bookmark: _Toc488848188][bookmark: _Toc488849025][bookmark: _Toc488849920][bookmark: _Toc488929020][bookmark: _Toc488929227][bookmark: _Toc488930858][bookmark: _Toc489005511][bookmark: _Toc489005869][bookmark: _Toc488847568][bookmark: _Toc488847771][bookmark: _Toc488847986][bookmark: _Toc488848189][bookmark: _Toc488849026][bookmark: _Toc488849921][bookmark: _Toc488929021][bookmark: _Toc488929228][bookmark: _Toc488930859][bookmark: _Toc489005512][bookmark: _Toc489005870][bookmark: _Toc488847569][bookmark: _Toc488847772][bookmark: _Toc488847987][bookmark: _Toc488848190][bookmark: _Toc488849027][bookmark: _Toc488849922][bookmark: _Toc488929022][bookmark: _Toc488929229][bookmark: _Toc488930860][bookmark: _Toc489005513][bookmark: _Toc489005871][bookmark: _Toc488847570][bookmark: _Toc488847773][bookmark: _Toc488847988][bookmark: _Toc488848191][bookmark: _Toc488849028][bookmark: _Toc488849923][bookmark: _Toc488929023][bookmark: _Toc488929230][bookmark: _Toc488930861][bookmark: _Toc489005514][bookmark: _Toc489005872][bookmark: _Toc488847571][bookmark: _Toc488847774][bookmark: _Toc488847989][bookmark: _Toc488848192][bookmark: _Toc488849029][bookmark: _Toc488849924][bookmark: _Toc488929024][bookmark: _Toc488929231][bookmark: _Toc488930862][bookmark: _Toc489005515][bookmark: _Toc489005873][bookmark: _Toc488847572][bookmark: _Toc488847775][bookmark: _Toc488847990][bookmark: _Toc488848193][bookmark: _Toc488849030][bookmark: _Toc488849925][bookmark: _Toc488929025][bookmark: _Toc488929232][bookmark: _Toc488930863][bookmark: _Toc489005516][bookmark: _Toc489005874][bookmark: _Toc488847573][bookmark: _Toc488847776][bookmark: _Toc488847991][bookmark: _Toc488848194][bookmark: _Toc488849031][bookmark: _Toc488849926][bookmark: _Toc488929026][bookmark: _Toc488929233][bookmark: _Toc488930864][bookmark: _Toc489005517][bookmark: _Toc489005875][bookmark: _Toc488847574][bookmark: _Toc488847777][bookmark: _Toc488847992][bookmark: _Toc488848195][bookmark: _Toc488849032][bookmark: _Toc488849927][bookmark: _Toc488929027][bookmark: _Toc488929234][bookmark: _Toc488930865][bookmark: _Toc489005518][bookmark: _Toc489005876][bookmark: _Toc488847575][bookmark: _Toc488847778][bookmark: _Toc488847993][bookmark: _Toc488848196][bookmark: _Toc488849033][bookmark: _Toc488849928][bookmark: _Toc488929028][bookmark: _Toc488929235][bookmark: _Toc488930866][bookmark: _Toc489005519][bookmark: _Toc489005877][bookmark: _Toc488847576][bookmark: _Toc488847779][bookmark: _Toc488847994][bookmark: _Toc488848197][bookmark: _Toc488849034][bookmark: _Toc488849929][bookmark: _Toc488929029][bookmark: _Toc488929236][bookmark: _Toc488930867][bookmark: _Toc489005520][bookmark: _Toc489005878][bookmark: _Toc488847577][bookmark: _Toc488847780][bookmark: _Toc488847995][bookmark: _Toc488848198][bookmark: _Toc488849035][bookmark: _Toc488849930][bookmark: _Toc488929030][bookmark: _Toc488929237][bookmark: _Toc488930868][bookmark: _Toc489005521][bookmark: _Toc489005879][bookmark: _Toc488847578][bookmark: _Toc488847781][bookmark: _Toc488847996][bookmark: _Toc488848199][bookmark: _Toc488849036][bookmark: _Toc488849931][bookmark: _Toc488929031][bookmark: _Toc488929238][bookmark: _Toc488930869][bookmark: _Toc489005522][bookmark: _Toc489005880][bookmark: _Toc488847579][bookmark: _Toc488847782][bookmark: _Toc488847997][bookmark: _Toc488848200][bookmark: _Toc488849037][bookmark: _Toc488849932][bookmark: _Toc488929032][bookmark: _Toc488929239][bookmark: _Toc488930870][bookmark: _Toc489005523][bookmark: _Toc489005881][bookmark: _Toc488847580][bookmark: _Toc488847783][bookmark: _Toc488847998][bookmark: _Toc488848201][bookmark: _Toc488849038][bookmark: _Toc488849933][bookmark: _Toc488929033][bookmark: _Toc488929240][bookmark: _Toc488930871][bookmark: _Toc489005524][bookmark: _Toc489005882][bookmark: _Toc488847581][bookmark: _Toc488847784][bookmark: _Toc488847999][bookmark: _Toc488848202][bookmark: _Toc488849039][bookmark: _Toc488849934][bookmark: _Toc488929034][bookmark: _Toc488929241][bookmark: _Toc488930872][bookmark: _Toc489005525][bookmark: _Toc489005883][bookmark: _Toc488847582][bookmark: _Toc488847785][bookmark: _Toc488848000][bookmark: _Toc488848203][bookmark: _Toc488849040][bookmark: _Toc488849935][bookmark: _Toc488929035][bookmark: _Toc488929242][bookmark: _Toc488930873][bookmark: _Toc489005526][bookmark: _Toc489005884][bookmark: _Toc488847583][bookmark: _Toc488847786][bookmark: _Toc488848001][bookmark: _Toc488848204][bookmark: _Toc488849041][bookmark: _Toc488849936][bookmark: _Toc488929036][bookmark: _Toc488929243][bookmark: _Toc488930874][bookmark: _Toc489005527][bookmark: _Toc489005885][bookmark: _Toc488847584][bookmark: _Toc488847787][bookmark: _Toc488848002][bookmark: _Toc488848205][bookmark: _Toc488849042][bookmark: _Toc488849937][bookmark: _Toc488929037][bookmark: _Toc488929244][bookmark: _Toc488930875][bookmark: _Toc489005528][bookmark: _Toc489005886][bookmark: _Toc488847590][bookmark: _Toc488847793][bookmark: _Toc488848008][bookmark: _Toc488848211][bookmark: _Toc488849048][bookmark: _Toc488849943][bookmark: _Toc488929043][bookmark: _Toc488929250][bookmark: _Toc488930881][bookmark: _Toc489005534][bookmark: _Toc489005892][bookmark: _Toc488847591][bookmark: _Toc488847794][bookmark: _Toc488848009][bookmark: _Toc488848212][bookmark: _Toc488849049][bookmark: _Toc488849944][bookmark: _Toc488929044][bookmark: _Toc488929251][bookmark: _Toc488930882][bookmark: _Toc489005535][bookmark: _Toc489005893][bookmark: _Toc488847592][bookmark: _Toc488847795][bookmark: _Toc488848010][bookmark: _Toc488848213][bookmark: _Toc488849050][bookmark: _Toc488849945][bookmark: _Toc488929045][bookmark: _Toc488929252][bookmark: _Toc488930883][bookmark: _Toc489005536][bookmark: _Toc489005894][bookmark: _Toc488847593][bookmark: _Toc488847796][bookmark: _Toc488848011][bookmark: _Toc488848214][bookmark: _Toc488849051][bookmark: _Toc488849946][bookmark: _Toc488929046][bookmark: _Toc488929253][bookmark: _Toc488930884][bookmark: _Toc489005537][bookmark: _Toc489005895][bookmark: _Toc488847594][bookmark: _Toc488847797][bookmark: _Toc488848012][bookmark: _Toc488848215][bookmark: _Toc488849052][bookmark: _Toc488849947][bookmark: _Toc488929047][bookmark: _Toc488929254][bookmark: _Toc488930885][bookmark: _Toc489005538][bookmark: _Toc489005896][bookmark: _Toc488847595][bookmark: _Toc488847798][bookmark: _Toc488848013][bookmark: _Toc488848216][bookmark: _Toc488849053][bookmark: _Toc488849948][bookmark: _Toc488929048][bookmark: _Toc488929255][bookmark: _Toc488930886][bookmark: _Toc489005539][bookmark: _Toc489005897][bookmark: _Toc488847596][bookmark: _Toc488847799][bookmark: _Toc488848014][bookmark: _Toc488848217][bookmark: _Toc488849054][bookmark: _Toc488849949][bookmark: _Toc488929049][bookmark: _Toc488929256][bookmark: _Toc488930887][bookmark: _Toc489005540][bookmark: _Toc489005898][bookmark: _Toc488848218][bookmark: _Toc488849055][bookmark: _Toc489005541]Evaluating BAT T2* Threshold 
Data from high BAT (5 subjects with the greatest decline in FF% after cold) and low BAT subjects (5 subjects with the lowest decline in FF% after cold) from the entire study cohort (n = 36) were used to determine the value of utilizing a T2* mask in isolating BAT from WAT. Participant demographics for these two groups are presented in Tables 2 and 3 respectively.
[bookmark: _Toc498862002]Participant demographics (High BAT)
	Variable Name (units)
	N (%)
	Mean (SD)
	Min, Max

	Age (years)
	5
	23.17 (0.88)
	22.48, 24.68

	Sex
	5
	
	

	Male
	4 (80.0)
	-
	-

	Female
	1 (20.0)
	-
	-

	Weight (kg)
	5
	74.48 (8.66)
	63.60, 81.27

	Height (cm)
	5
	176.4 (10.53)
	165.0, 188.7

	BMI (kg/m2)
	5
	23.88 (1.04)
	22.40, 24.90

	Underweight/Normal
	5
	23.88 (1.04)
	22.40, 24.90

	Overweight/Obese
	0
	-
	-

	Waist Circumference (cm)
	5
	79.87 (3.45)
	75.00, 84.37

	Body Fat (%)
	5
	16.04 (3.99)
	11.70, 21.30







[bookmark: _Toc498862003]Participant demographics (Low BAT)
	Variable Name (units)
	N (%)
	Mean (SD)
	Min, Max

	Age (years)
	5
	32.04 (7.72)
	23.59, 40.24

	Sex
	
	
	

	Male
	4 (80.0)
	-
	-

	Female
	1 (20.0)
	-
	-

	Weight (kg)
	5
	97.75 (26.64)
	59.33, 130.9

	Height (cm)
	5
	172.6 (10.16)
	158.8, 184.0

	BMI (kg/m2)
	5
	32.46 (7.40)
	23.50, 44.00

	Underweight/Normal
	1
	23.50
	-

	Overweight/Obese
	4
	34.70 (6.28)
	30.30, 44.00

	Waist Circumference (cm)
	5
	103.7 (13.53)
	83.60, 116.6

	Body Fat (%)
	4
	33.90 (5.45)
	26.20, 38.40


As noted in Table 4, no differences were found in the pre- and post-cold FF% nor in the pre- and post-cold T2* with the application of a T2* mask. Importantly, MR measures of BAT activity (i.e. FF% reduction or T2* reduction) were not altered with the application of the mask. There is however a significant decline in both the pre- and post-cold SCV BAT volume. Furthermore, using FF% histograms, it was noted that the decrease in voxels mostly occurred in the higher FF ranges consistent to the range WAT normally occupies 37. These preliminary results suggest that the T2* mask was successful in improving the exclusion of WAT in the segmentation process.  



[bookmark: _Toc498862004]Comparison of BAT MR outcomes with and without T2* mask (n = 10). 
	Variable
	FF% Mask (SD)
	FF% + T2* Mask (SD)
	Mean Diff.
	p-value

	Pre-Cold FF (%)
	71.19 (10.06)
	70.12 (9.68)
	1.07
	0.9057

	Post-Cold FF (%)
	67.39 (14.30)
	66.71 (13.93)
	0.68
	0.9394

	Pre-Cold T2* (ms)
	23.74 (8.75)
	13.59 (1.49)
	10.15
	0.2597

	Post-Cold T2* (ms)
	23.27 (9.12)
	12.66 (2.17)
	10.61
	0.2385

	Pre-Cold Volume (cm3)
	84.21 (58.77)
	59.18 (33.10)
	25.03
	0.0057*

	Post-Cold Volume (cm3)
	79.99 (56.32)
	56.8 (32.23)
	23.19
	0.0104*

	FF% Reduction (%)
	3.794 (4.59)
	3.412 (4.56)
	0.38
	0.9661

	T2* Reduction (ms)
	0.47 (2.43)
	0.938 (1.09)
	-0.47
	0.9585


To further understand the effects of the T2* mask, the participants were divided into two groups based on their BAT activity (i.e. low or high FF% reduction) as described above. With the application of the T2* mask, the decline in SCV BAT volume differed between the two groups (see Tables 5-6). Participants with low BAT activity had a 9-fold decrease in BAT SCV volume compared to those with high BAT activity after application of the T2* mask. This finding supports the supposition that the T2* mask selectively removes WAT from the volume calculation. Using this assumption, the decrease in fat volume estimates the volume of WAT present in the SCV region (i.e. Total SCV Fat Volume = SCV BAT volume + SCV WAT volume) 



[bookmark: _Toc498862005]SCV WAT volume in participants with high BAT activity. 
	ID
	FF% Mask
	FF% + T2* Mask
	SCV WAT Volume

	003 (+)
	44.02
	37.96
	6.06

	011 (+)
	32.22
	28.77
	3.45

	014 (+)
	16.36
	15.40
	0.96

	028 (+)
	53.37
	41.59
	11.78

	035 (+)
	31.66
	28.76
	2.90

	Mean
	35.53
	30.50
	5.03


[bookmark: _Toc498862006]SCV WAT volume in participants with low BAT activity. 
	ID
	FF% Mask
	FF% + T2* Mask
	SCV WAT Volume

	002 (-)
	144.64
	87.59
	57.05

	008 (-)
	68.45
	59.38
	9.07

	029 (-)
	148.31
	102.14
	46.17

	030 (-)
	177.77
	102.14
	75.63

	037 (-)
	125.30
	88.04
	37.26

	Mean
	132.89
	87.86
	45.04


[bookmark: _Toc499791830]Reliability of BAT MR Segmentation Protocol 
Images from the first 10 participants in the study were used to assess the inter-rater reliability of the segmentation protocol. The characteristics of these 10 participants were described previously in Table 1. The ICC agreement and consistency for the three raters are presented below in Tables 7-9. Using the newly developed protocol, BAT MR outcomes were found to be very reliable, as demonstrated by high ICC values before and after cold exposure. These findings suggest that inter-rater reliability is high in terms of absolute agreement and consistency. * For individual inter-rater reliability ICCs – refer to Appendix Section 7.2.2; pp 129-130 
[bookmark: _Toc498862007]Reliability of SCV BAT FF% between three raters before and after cold exposure 
	Pre-Cold SCV BAT FF%

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	63.47 (6.25)
	.991 (.972, .998)
	.993 (.979, .998)

	R2
	63.91 (6.48)
	
	

	R3
	63.28 (6.27)
	
	

	Post-Cold SCV BAT FF%

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	60.64 (8.29)
	.995 (.983, .999)
	.997 (.990, .999)

	R2
	61.20 (8.48)
	
	

	R3
	60.57 (7.95)
	
	


[bookmark: _Toc498862008]Reliability of SCV BAT R2* between three raters before and after cold exposure 
	Pre-Cold SCV BAT R2*

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	78.11 (8.79)
	.917 (.784, .976)
	.913 (.771, .975)

	R2
	76.88 (9.92)
	
	

	R3
	77.29 (8.89)
	
	

	Post-Cold SCV BAT R2*

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	83.97 (15.55)
	.970 (.917, .992)
	.970 (.914, .992)

	R2
	83.16 (16.48)
	
	

	R3
	82.15 (17.71)
	
	





[bookmark: _Toc498862009]Reliability of SCV Volume between three raters before and after cold exposure 
	Pre-Cold SCV Volume

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	77.85 (42.62)
	.987 (.964, .996)
	.987 (.963, .996)

	R2
	74.79 (45.05)
	
	

	R3
	76.08 (41.67)
	
	

	Post-Cold SCV Volume

	Rater
	Mean (SD)
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	77.76 (45.12)
	.985 (.954, .996)
	.987 (.963, .996)

	R2
	74.15 (45.78)
	
	

	R3
	79.83 (49.28)
	
	




[bookmark: _Toc499791831]DISCUSSION 
As previously noted, there is a lack of detailed methodology and standardization in the use of MRI in measuring BAT outcomes. Thus, the first objective of this project was to develop a standardized MR protocol for the acquisition and segmentation of BAT in adult humans and to evaluate the inter-rater reliability of the segmentation protocol in measuring BAT outcomes.
[bookmark: _Toc499791832]Evaluating BAT FF% Threshold
There is no consensus in the literature with regards to the FF range that is most representative of BAT in humans. Given that a defined FF threshold can be used in animal studies 82, the research group initially opted to use a 50-80% FF mask in the segmentation of the SCV region. This specific threshold was chosen based on available literature in lean and wild-type rodents before March 2013 34,83. Findings in these studies initially suggested that FF% in the interscapular region of rodents occupied a narrow range, supporting the initially defined a priori FF threshold of 50 to 80%. However, recent literature in children 37,38,73,74 and adults 37,66–73,44,84 provide strong supporting data that BAT in the SCV region occupies a broad FF range, suggesting that SCV BAT cannot be defined by a narrow FF range as with studies in rodents. Thus, a second FF threshold of 30 to 100% was developed to include all adipose tissues while excluding non-adipose tissues in the segmentation process. In this study, FF% reduction was significantly more in the 30 to 100% FF threshold when compared to the 50 to 80% threshold. To further evaluate these differences in the two thresholds, FF% histograms were visually inspected and showed that most of the decrease in the number of voxels occurred in the higher FF ranges (70 to 90%) while most of the increase in voxel counts occurred in the lower FF ranges (30 to 55%). These findings suggest that the use of the narrower FF threshold was not as sensitive as the broader FF threshold in characterizing BAT activity since changes in the lower and higher FF range were not being captured in the narrower FF range. Thus, the final protocol incorporated the use of a 30 to 100% FF range in the segmentation of BAT images.  The challenge was that this protocol was limited in that all adipose tissues in the region were included in the segmentation process. 
[bookmark: _Toc499791833]Evaluating BAT T2* Threshold 
As previously noted in Section 3.3.2, the use of a 30 to 100% FF threshold included all types of adipose tissue in the SCV region which necessitated the application of a T2* mask to help differentiate BAT from WAT. Indeed, a quick review of the literature showed that there is less overlap in T2* values between BAT and WAT 37,38,66,69,71,74,44, suggesting that T2* mask might be able to discriminate between different types of adipose tissues more effectively than FF%.  Given the lack of standardized cut-offs in using T2* to define BAT, the research group opted to use a relatively wide T2* range of 2 to 25 ms 37. This specific T2* threshold was chosen based on limitations of the current sequence in detecting very low T2* signals as well as previous findings by Hu et al. that showed a T2* value of ≥ 26 ms mostly consists of muscles, fluids and white adipocytes 37. In this study, the addition of T2* mask in the segmentation process resulted in a significantly lower number of voxels in the low BAT activity group but not in individuals with high BAT activity. Additionally, visual inspection of FF% histograms in the high BAT activity group showed that most of the decrease in voxel count occurred in the higher FF ranges, consistent with WAT 38. Findings in this study provide the first supporting data that a T2* mask (set at 2 to 25 ms) can be used to help differentiate BAT from WAT. However, it is important to note that with the limited spatial resolution of the current MR sequence, it is highly unlikely that WAT is completely excluded from the segmentation process. 
[bookmark: _Toc499791834]Inter-Rater Segmentation Reliability 
To date, only two papers have reported reliability measurements in the use of MRI to measure BAT outcomes, one in adults with cardiac manifestations 72 and the other in neonates 85. It is important to note that in these studies, T2* was not used as one of the outcomes to measure BAT characteristics or activity, and therefore only reported on reliability measurements for FF%. Given that reliability measurements are specific to the study methodology employed and population enrolled, it was important for the research group to assess the reliability of the newly developed segmentation protocol. In this study, all BAT MR outcomes (i.e. pre- and post-cold images) were found to demonstrate excellent inter-rater reliability between three raters. The high inter-rater reliability reported in this project may be explained by the use of semi-automated techniques that are typically associated with less operator bias. Additionally, all raters in this study underwent data training with an experienced radiologist to ensure proper recognition of anatomical landmarks in the segmentation of images in the SCV region. Findings in this study extend the observations reported by Franssens et al. 72 where they found a moderate inter-rater reliability for the segmentation of SCV BAT FF% (ICCagreement = 0.56). The high systematic errors associated in the study conducted by Franssens et al. 72 was most likely due to the segmentation process implemented (i.e. manual segmentation) and the lack of training prior to image segmentation. In summary, it is evident from the high measured inter-rater reliability that segmentation of BAT images is minimally influenced by trained raters.







[bookmark: _Toc499791835]ASSESSMENT OF THE NEWLY DEVELOPED PROTOCOL TO MEASURE BAT CHARACTERISTICS AND ACTIVITY

[bookmark: _Toc499791836]BACKGROUND
In this section, BAT MR outcomes were assessed using the newly developed MRI protocol, as described in Part 1. As previously discussed in Chapter 1, MRI can be used to detect the morphologic differences between BAT and WAT as lower values of FF and T2* are indicative of a browner phenotype 16,34,35. As such, a crucial part of this objective was the comparison of MR characteristics of various fat pads including the SCV (largest and most active BAT depot) 11–13, posterior neck fat (not thought to contain BAT) 12 and abdominal subcutaneous adipose tissue (SAT; does not contain BAT) 12. Additionally, the effects of a standardized cold exposure on BAT activity, as characterized by a greater FF reduction (i.e. TG lipolysis) and T2* reduction (i.e. oxygen consumption), were used to assess the sensitivity of the MRI protocol to detect differences in BAT MR outcomes after a cold treatment. Finally, an exploratory analysis was conducted to investigate if BAT MR outcomes can be used to detect BAT activity independent of cold exposure. 
[bookmark: _Toc499791837]METHODS 
The primary outcome was BAT activity as described in Section 1 of this chapter. Additional measures are described below.
[bookmark: _Anthropometrics][bookmark: _Toc489005570][bookmark: _Toc499791838]Anthropometrics 
Participants wore light clothing and were asked to remove their shoes prior to their anthropometric measurements. Weight, height and waist circumference were measured three times by trained research personnel. Weight (kg) was measured using an electronic platform scale (BMI Scale Model 882; Seca, Hamburg, Deutschland).  Height (cm) was measured using a wall-mounted stadiometer (Height Measuring Rod Model 240; Seca, Hamburg, Deutschland). Waist circumference (cm) was measured using a weighted measuring tape (Pull Type Spring Scale; Ohaus, Parsippany, NJ, USA) set at 750g. The tape measure was placed around their abdomen (i.e. midpoint between the costal margin and the iliac crest) and waist circumference was measured at the end of expiration. 
[bookmark: _Body_Composition][bookmark: _Toc489005571][bookmark: _Ref490556247][bookmark: _Ref490556260][bookmark: _Ref490556268][bookmark: _Ref490556273][bookmark: _Ref490556292][bookmark: _Ref490556317][bookmark: _Ref490556325][bookmark: _Ref490556331][bookmark: _Ref490556604][bookmark: _Ref490556607][bookmark: _Toc499791839]Body Composition
Body composition was assessed using a dual energy x-ray absorptiometry (DEXA) scanner (Lunar Prodigy Advance 8743; GE Healthcare, Waukesha, WI, USA), which is the gold standard for measuring body composition 86. DEXA uses small doses of radiation in the form of x-rays to measure body composition. The concept is based on the unique attenuation parameters that exist in various tissues (i.e. fat, lean or soft tissue and bone minerals) 86. 
Participants were asked to wear light clothing without any metal or hard plastic prior to the scan. A hospital gown was provided to participants who had metal or hard plastic in their clothing. The procedure consisted of the participants lying supine with their arms at their sides while the researcher ensured that they were within the confines of the scanner. If the participants’ arms were not in the confines of the scan, due to body size, the participants were asked to cross their arms on top of their chest to ensure accurate measurement of their body composition. The following measures of interest were automatically generated by the DEXA scanner software: Body Fat (%), Fat Mass (kg), Lean Mass (kg). All scans were reviewed by one individual to ensure consistency.
[bookmark: _Outdoor_Temperature][bookmark: _Toc489005572][bookmark: _Ref490556663][bookmark: _Ref490556666][bookmark: _Toc499791840]Outdoor Temperature
Mean outdoor temperature at different timepoints (1 hour, 24 hours and 7 days) prior to visit 2 were obtained from data sourced from the Government of Canada at Hamilton RBG CS region (Climate ID: 6153301). This specific weather station collects weather data every 30 minutes. 
[bookmark: _Toc499791841]Cold Exposure Protocol 
The cold exposure protocol used in this study was adapted from project collaborators at University of Ottawa and Université de Sherbrooke where they found this specific cooling protocol was adequate to stimulate BAT activity (as measured by PET-CT) 31,75–79. 
Participants were fitted with a high-density liquid conditioned suit (LCS; Two Piece, Allen-Vanguard, Ottawa, ON, Canada) where 18°C water was circulated for 3 hours using a temperature- and flow-controlled circulation bath (Isotemp 6200 R28, Fisher Scientific, Waltham, MA, USA). The same suit was used for all participants to ensure consistent tubing density. 
[bookmark: _Toc499791842]Abdominal Subcutaneous Adipose Tissue 
Abdominal MRI scans were acquired in the axial plane using a 32-channel torso array coil (NeoCoil, Pewaukee, WI, USA). These scans were conducted in a breath-hold (approximately 18 seconds) as previous protocol trials have showed that breathing introduces considerable motion artefacts. Image acquisition was set to acquire 7 cm below and above the L4-L5 disc to ensure that most of the abdomen was included in the MR image. For calculation of abdominal SAT, a single-slice segmentation that separated subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT) and retroperitoneal adipose tissue (RPAT) was performed on the image centered at the L4-L5 disc. This has been previously shown to accurately estimate total SAT volume (see Figure 8) 87,88. Additionally, given the considerably larger surface area in the abdomen, the ROI was eroded using a 2D 3x3 jack structural element to attenuate partial volume effects. 
* Detailed analysis and segmentation protocol for abdominal SAT are outlined in Appendix Section 7.1.5; pp 115
[image: ]
[bookmark: _Toc489453618][bookmark: _Toc498861989]Single-slice segmentation at the L4-L5 disc where SAT (red), VAT (green) and RPAT (yellow).
Abdominal SAT MR Outcomes 
Abdominal SAT MR outcomes prior to cold exposure were analyzed and were defined as abdominal SAT FF% and abdominal SAT T2*.
[bookmark: _Toc496794616][bookmark: _Toc499791843]Posterior Neck SAT
The segmentation process of the posterior neck SAT was similar to that of BAT segmentation, as described in Part 1, with exception of the location and the exclusion of the T2* mask application. Posterior neck SAT was defined posteriorly to the trapezius and anteriorly along the following vertebral discs: C5-C6, C6-C7 and C7-T1. This fat pad was not known to contain any BAT and was included in the same MR image acquired for BAT imaging 12. 
* Detailed analysis and segmentation protocol for posterior neck fat are outlined in Appendix Section 7.1.5; pp 116
Posterior Neck SAT MR Outcomes
MRI scans before and after cold exposure were analyzed to characterize posterior neck SAT MR outcomes. MR outcomes before cold exposure were defined as pre-cold posterior neck SAT FF% and pre-cold posterior neck SAT T2*. Subsequently, MR outcomes after cooling were defined as post-cold posterior neck SAT FF% and post-cold posterior neck SAT T2*. Posterior neck SAT FF% reduction and posterior neck SAT T2* reduction were defined as the decrease in FF% or T2* after cold exposure, respectively.  
[bookmark: _Toc499791844]Statistical Analysis 
Participant Demographics 
Participant demographics were presented as n or n (%) for categorical variables and mean (SD) or median [Q1, Q3] for skewed variables. Normality was tested using Shapiro-Wilk W-test which is designed for small sample sizes (n ≤ 50). Data that did not follow a normal distribution were either log- or square root-transformed and re-tested for normality. If the data failed to conform to a normal distribution following transformation, non-parametric tests were used for analyses. 


Comparison of MR Characteristics in Various Fat Pads 
To investigate how MR characteristics compare in various fat pads, FF% values were compared in the SCV, posterior neck fat and abdominal SAT. These comparisons were made using Mann-Whitney U test given that posterior neck fat and abdominal SAT were found to be non-normally distributed. Additionally, FF% histograms were generated to visually assess if FF% distributions between the three fat pads were different in select participants according to their BMI (normal weight vs obese). 
Effects of Cold Exposure on MR Outcomes in the SCV or Posterior Neck 
Paired t-tests were used to determine the effectiveness of the cold exposure protocol in stimulating BAT activity as measured by the change in FF% and T2* after cooling. Given that posterior neck SAT was non-normally distributed, a Wilcoxon Signed-Rank test was used to determine the effects of cooling on FF% and T2* in this region. 
Ability to Predict BAT Activity without Cold Exposure 
Pearson correlation test was used to determine if there was any association between pre-cold and post-cold MR outcomes to examine if pre-cold FF% or pre-cold T2* could predict BAT activity independent of cold exposure. 
[bookmark: _Toc499791845]RESULTS 
[bookmark: _Toc499791846]Participant Demographics
In total, 36 participants completed the two required visits with all measures completed (see Table 10). The median age was 24.78 [8.78] years old and 63.9% were males. The median BMI was 23.60 [21.60, 29.10] and 36.1% participants were classified as overweight or obese. It is important to note that body composition data was not collected for one participant due to limitations of the DEXA scanner (i.e. above the weight threshold). 
[bookmark: _Toc498862010]Participant Demographics (entire study cohort; n=36)
	Variable Name (units)
	N (%)
	Mean (SD) or Median [Q1, Q3]
	Min, Max

	Age (years)
	36
	24.78 [22.73, 31.02]
	18.96, 57.50

	18-29
	25 (69.44)
	23.59 [21.93, 25.37]
	18.96, 28.04

	30-40
	8 (22.22)
	36.20 [31.19, 40.13]
	30.56, 40.38

	≥ 41
	3 (8.33)
	50.11
	49.56, 57.50

	Sex
	
	
	

	Male
	23 (63.9)
	-
	-

	Female
	13 (36.1)
	-
	-

	Weight (kg)
	36
	72.27 [61.10, 87.13]
	50.80, 130.87

	Height (cm)
	36
	173.38 (9.17)
	158.07, 198.93

	BMI (kg/m2)
	36
	23.60 [21.60, 29.10]
	18.2, 44.0

	Underweight/Normal 
	23
	22.10 [20.90, 23.50]
	18.2, 24.9

	Overweight/Obese
	13
	30.40 [27.95, 33.55]
	25.4, 44.0

	Waist Circumference
(cm)
	36
	80.72 [73.17, 95.13]
	62.17, 121.73

	Body Fat (%)
	35
	26.59 (10.41)
	11.7, 47.7

	Fat Mass (kg)
	35
	16.53 [11.19, 31.49]
	7.12, 45.65

	Lean Mass (kg)
	35
	51.92 (9.25)
	33.33, 67.86


[bookmark: _Toc499791847][bookmark: _Toc488848225][bookmark: _Toc488849063]Comparison of MR Characteristics in Various Fat Pads
FF% values in the SCV region were compared to posterior neck SAT and abdominal SAT. As the largest BAT depot in adults, SCV was expected to have a lower FF% when compared to subcutaneous fat depots. This was, however, only observed in abdominal SAT (see Tables 11-12). These findings suggest that posterior neck SAT may contain BAT, although it is either inactive or only weakly activated.
[bookmark: _Toc498862011]Comparison of MR characteristics between SCV BAT and posterior neck SAT.
	Variable
	Median [Q1, Q3]
	Median Difference
	p-value

	
	SCV BAT
	Posterior Neck SAT
	
	

	Pre-Cold FF%
	69.80 [65.31, 77.69]
	76.02 [60.33, 85.46]
	6.22
	0.3535


[bookmark: _Toc498862012]Comparison of MR characteristics between SCV BAT and abdominal SAT.
	Variable
	Median [Q1, Q3]
	Median Difference
	p-value

	
	SCV BAT
	Abdominal SAT
	
	

	Pre-Cold FF%
	69.80 [65.31, 77.69]
	89.31 [84.01, 91.50]
	19.51
	<0.0001*


FF% histograms were generated to assess if differences in FF% distributions existed between the three different fat pads in select participants (see Appendix Section 7.2.1; pp 119-124). Irrespective of BMI, the FF% distributions between SCV BAT and abdominal SAT were found to be visually different. In contrast, differences in FF% distributions between SCV BAT and posterior neck SAT were only apparent in participants who were obese. 
[bookmark: _Toc499791848]Effects of Cold Exposure on MR Outcomes in the SCV or Posterior Neck 
FF% and T2* decreased significantly after cold exposure (mean difference = -2.97; p < 0.0001*) and (mean difference = -0.84; p < 0.0001*) respectively (see Figure 9). These results suggest that the current cooling protocol was sufficient to elicit changes in BAT activity as measured by MRI. 
[image: C:\Users\ongfj_000\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Pre-Cold FF% vs Post-Cold FF% (T2_ Mask).jpg][image: Pre-Cold T2_ vs Post-Cold T2_ (T2_ Mask)]
[bookmark: _Toc489453623][bookmark: _Toc498861990]Comparison of SCV BAT FF% and SCV BAT T2* before and after cold exposure. 
There was no decline in the FF% of posterior neck SAT, which has not been shown to contain BAT 12, after cold exposure (median difference = -0.50; p = 0.4167). In contrast, posterior neck T2* values significantly increased after cold exposure (median difference = 0.79; p = 0.0096*) (see Figure 10). The implication of these findings is examined in the discussion section. 


[image: C:\Users\ongfj\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Pre-Cold FF% vs Post-Cold FF% (Neck).png][image: C:\Users\ongfj\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Pre-Cold T2_ vs Post-Cold T2_ (Neck).png]
[bookmark: _Toc489453624][bookmark: _Toc498861991]Comparison of Posterior Neck SAT FF% and Posterior Neck SAT T2* before and after cold exposure. 
[bookmark: _Toc499791849]Ability to Predict BAT Activity without Cold Exposure 
A negative correlation was found between pre-cold FF% and FF% reduction (r = -0.68, p < 0.0001*) (see Figure 11). Thus, the greatest FF% reduction was seen in those with the lowest pre-cold FF%.
[image: XY Data_ Pre-Cold FF% vs FF% Reduction (T2_ Mask)]
[bookmark: _Toc489453625][bookmark: _Toc498861992]Correlation between pre-cold FF% and FF% reduction.  
In contrast, no relationship was found between pre-cold T2* and T2* reduction (r = -0.06; p = 0.7410) (see Figure 12). The potential significance of these findings is discussed below.
[image: XY Data_ Pre-Cold T2_ vs T2_ Reduction (T2_ Mask)]
[bookmark: _Toc498861993][bookmark: _Toc489453627]Correlation between pre-cold T2* and T2* reduction. 

[bookmark: _Toc488847598][bookmark: _Toc488847801][bookmark: _Toc488848016][bookmark: _Toc488848219][bookmark: _Toc488849056][bookmark: _Toc488849951][bookmark: _Toc488929051][bookmark: _Toc488929258][bookmark: _Toc488930889][bookmark: _Toc489005542][bookmark: _Toc489005900][bookmark: _Toc488847599][bookmark: _Toc488847802][bookmark: _Toc488848017][bookmark: _Toc488848220][bookmark: _Toc488849057][bookmark: _Toc488849952][bookmark: _Toc488929052][bookmark: _Toc488929259][bookmark: _Toc488930890][bookmark: _Toc489005543][bookmark: _Toc489005901][bookmark: _Toc488847600][bookmark: _Toc488847803][bookmark: _Toc488848018][bookmark: _Toc488848221][bookmark: _Toc488849058][bookmark: _Toc488849953][bookmark: _Toc488929053][bookmark: _Toc488929260][bookmark: _Toc488930891][bookmark: _Toc489005544][bookmark: _Toc489005902][bookmark: _Toc488847601][bookmark: _Toc488847804][bookmark: _Toc488848019][bookmark: _Toc488848222][bookmark: _Toc488849059][bookmark: _Toc488849954][bookmark: _Toc488929054][bookmark: _Toc488929261][bookmark: _Toc488930892][bookmark: _Toc489005545][bookmark: _Toc489005903][bookmark: _Toc488847602][bookmark: _Toc488847805][bookmark: _Toc488848020][bookmark: _Toc488848223][bookmark: _Toc488849060][bookmark: _Toc488849955][bookmark: _Toc488929055][bookmark: _Toc488929262][bookmark: _Toc488930893][bookmark: _Toc489005546][bookmark: _Toc489005904][bookmark: _Toc488848227][bookmark: _Toc488849065][bookmark: _Toc489005562][bookmark: _Toc499791850]DISCUSSION 
[bookmark: _Toc499791851]Comparison of MR Characteristics in Various Fat Pads
As previously described in Chapter 1, MRI can be used to detect the intrinsic morphological differences between BAT and WAT 16,34,35. As such, it was important to assess if the newly developed segmentation protocol could detect differences in MR characteristics between different fat pads known to contain BAT or WAT. In this study MR characteristics were compared between the SCV (largest and most active BAT depot) 11–13, posterior neck fat (not known to contain active BAT) 12 and abdominal SAT (does not contain BAT) 12. As BAT is expected to have lower FF% than WAT, it was surprising that pre-cold FF% values were not significantly different between the SCV BAT and posterior neck fat. Perhaps the posterior neck fat pad does contain some BAT, further investigation of this region is warranted to explain the findings reported in this study. It is very likely that BAT located in the posterior neck fat is either inactive or only weakly activated as 18F-FDG PET-CT studies have not shown the presence of active BAT in this area 12. The presence of BAT in the posterior neck fat may be explained by the interscapular BAT depot that exists during infancy but is thought to regress with age 9. Based on these findings, a speculation can be made that in adult humans, the regression of the interscapular BAT depot with age may be related more to a decline in glucose uptake and/or metabolic activity than the disappearance of the tissue itself. This was confirmed in the current study where FF% in the posterior neck SAT did not change after cold exposure, suggesting a lack of BAT activity in this fat depot. In contrast, FF% values in the abdominal SAT were significantly higher than values found in the SCV region. Indeed, FF% histograms showed contrastingly different distributions between SCV BAT and abdominal SAT where the latter had a distribution skewed to higher FF%, consistent with WAT 16,34,35. Taken together, these findings suggest strongly that abdominal SAT is void of any BAT, consistent with previous 18F-FDG PET-CT studies that did not show any active BAT in this area. 
These new findings, however, pose complications in the current state of the literature as most MR studies have used regions located near the previous BAT-rich interscapular depot as a comparison to the SCV region 37,38,66–70,72,74,44. Additionally, detailed analysis and segmentation protocol for WAT is lacking in the field 37,38,66–74,44 and not all fat depots exhibit the same FF% and/or T2* signatures as shown in this study. Indeed, in reviewing other published studies, it was noted that gluteal and abdominal fat 71,73 were most consistent with FF% values reportedly associated with WAT 16,34,35, whereas FF% in fat depots posterior to the trapezius or adjacent to the SCV were more similar to MR signatures present in the SCV BAT region 16,34,35. Based on these findings, researchers are cautioned in using only the fat pads close to the interscapular depot as a comparison to SCV BAT as they have more similar non-cold stimulated MR signatures than abdominal SAT.   
[bookmark: _Toc499791852]Effects of Cold Exposure on MR Outcomes in the SCV or Posterior Neck 
As previously noted in Part 1, the cold exposure protocol used in this study was adapted from project collaborators that have previously shown that this protocol was sufficient to stimulate BAT activity (as measured by 18F-FDG uptake) 31,75–79. However, no studies have shown the effects of this cooling protocol on measures of BAT activity with the use of MRI technology. Given that the mechanism in which MRI measures BAT activity is entirely different than 18F-FDG PET-CT, it was important for the research group to assess the effects of this specific cold exposure protocol on BAT MR outcomes. In this study, the change in FF% after cold exposure was slightly higher than most values found in the literature 66,67,69–71,44. Other MRI studies have reported a decrease in FF% ranging from 0.4 to 2.2 66,71,44. This may be attributable to the difference in the cooling protocol (i.e. duration, temperature and method of cold delivery) used to stimulate BAT activity. In contrast to other studies, the cooling protocol used in this study was not only longer in duration and lower in temperature, but also made use of a direct-to-skin water-cooling system that covered the entire body. Given that other studies use either air-cooling or cooling blankets that only span the abdomen 25, the higher FF% change after cold exposure may be attributable to the increased surface area covered by the cold delivery system used in this study. Additionally, the newly developed segmentation protocol may have greater sensitivity to detect BAT activity based on its ability to measure a broad range of FF% changes ranging from -1.80 to 9.86%. These findings suggest that this study protocol could be used to differentiate participants with varying BAT activity (i.e. low or high BAT activity), making it a suitable modality to detect BAT in future therapeutic studies.  
Surprisingly, FF% increased in the SCV region after cold exposure in some participants. Given that BAT activation is characterized by an increase in both thermogenesis-induced TG lipolysis and thermogenesis-independent perfusion, the observed increase in SCV BAT FF% after cold exposure may be attributable to increased perfusion associated with BAT activity 32,79,89. This has previously been seen in rodent models where UCP1 KO mice demonstrated increased 18F-FDG uptake (i.e. substrate uptake) in BAT depots in the absence of BAT-induced thermogenesis 32. Additionally, Blondin et al. demonstrated that the inhibition of TG lipolysis in adult humans abolished BAT-induced thermogenesis but still resulted in increased perfusion and substrate uptake during cold-induced BAT activation 75. Of note, the majority of the participants that demonstrated an increase in SCV BAT FF% after cold exposure were classified as obese, a group known to exhibit less BAT-induced thermogenesis 5,6,11,17–22. Altogether, these findings suggest that BAT-induced thermogenesis is either inactive or weakly activated in these individuals and the marked increase in FF% is due to increased perfusion and thereby substrate uptake during BAT activation.
As previously stated in Chapter 1, changes in the ratio of oxy- and deoxy-haemoglobin concentration associated with BAT activation can be captured by the T2* signal 39. There has been limited research in the use of MR T2* signal to measure cold-induced BAT activity 66,71,44. Findings in previous studies have generally shown a trend of decreasing T2* signal after cooling, consistent with BAT activation 66,71,44. In this study, T2* values in the SCV region significantly decreased after the cold exposure. This finding further supports the results described previously which showed that the cold exposure protocol used in this study was sufficient in stimulating BAT activity 31,75–79. However, these results conflict with the study conducted by Chen et al. 22 where they found a 10.7% increase in blood-oxygen-level dependent (BOLD) signal after 1 hour of cold exposure in three participants (all females with normal BMI) with detectable BAT activity (via 18F-FDG PET-CT). BOLD is a T2*-based functional MR imaging technique capable of detecting changes in deoxyhemoglobin content where an increase in BOLD signal reflects a lower deoxyhemoglobin content (i.e. higher T2* signal) 39. Of note, there were several limitations in their study that might explain the increase in BAT T2* signal after cold exposure. First, the measure of BAT and the measure of BOLD signalling occurred 2 years apart. Considering that BAT is an extremely plastic tissue 90 – there may have been changes in their BAT tissue. Additionally, the authors did not coordinate their experimental protocol with the participants’ menstrual cycle – both estrogen and progesterone have been shown to have inhibitory effects on BAT activity in rodents 91. Last, the study was limited in its sample size and only included females. Thus, a combination of the above factors may explain the increase in BOLD signal in contrast to the decline in T2* signal noted in the current study.    
As shown in the previous section, pre-cold FF% values in the posterior neck SAT were more similar to that of SCV BAT than abdominal SAT. However, changes in FF% and T2* after cold exposure in posterior neck SAT did not follow the same trend as SCV BAT, consistent with inactive BAT. Indeed, FF% in the posterior neck did not change after cold exposure. Further, T2* values increased with cold exposure. These findings suggest that BAT-induced thermogenesis was low (i.e. no consumption of TG leading to a decline in FF%) but BAT-induced perfusion was high leading to a surplus of oxygen supply (i.e. increased T2* signal).
[bookmark: _Toc499791853][bookmark: _Hlk494205398]Ability to Predict BAT Activity without Cold Exposure 
Preliminary findings suggest that pre-cold SCV BAT FF% can be used as a potential marker of BAT activity (as measured by FF% reduction). These results support the recent findings that showed a good correlation between pre-cold FF% and 18F-FDG uptake in 13 adults (r = -0.63) 66. Findings from this study and by Holstila et al. 66 provide the first supporting data on the long-held notion that MRI could be used to detect BAT activity independent of cold exposure 16. Of note, both these findings did not account for any covariates that could affect this relationship. Thus, a definite conclusion cannot be made at this time if pre-cold FF% can be directly used as a measure of BAT activity without conducting a more robust statistical analysis that accounts for potential covariates.  
In contrast, no relationship was found between pre-cold T2* and T2* reduction. This conflicts with results recently reported by Holstila et al. 66 wherein a good correlation was found between pre-cold T2* and 18F-FDG uptake (r = -0.65). The lack of relationship between pre-cold T2* and T2* reduction may be due to limitations associated with the study methodology in the current work. Due to the complexity of the experimental protocol, there was an average of a 20-minute time lag between the end of the cold exposure and the post-cold MRI scan. This time lag was due to a combination of factors that include acquiring thermographic pictures, removal of the water-perfused suit, wireless temperature loggers and EMG sensors as well as bathroom breaks. Given that BAT T2* signal is time-sensitive and has been shown to respond temporally with bouts of cold and warm exposure 84, this time lag could potentially explain the lack of association between pre-cold T2* and T2* reduction in this study. 
[bookmark: _Toc496629760]
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[bookmark: _Toc499791854]examination of the relationship between bat characteristics and activity and known covariates (OBJECTIVE 2)


1.1 [bookmark: _Toc499791855][bookmark: _Toc488848233][bookmark: _Toc488849071][bookmark: _Toc489005567]BACKGROUND
There has been limited research on the use of MRI as a modality to characterize BAT. To date, only five MR studies have used cold exposure to stimulate BAT activity; however, these studies were limited by their small sample sizes (ranging from 9 to 17) 66,67,69–71,44. Additionally, the homogeneity of the populations enrolled in these studies made it impossible to assess the associations between BAT characteristics or activity and differences in participant characteristics, including known covariates of BAT 66,67,69–71,44. As such, the primary objective of this chapter was to examine the relationship between BAT MR outcomes and known covariates of BAT including age, sex, body fat percentage and outdoor temperature. As previously described in Chapter 1, BAT volume and activity (as measured by 18F-FDG PET-CT) are inversely correlated with age and body fat percentage, while the relationship between BAT outcomes with sex and outdoor temperature are inconsistent but this variance may, in part be due to inconsistent cold exposure.
* For more information on known covariates of BAT – refer to Section 1.2; pp 3-5
1.2 [bookmark: _Toc499791856]METHODS
1.2.1 [bookmark: _Toc499791857]Primary Outcome
BAT MR Outcomes  
As described in Part 1, MRI was used to measure BAT characteristics and activity in the SCV region. BAT characteristics were defined as MR outcomes before the cold exposure treatment (i.e. pre-cold FF% or pre-cold T2*). BAT activity was defined as the decrease in FF% (FF% reduction) or T2* (T2* reduction) in the SCV after cold exposure. * For detailed methodology on BAT outcomes – refer to Section 3.3.2; pp 30
1.2.2 [bookmark: _Toc499791858]Known Covariates 
Factors that are known to be associated with BAT include age, sex, body fat percentage and outdoor temperature. In the current study, age and sex were self-reported and body fat percentage was measured using a DEXA scanner (for detailed methodology, refer to Section 3.7.2; pp 46). Outdoor temperature data was obtained from Environment Canada at 1 hour, 24 hours and 7 days prior to visit 2 (for detailed methodology, refer to Section 3.7.3; pp 47).
1.2.3 [bookmark: _Toc489005569][bookmark: _Toc499791859]Statistical Analysis 
Participant Demographics
Participant demographics were presented as n or n (%) for categorical variables and mean (SD) or median [Q1, Q3] for skewed variables. All data were initially tested for normality using Shapiro-Wilk W-test designed for small sample sizes (n ≤ 50). Data that did not follow a normal distribution were either log- or square root-transformed and re-tested for normality. If the data failed to conform to a normal distribution following transformation, non-parametric tests were used for analyses. A scatter plot was used to assess the linearity of relationships. 
Relationship between BAT and Known Covariates 
Given that age was non-normally distributed, a Spearman’s rank correlation coefficient was used to examine the relationship between BAT characteristics or activity with age. The association between body fat percentage and BAT MR outcomes were assessed using Pearson correlation. An independent sample t-test was used to compare if there were differences in BAT MR outcomes between males and females. Using Pearson correlation, the relationship between outdoor temperature and BAT MR outcomes were also assessed. 
Multiple Regression Model
Multivariate modelling was used to examine the independent relationship of predictors or contributors to BAT characteristics or activity. The sample size was determined using the “rule of thumb” of 10 subjects per variable (SPV) 92. As described, potential covariates of BAT include age, sex, body fat percentage and outdoor temperature. Therefore, approximately 40 participants were needed to have enough power to assess the potential relationship between each BAT MR outcome and potential covariates. Since recruitment for the study is still ongoing, an interim analysis of 36 participants was presented in this thesis. 
Stepwise multiple regression analysis was conducted for each BAT MR outcome (i.e. pre-cold FF%, pre-cold T2*, FF% reduction and T2* reduction), where independent variables included age and sex (model 1) and body fat percentage (model 2). This specific order was chosen to first evaluate the effects of age and sex on each BAT MR outcome, before accounting for body fat percentage. 

1.3 [bookmark: _Toc488848236][bookmark: _Toc488849074][bookmark: _Toc489005579][bookmark: _Toc499791860]RESULTS
1.3.1 [bookmark: _Toc499791861]Participant Demographics 
Since the study is still ongoing, data from 36 participants was used to assess the relationship between BAT and potential covariates (see Table 13). It is important to note that due to motion artifacts present in the images, post-cold MRI data from two individuals were not included in the analysis. Body composition data was not collected for one participant due to limitations of the DEXA scanner (i.e. above the weight threshold).
[bookmark: _Toc498862013]Participant Demographics (Objective 2)
	Variable Name (units)
	N (%)
	Mean (SD) or Median [Q1, Q3]
	Min, Max

	Age (years)
	36
	24.78 [22.73, 31.02]
	18.96, 57.50

	18-29
	25 (69.44)
	23.59 [21.93, 25.37]
	18.96, 28.04

	30-40
	8 (22.22)
	36.20 [31.19, 40.13]
	30.56, 40.38

	≥ 41
	3 (8.33)
	50.11
	49.56, 57.50

	Sex
	
	
	

	Male
	23 (63.9)
	-
	-

	Female
	13 (36.1)
	-
	-

	Weight (kg)
	36
	72.27 [61.10, 87.13]
	50.80, 130.87

	Height (cm)
	36
	173.38 (9.17)
	158.07, 198.93

	BMI (kg/m2)
	36
	23.60 [21.60, 29.10]
	18.2, 44.0

	Underweight/Normal 
	23
	22.10 [20.90, 23.50]
	18.2, 24.9

	Overweight/Obese
	13
	30.40 [27.95, 33.55]
	25.4, 44.0

	Waist Circumference (cm)
	36
	80.72 [73.17, 95.13]
	62.17, 121.73

	Body Fat (%)
	35
	26.59 (10.41)
	11.7, 47.7

	Fat Mass (kg)
	35
	16.53 [11.19, 31.49]
	7.12, 45.65

	Lean Mass (kg)
	35
	51.92 (9.25)
	33.33, 67.86

	Pre-Cold FF (%)
	36
	70.47 (7.93)
	52.75, 84.82

	Post-Cold FF (%)
	34
	67.78 (10.12)
	47.94, 86.62

	FF% Reduction (%)
	34
	2.97 (2.71)
	-1.80, 9.86

	Pre-Cold T2* (ms)
	36
	13.66 (1.46)
	10.68, 16.39

	Post-Cold T2* (ms)
	34
	12.93 (1.74)
	9.44, 16.72

	T2* Reduction (ms)
	34
	0.84 (0.90)
	-1.10, 3.33

	Outdoor Temperature 1 hour prior to visit 2 (°C)
	36
	5.39 (9.98)
	-12.70, 29.70

	Outdoor Temperature 24 hours prior to visit 2 (°C)
	36
	6.81 (9.43)
	-9.18, 27.02

	Outdoor Temperature 7 days prior to visit 2 (°C)
	36
	6.35 (9.31)
	-6.59, 24.73


1.3.2 [bookmark: _Toc499791862]Relationship between BAT MR Outcomes and Known Covariates 
No associations were found between T2* reduction and known BAT covariates and so for simplicity, study findings are presented in Appendix Section 7.2.3; pp 131-132. 
1.3.2.1 [bookmark: _Toc499791863]BAT and Age
In examining the relationship between BAT characteristics and age, a moderate positive correlation was found between pre-cold FF% and age (r = 0.54; p = 0.0007*) as with pre-cold T2* and age (r = 0.42; p = 0.0112*) (see Figure 13). 
[image: C:\Users\ongfj_000\AppData\Local\Microsoft\Windows\INetCache\Content.Word\XY Data_ Pre-Cold FF% vs Age (T2 Mask).jpg][image: XY Data_ Pre-Cold T2_ vs Age (T2 Mask)]
[bookmark: _Toc489453629][bookmark: _Toc498861994]BAT MR characteristics and age 
Consistent with the findings in which BAT was measured with 18F-FDG PET-CT, BAT activity (as measured by FF% reduction) was negatively correlated with age (r = -0.39; p = 0.0213*) (see Figure 14). 
[image: XY Data_ FF% Reduction vs Age (T2 Mask)]
[bookmark: _Toc489453630][bookmark: _Toc498861995]FF% reduction and age
1.3.2.2 [bookmark: _Toc499791864]BAT and % Body Fat 
Body fat percentage was strongly correlated with pre-cold FF% (r = 0.83; p < 0.0001*) and moderately correlated with pre-cold T2* (r = 0.58; p = 0.0002*) (see Figure 15).  
[image: C:\Users\ongfj_000\AppData\Local\Microsoft\Windows\INetCache\Content.Word\XY Data_ Pre-Cold FF% vs % Body Fat (T2 Mask).jpg][image: XY Data_ Pre-Cold T2_ vs % Body Fat (T2 Mask)]
[bookmark: _Toc489453631][bookmark: _Toc498861996]BAT MR characteristics and body fat percentage 
In terms of BAT activity, a moderate linear correlation existed between % body fat and FF% reduction (r = -0.64; p < 0.0001*) (see Figure 16). Thus, those with the highest body fat had the smallest decline in FF% with cold (i.e. had the lowest BAT activity).
[image: C:\Users\ongfj_000\AppData\Local\Microsoft\Windows\INetCache\Content.Word\XY Data_ FF% Reduction vs % Body Fat (T2 Mask).jpg]
[bookmark: _Toc489453632][bookmark: _Toc498861997]FF% reduction and body fat percentage
1.3.2.3 [bookmark: _Toc499791865]BAT and Sex 
As seen in Table 14, no significant differences between males and females were found for any of the BAT MR outcomes. 
[bookmark: _Toc498862014]BAT MR outcomes and sex 
	Variable
	N
	Mean (SD)
	p-value
	Mean Difference

	Pre-Cold FF% 
	Male
	23
	69.85 (7.81)
	.542
	-1.71

	
	Female
	13
	71.56 (8.34)
	
	

	FF% Reduction 
	Male
	22
	3.32 (2.91)
	.315
	.99

	
	Female
	12
	2.33 (2.25)
	
	

	Pre-Cold T2* 
	Male
	23
	13.59 (1.26)
	.724
	-.18

	
	Female
	13
	13.77 (1.82)
	
	


1.3.2.4 [bookmark: _Toc499791866]BAT and Outdoor Temperature  
As noted in Table 15, no relationship was found between outdoor temperature (different timepoints prior to visit 2) and any BAT MR outcomes. BAT MR outcomes and outdoor temperature 
[bookmark: _Toc498862015]BAT MR outcomes and outdoor temperature
	Outdoor Temperature

	Variable
	N
	1 hour
	24 hours
	7 days

	
	
	r
	p-value
	r
	p-value
	r
	p-value

	Pre-Cold FF%
	36
	-0.08
	0.6526
	-0.03
	0.8447
	-0.10
	0.5602

	FF% Reduction
	34
	0.11
	0.5176
	0.05
	0.7933
	0.02
	0.9139

	Pre-Cold T2*
	36
	0.03
	0.8355
	0.03
	0.8459
	0.01
	0.9382


1.3.3 [bookmark: _Toc499791867]Multiple Regression Model
Multiple regression analysis was not conducted for T2* reduction since no significant relationship was found between this variable and any known covariates of BAT. Additionally, outdoor temperature was not associated with any BAT MR outcomes, and therefore, was not included as a covariate in any of the multiple regression models. While sex was not significantly associated with any of the BAT MR outcomes, this variable along with age were added to the models to account for biological differences between participants. Thus, multiple regression analyses were each conducted for the following BAT MR outcomes: pre-cold FF%, pre-cold T2* and FF% reduction. Age and sex were first added to the model (model 1) while body fat percentage was added last (model 2). 
1.3.3.1 [bookmark: _Toc499791868]Pre-Cold FF%
As noted in Table 16, both multiple regression models were found to be significantly associated with pre-cold FF%. In both cases, sex was not found to be a significant correlate of pre-cold FF%. In the full model, both age and body fat percentage were found to be significant predictors of pre-cold FF%. The addition of body fat percentage in the model accounted for a significant increase in variance from 33.1% to 74.9%.  







[bookmark: _Toc498862016]Stepwise multiple regression analysis between pre-cold FF%, age, sex and body fat percentage 
	 Pre-Cold FF%

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	55.769 (4.142)
	
	< .0001*
	.331
	.002*

	Age (years)
	.476 (.120)
	.585
	< .0001*
	
	

	Sex (reference: male)
	1.148 (2.339)
	.072
	.627
	
	

	Model 2

	Constant
	48.712 (2.759)
	
	< .0001*
	.749
	< .0001*

	Age (years)
	.213 (.083)
	.262
	.015 *
	
	

	Sex (reference: male)
	1.667 (1.458)
	.105
	.261
	
	

	% Body Fat (%)
	.533 (.074)
	.726
	< .0001*
	
	


1.3.3.2 [bookmark: _Toc499791869]Pre-Cold T2*
As seen in Table 17, age and body fat percentage were found to significantly predict pre-cold T2* while sex did not add any significant predictive value. The addition of body fat percentage significantly increased the variance from 30.4% to 45.4%. For every increase in age of one year, T2* was 0.056 ms higher and for every 1% increase in body fat, T2* was 0.059 ms higher. 



[bookmark: _Toc498862017]Stepwise multiple regression analysis between pre-cold T2*, age, sex and body fat percentage 
	Pre-Cold T2*

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	10.961 (.781)
	
	< .0001*
	.304
	.003*

	Age (years)
	.085 (.023)
	.562
	.001*
	
	

	Sex (reference: male)
	.333 (.441)
	.113
	.456
	
	

	Model 2

	Constant
	10.182 (.752)
	
	< .0001*
	.454
	< .0001 *

	Age (years)
	.056 (.023)
	.369
	.020*
	
	

	Sex (reference: male)
	.390 (.398)
	.133
	.334
	
	

	% Body Fat (%)
	.059 (.020)
	.434
	.007*
	
	


1.3.3.3 [bookmark: _Toc499791870]FF% Reduction
As noted in Table 18, the first model, which included age and sex, was not found to be significantly associated with FF% reduction. In contrast, the inclusion of body fat percentage made the model statistically significant and was able to explain 42.9% of the variability in FF% reduction. Additionally, body fat percentage was found to be an independent predictor of FF% reduction. 



[bookmark: _Toc498862018]Stepwise multiple regression analysis between FF% reduction, age, sex and body fat percentage
	FF% Reduction 

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	6.002 (1.618)
	
	.001*
	.160
	.073

	Age (years)
	- .106 (.046)
	-.391
	.029*
	
	

	Sex (reference: male)
	.209 (.929)
	.038
	.824
	
	

	Model 2

	Constant
	7.893 (1.449)
	
	< .0001*
	.429
	.001 *

	Age (years)
	-.036 (.043)
	-.132
	.415
	
	

	Sex (reference: male)
	.172 (.779)
	.032
	.827
	
	

	% Body Fat (%)
	-.144 (.039)
	-.581
	.001*
	
	


1.4 [bookmark: _Toc499791871]Discussion
As previously stated in Chapter 1, it is important to note that when interpreting these findings, a lower FF% or T2* value are reflective of a browner phenotype while a higher FF% reduction (i.e. decrease in TG content) after cold exposure is indicative of BAT activation 16,34,35. The main objective of this section was to examine if associations existed between BAT MR outcomes and known covariates of BAT including age, adiposity, sex and outdoor temperature. 
1.4.1 [bookmark: _Toc499791872]BAT and Age 
To date, a limited number of studies have examined the effects of age on BAT MR outcomes 37,38,73. Of note, these studies did not directly investigate the associations between age and BAT MR outcomes in the same population but only noted that their findings suggest that a relationship might exist. Additionally, no studies have investigated the effects of age on cold-stimulated BAT using MRI. As such, one of the primary objectives in this study was to determine if there was any relationship between BAT characteristics and activity with age. In this study, BAT characteristics (pre-cold FF% and pre-cold T2*) were positively correlated with age, while BAT activity (FF% reduction) was shown to have a negative correlation with age. These findings are consistent with the numerous studies that have shown a negative association between BAT mass and metabolic activity (as measured by 18F-FDG uptake) and age 5,6,11,18–20,23,24. Findings in this study, further support the results reported by Franz et al. 73 where they found SCV BAT FF% to be significantly different between children and elderly adults. Additionally, Hu et al. reported significantly lower BAT FF% in infants compared to children 37,38. It is important to note that findings reported in this thesis were the first to show that BAT T2* signal and BAT activity (as measured by FF% reduction) also follow an age-dependent decline similar to pre-cold BAT FF%. Together these findings suggest that MRI can be utilized to detect differences in BAT associated with age irrespective of cold-activation. To summarize, findings in this study suggest that BAT MR characteristics and activity are negatively associated with age in adults between the ages of 18 and 50 years, similar to findings with 18F-FDG PET-CT and preliminary findings with MR. 
1.4.2 [bookmark: _Toc499791873]BAT and Adiposity
Although there have been numerous research studies published that show an inverse association between BAT and  measures of adiposity – these studies have mostly been limited to 18F-FDG PET-CT studies (see Chapter 1) 5,6,11,17–21. For example, Saito et al. 6 found 18F-FDG uptake to be inversely related to BMI (r = -0.67), total body fat (r = -0.56) and visceral fat (r = -0.68). In the current study, a very strong correlation existed between all BAT MR outcomes and adiposity. These results were consistent to the very limited studies that have used FF% and/or T2* to characterize BAT in participants with various body sizes 38,68,74. In children, Hu et al. 38 found a moderate inverse correlation between BMI percentile with both FF% and T2*. The same group found significantly higher FF% and T2* values in overweight/obese children when compared to normal weight individuals 38.  Interestingly, large MRI studies that have examined the relationship between BAT MR outcomes and adiposity were in children, most likely due to the limitation of enrolling this population in PET-CT studies 38,68,74. Furthermore, no MRI studies have been conducted to assess the relationship between cold-activated BAT and adiposity. Findings reported in this thesis show for the first time that BAT activity as measured by MR FF% reduction, is negatively associated with adiposity. Taken together, there is strong evidence to suggest that BAT MR outcomes are closely associated with adiposity, consistent with previous 18F-FDG PET-CT studies. 
1.4.3 [bookmark: _Toc499791874]BAT and Sex
As previously described in Chapter 1, it is currently unclear if there is any relationship between BAT and sex due to conflicting results in the literature 5,17,26,27.  To date, no studies have directly investigated the role of sex with BAT outcomes as measured using MRI. In this study, BAT MR outcomes were not found to be significantly different between males and females. This finding is consistent with previous reports that showed BAT prevalence is similar between males and females in cold-activated BAT studies (via 18F-FDG PET-CT) that used a direct-to-skin cooling delivery method 26,27. The lack of relationship between BAT MR outcomes and sex may be explained by the specific cold exposure protocol used in the study and the careful control of hormone fluctuations in female participants. It has been suggested that previous 18F-FDG PET-CT findings that reported a relationship between BAT activity and sex were limited to non-cold stimulated and air-cooling studies 5,17,25, primarily due to the difference in thermal sensation between sexes 25,91. As previously noted in Part 1, the amount of cold exposure delivered to all participants was found to be consistent irrespective of body size or sex. Thus, the consistent amount of cold exposure delivered in this study might explain the lack of relationship between BAT MR outcomes and sex. Of note, these findings further support the robustness and consistency of the cold exposure protocol used in this study. 
In rodents, sex hormones such as estradiol and progesterone have been shown to have an inhibitory effect on BAT thermogenesis, although no studies in humans have directly confirmed this finding 91,93. In this study, the second visit  (i.e. MRI measurement of BAT) was conducted within seven days of the start of menstruation (follicular phase) in female participants, which is when estrogen and progesterone levels were predicted to be at their lowest point 65. Given that previous studies did not account for hormone fluctuations in female subjects, it is possible that these fluctuations might have confounded BAT outcomes. Although, the effects of hormone fluctuations and cold exposure on BAT outcomes cannot be dissociated in this study, findings in the literature provide strong evidence that hormone fluctuations should be accounted for during BAT measurements.  
1.4.4 [bookmark: _Toc499791875]BAT and Outdoor Temperature 
In this study, outdoor temperature was not found to be associated with either BAT characteristics or activity. This contrasts with findings reported in several 18F-FDG PET-CT retrospective studies that showed an inverse relationship between outdoor temperature and BAT outcomes 5,18,94,95. Given the retrospective nature of these studies, BAT measurements did not include either an acclimatization period or a cold treatment to stimulate BAT activity. Thus, the higher rates of BAT detection associated with decreased outdoor temperature in these studies could have been due to either previously activated BAT or inadequate cold exposure 25. In this study, participants were subjected to a 30-minute acclimatization phase at room temperature to ensure that all participants were at thermoneutrality prior to pre-cold BAT MRI measurements. Additionally, a consistent and standardized cold exposure protocol was delivered to all participants. These considerations in the study protocol potentially explain the lack of relationship between BAT MR outcomes and outdoor temperature in this study. Results of this study agree with recent findings reported by Haq et al. 28 wherein following an acclimatization phase of one hour at room temperature, no associations were found between BAT activity (as measured by infrared thermography) and outdoor temperature. 
1.4.5 [bookmark: _Toc499791876]Multiple Regression Model 
As previously noted, most BAT MR studies have been limited in terms of their sample size and population sample. As such, the majority of these studies did not have enough power to assess the effects of each covariate on BAT MR outcomes in a multivariate model 37,38,66–74,44. Multiple stepwise regression analyses were conducted in this study to better understand how each covariate affected BAT characteristics (pre-cold FF% or pre-cold T2*) and BAT activity (FF% reduction). Age and sex were first added to the model, followed by body fat percentage. This specific order was chosen to first evaluate the effects of age and sex on each BAT MR outcome, before accounting for body fat percentage which has been previously shown to have a strong correlation with all BAT MR outcomes. With only age and sex in the model, age was found to be a significant predictor for both pre-cold BAT MR outcomes but the model only tended to be significant for FF% reduction (p = 0.073). This may be attributable to the inherent variability in cold response and the limited age distribution (i.e. more younger individuals) between participants in the current study. The inclusion of body fat percentage to the final model not only resulted in a significant increase in variance for all regression analyses but was also able to significantly predict each of the BAT MR outcome. Based on these findings, body fat percentage may play a larger role in defining BAT MR outcomes when compared to age. 

[bookmark: _Toc499791877]Interpretation of BAT MR Outcomes
An in-depth comparison of BAT MR outcomes is presented in Appendix Section 7.2.5 Table A15; pp 134-135. In that table, the mechanism, advantages and limitations of each BAT MR outcome as well as their associations with known covariates are outlined. The importance of intracellular TG lipolysis in its role during BAT activation has been extensively investigated. It has been suggested that BAT primarily uses endogenous FFA as its main source of energy during activation 4,30,31. Recently, Blondin et al. 75 showed that BAT activity in adult humans is dependent on intracellular TG lipolysis as the inhibition of this pathway abolished cold-induced BAT thermogenesis. Additionally, with the use of PET tracers, the contribution of substrate uptake during BAT activity has been shown to be minimal 31,76.  Based on findings in the literature, there is much evidence to suggest that quantifying the change in TG content after cold exposure is the best measure of BAT activity. This notion is extended in the current study where the use of MRI in detecting BAT was not only able to detect extreme changes in FF% signals after cold exposure but was also found to be very reliable between raters. Additionally, the decline in TG content (as measured by FF% reduction) after cold exposure was specific to the SCV region, as this decline was not demonstrated in the posterior neck fat.  Altogether, these findings provide strong evidence that measuring the change in TG content (i.e. FF% reduction) after cold exposure is the most appropriate single independent measure of BAT activity. 










[bookmark: _Toc499791878]examination of the relationship between bat (characteristicS and activity) and liver fat (OBJECTIVE 3)


1.5 [bookmark: _Toc499791879]BACKGROUND
As previously described in Chapter 1, the relationship between BAT and NAFLD has not been extensively investigated in humans. To date, only two non-cold stimulated 18F-FDG studies have assessed the association between BAT and liver fat 58,59. In these studies, the researchers found that individuals with detectable BAT activity not only had lower NAFLD prevalence but also better hepatic function 58,59. However, these studies were limited by their population sample (i.e. referred from oncology clinics) and its retrospective design (i.e. measurement of non-cold stimulated BAT) 58,59. Due to these limitations, the applicability of these results to healthy humans remains uncertain. As such, the primary objective of this chapter was to examine the relationship between BAT MR outcomes and liver fat before and after adjusting for potential covariates including age, sex and body fat percentage. As previously described in Chapter 1, liver fat is inversely associated with body fat percentage, while the relationship between liver fat and age and sex remains uncertain. 
1.6 [bookmark: _Toc499791880]METHODS
1.6.1 [bookmark: _Toc499791881]Primary Outcome
Liver Fat
In this study, liver MRI scans were acquired in the axial plane using a 32-channel torso array coil. These scans were conducted in a breath-hold (approximately 17 seconds) as previous protocol trials have showed that breathing introduces considerable motion artefacts. A multi-slice segmentation was performed to ensure that the entire liver was included in the analysis. ROIs were drawn over the entire liver using “smart trace”, a tool that “snaps” to the edges of regions where changes in voxel intensities are high. The water-related image was used as a reference when the boundaries of the liver were not clearly defined in the fat-fraction image (see Figure 17). The ROIs were then post-processed using a 2D 3x3 erode (jack structural element) to correct for partial volume effects. It is important to note that the number of slices included in the segmentation of the liver is dependent on its size. 

[bookmark: _Toc498861998]Fat fraction map (left) and water-related image (right) of the liver. 
1.6.2 [bookmark: _Toc499791882]Exposure Outcome 
As previously described in Part 1, MRI was used to measure BAT characteristics and activity in the SCV region. BAT characteristics were defined as MR outcomes before the cold exposure treatment (i.e. pre-cold FF% or pre-cold T2*). Additionally, BAT activity was defined as the decrease in FF% (FF% reduction) in the SCV after cold exposure.  
* For detailed methodology on BAT MR Outcomes – refer to Section 3.3.2; pp 30
1.6.3 [bookmark: _Toc499791883]Potential Covariates
Factors that are known to be associated with liver fat include age, sex and body fat percentage. Both age and sex were self-reported. Body fat percentage was measured using a DEXA scanner (for detailed methodology – refer to Section 3.7.2; pp 46).
1.6.4 [bookmark: _Toc499791884]Statistical Analysis
Participant Demographics 
Participant demographics were presented as n or n (%) for categorical variables and mean (SD) or median [Q1, Q3] for skewed variables. Normality was tested using Shapiro-Wilk W-test which is designed for small sample sizes (n ≤ 50). Data that did not follow a normal distribution were either log- or square root-transformed and re-tested for normality. If the data failed to conform to a normal distribution following transformation, non-parametric tests were used for analyses. A scatter plot was used to assess the linearity of relationships. 
Relationship between BAT and Liver Fat 
Given that liver fat was non-normally distributed, a Spearman’s rank correlation coefficient was used to determine the relationship between each BAT MR outcome (i.e. pre-cold FF%, pre-cold T2* and FF% reduction) and liver fat.  
Multiple Regression Model 
Multivariate modelling was used to examine predictors or contributors to liver fat. Potential covariates of liver fat include age, sex and body fat percentage while each BAT MR measure was examined independently as an exposure outcome. The sample size was determined using the “rule of thumb” of 10 SPV 92. Therefore, approximately 40 participants were needed to have enough power to assess the potential relationship between BAT, age, sex and body fat percentage and liver fat. Since recruitment for the study is still ongoing, an interim analysis of 36 participants was presented in this thesis. 
Simple regression analysis was first conducted to determine the relationship between liver fat and potential covariates. Stepwise multiple regression analyses were then conducted to assess the relationship between each BAT MR outcome and liver fat while accounting for potential covariates. Both age and sex were first added to the model (model 1) followed by BAT MR outcome (either pre-cold FF%, pre-cold T2* or FF% reduction – model 2) while body fat percentage was added last (model 3). This specific order was chosen to evaluate the effects of BAT characteristics or activity on liver fat while first accounting for age and sex. Body fat percentage was added last to determine if the relationship between BAT and liver fat was related to adiposity (see Chapter 4).
1.7 [bookmark: _Toc499791885]RESULTS
1.7.1 [bookmark: _Toc499791886]Participant Demographics 
Since the study is still ongoing, data from 36 participants was used to assess the relationship between BAT MR outcomes and liver fat (see Table 19). It is important to note that liver fat data was not collected for one participant due to limitations of the MRI scanner (i.e. did not fit in the scanner).




[bookmark: _Toc498862019]Participant Demographics (Objective 3)
	Variable Name (units)
	N (%)
	Mean (SD) or Median [Q1, Q3]
	Min, Max

	Age (years)
	36
	24.78 [22.73, 31.02]
	18.96, 57.50

	18-29
	25 (69.44)
	23.59 [21.93, 25.37]
	18.96, 28.04

	30-40
	8 (22.22)
	36.20 [31.19, 40.13]
	30.56, 40.38

	≥ 41
	3 (8.33)
	50.11
	49.56, 57.50

	Sex
	
	
	

	Male
	23 (63.9)
	-
	-

	Female
	13 (36.1)
	-
	-

	Weight (kg)
	36
	72.27 [61.10, 87.13]
	50.80, 130.87

	Height (cm)
	36
	173.38 (9.17)
	158.07, 198.93

	BMI (kg/m2)
	36
	23.60 [21.60, 29.10]
	18.2, 44.0

	Underweight/Normal 
	23
	22.10 [20.90, 23.50]
	18.2, 24.9

	Overweight/Obese
	13
	30.40 [27.95, 33.55]
	25.4, 44.0

	Waist Circumference (cm)
	36
	80.72 [73.17, 95.13]
	62.17, 121.73

	Body Fat (%)
	35
	26.59 (10.41)
	11.7, 47.7

	Fat Mass (kg)
	35
	16.53 [11.19, 31.49]
	7.12, 45.65

	Lean Mass (kg)
	35
	51.92 (9.25)
	33.33, 67.86

	Pre-Cold FF (%)
	36
	70.47 (7.93)
	52.75, 84.82

	Post-Cold FF (%)
	34
	67.78 (10.12)
	47.94, 86.62

	FF% Reduction (%)
	34
	2.97 (2.71)
	-1.80, 9.86

	Pre-Cold T2* (ms)
	36
	13.66 (1.46)
	10.68, 16.39

	Post-Cold T2* (ms)
	34
	12.93 (1.74)
	9.44, 16.72

	T2* Reduction (ms)
	34
	0.84 (0.90)
	-1.10, 3.33

	Liver Fat (%)
	35
	6.26 (3.77)
	3.41, 20.16


1.7.2 [bookmark: _Toc499791887]Relationship between BAT and Liver Fat 
As previously noted in Chapter 4, T2* reduction was not deemed to be a good measure of BAT activity due to limitations in the study methodology. Thus, statistical analysis to assess the relationship between T2* reduction and liver fat was not conducted. In evaluating the relationship between BAT characteristics and liver fat, a moderate positive correlation was found between pre-cold FF% and liver fat (r = 0.60; p < 0.0001*) as with pre-cold T2* and liver fat (r = 0.47; p = 0.0040*) (see Figure 18). 
[image: C:\Users\ongfj_000\AppData\Local\Microsoft\Windows\INetCache\Content.Word\XY Data_ Pre-Cold FF% vs Liver Fat % (T2_ Mask).jpg][image: XY Data_ Pre-Cold T2_ vs Liver Fat % (T2_ Mask)]
[bookmark: _Toc498861999]BAT MR characteristics and liver fat
BAT activity (as measured by FF% reduction) was negatively correlated with liver fat (r = -0.38; p = 0.0295*) (see Figure 19). As seen in Figures 18-19, the relationship between BAT MR outcomes and liver fat seems to be driven by participants with high liver fat (i.e. little relationship in individuals with lower liver fat content). 
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[bookmark: _Toc498862000]FF% reduction and liver fat
1.7.3 [bookmark: _Toc499791888]Multiple Regression Model 
A simple regression analysis was first conducted to assess the relationship between liver fat and its covariates. Liver fat was found to be significantly correlated with both age and body fat percentage while sex was not significantly associated (see Table 20). 
[bookmark: _Toc498862020]Simple regression analysis between liver fat content and its covariates
	Variable (units)
	Mean (SD) or Frequency
	Unstd β (SE)
	R2
	p-value

	Age (years)
	28.61 (9.66)
	.139 (.065)
	.120
	.041*

	Sex (reference: male)
	23M/13F
	1.527 (1.337)
	.038
	.262

	Body Fat (%)
	26.83 (10.51)
	.181 (.055)
	.249
	.002*


While sex was not significantly associated with liver fat, this variable along with age were added to the models to account for biological differences between participants. Thus, multiple regression analyses were each conducted to assess the potential relationship between liver fat and the following BAT MR outcomes (pre-cold FF%, pre-cold T2* or FF% reduction). Age and sex were first added to the model (model 1) followed by a BAT MR outcome (model 2) while body fat percentage was added last (model 3). 
The values presented in Table 21, was identical in each multiple regression analysis conducted for BAT MR outcomes since the first model only incorporated the relationship of liver fat with age and sex. Thus, to avoid redundancy, the results for the first model were described in this section. In model 1, age was found to be a significant correlate of liver fat while sex was not significantly associated.
[bookmark: _Toc498862021]Relationship between liver fat with age and sex 
	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	.336 (2.245)
	
	.882
	.191
	.034*

	Age
	.160 (.065)
	.398
	.020*
	
	

	Sex (reference: male)
	2.115 (1.268)
	.270
	.105
	
	


1.7.3.1 [bookmark: _Toc499791889]Pre-Cold FF% and Liver Fat %
As seen in Table 22, all models were found to be significantly associated with liver fat. In all cases, sex was not found to be a significant correlate of liver fat. In model 2, only pre-cold FF% was found to be a significant predictor of liver fat. Additionally, the inclusion of pre-cold FF% in the model significantly increased the variance from 19.1% to 35.8%. In the full model, no variables were found to have a significant predictive value to liver fat and only increased the variance by 1.5 % from the previous model. 

[bookmark: _Toc498862022]Stepwise multiple regression analysis between liver fat, age, sex, pre-cold FF% and body fat percentage  
	Model A: Pre-Cold FF% and Liver Fat %

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	.336 (2.245)
	
	.882
	.191
	.034*

	Age
	.160 (.065)
	.398
	.020*
	
	

	Sex (reference: male)
	2.115 (1.268)
	.270
	.105
	
	

	Model 2

	Constant
	-13.421 (5.245)
	
	.016
	.358
	.003*

	Age
	.042 (.072)
	.105
	.561
	
	

	Sex (reference: male)
	1.831 (1.152)
	.234
	.122
	
	

	Pre-Cold FF%
	.247 (.087)
	.500
	.008*
	
	

	Model 3

	Constant
	-9.246 (7.264)
	
	.213
	.373
	.006*

	Age
	.047 (.072)
	.118
	.517
	
	

	Sex (reference: male)
	2.017 (1.178)
	.258
	.097
	
	

	Pre-Cold FF%
	.153 (.142)
	.310
	.291
	
	

	% Body Fat
	.080 (.096)
	.221
	.410
	
	






1.7.3.2 [bookmark: _Toc499791890]Pre-Cold T2* and Liver Fat %
As noted in Table 23, all regression models were found to be significantly associated with liver fat. In all models, sex and pre-cold T2* were not found to significantly predict liver fat. Additionally, the inclusion of pre-cold T2* in the model increased the explained variance from 19.1% to 23.6% while the subsequent addition of body fat percentage increased the explained variance by 11.4%. In the final model, body fat percentage was the only variable that could independently predict liver fat.
[bookmark: _Toc498862023]Stepwise multiple regression analysis between liver fat content, age, sex, pre-cold T2* and % body fat.
	Model B: Pre-Cold T2* and Liver Fat %

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	.336 (2.245)
	
	.882
	.191
	.034*

	Age
	.160 (.065)
	.398
	.020*
	
	

	Sex (reference: male)
	2.115 (1.268)
	.270
	.105
	
	

	Model 2

	Constant
	-7.166 (5.928)
	
	.236
	.236
	.037*

	Age
	.102 (.077)
	.253
	.196
	
	

	Sex (reference: male)
	1.887 (1.262)
	.241
	.145
	
	

	Pre-Cold T2*
	.684 (.502)
	.257
	.182
	
	

	Model 3

	Constant
	-3.046 (5.845)
	
	.606
	.350
	.010*

	Age
	.073 (.073)
	.183
	.325
	
	

	Sex (reference: male)
	2.224 (1.193)
	.284
	.072
	
	

	Pre-Cold T2*
	.122 (.531)
	.046
	.820
	
	

	% Body Fat
	.154 (.068)
	.426
	.029*
	
	


1.7.3.3 [bookmark: _Toc499791891]FF% Reduction and Liver Fat %
As seen in Table 24, all models were found to be significantly associated with liver fat. In all cases, sex was not found to be a significant predictor of liver fat. In model 2, only FF% reduction was found to be a significant predictor of liver fat. Additionally, the inclusion of FF% reduction significantly increased the amount of variance predicted from 19.1% to 28.9%. In the full model, no variables were found to have a significant predictive value to liver fat. However, the addition of body fat percentage to the final model did slightly increase the amount of variance by 6.5%. 











[bookmark: _Toc498862024]Stepwise multiple regression analysis between liver fat, age, sex, FF% reduction and % body fat. 
	Model C: FF% Reduction and Liver Fat %

	Variable
	Unstd β (SE)
	β
	p-value
	Model Summary

	
	
	
	
	R2
	p-value

	Model 1

	Constant
	.336 (2.245)
	
	.882
	.191
	.034*

	Age
	.160 (.065)
	.398
	.020*
	
	

	Sex (reference: male)
	2.115 (1.268)
	.270
	.105
	
	

	Model 2

	Constant
	3.542 (2.700)
	
	.200
	.289
	.018*

	Age
	.102 (.069)
	.257
	.149
	
	

	Sex (reference: male)
	2.279 (1.285)
	.283
	.087
	
	

	FF% Reduction
	-.516 (.252)
	-.349
	.050*
	
	

	Model 3

	Constant
	.178 (3.295)
	
	.957
	.354
	.013*

	Age
	.070 (.070)
	.177
	.320
	
	

	Sex (reference: male)
	2.252 (1.247)
	.280
	.082
	
	

	FF% Reduction
	-.233 (.297)
	-.158
	.439
	
	

	% Body Fat
	.127 (.076)
	.347
	.104
	
	


1.8 

1.9 [bookmark: _Toc499791892]DISCUSSION
As previously noted in Chapter 1, the increasing prevalence of NAFLD worldwide is worrisome as there are no effective pharmacological treatments for NAFLD 45. Recently, the role of BAT in NAFLD development has previously been investigated in both rodents 60–62 and adult humans 58,59; in these studies, researchers showed that BAT had protective effects against NAFLD. However, studies in humans were limited in that they were retrospective in nature and restricted to a clinical sample 58,59. Thus, the primary objective of this chapter was to determine if associations between BAT and liver fat still existed in a tightly-controlled (i.e. extensive exclusion criteria) healthy population. In this study, liver fat was moderately correlated with both BAT characteristics (i.e. pre-cold FF% or pre-cold T2*) and BAT activity (i.e. FF% reduction). These findings were consistent with retrospective studies in adult humans that showed individuals with detectable BAT activity (as measured by 18F-FDG PET-CT) had lower NAFLD prevalence, decreased liver fat content (as measured by CT) and better hepatic function (i.e. lower liver enzymes levels) 58,59. Findings reported in this thesis showed for the first time that BAT outcomes were closely associated with liver fat content in a healthy controlled population. In these individuals, a browner phenotype (i.e. lower values of pre-cold FF% or pre-cold T2*) or higher BAT activity (i.e. greater FF% reduction) were associated with lower liver fat content. Taken together, these findings suggest that BAT may have an important role in liver metabolism in adult humans. 
Although no human studies have directly investigated the role of BAT in liver lipid metabolism, findings in rodents have shown that BAT has a significant effect in shifting substrate clearance from the liver to BAT depots during BAT activation 63,64. For example, Bartelt et al. 63 reported that cold-induced BAT thermogenesis in rodents resulted in increased BAT TG uptake, which subsequently reduced triglyceride-rich lipoprotein uptake into the liver. In another study, BAT activation was shown to lower VLDL production from the liver and liver de novo lipogenesis in rodents with hyperlipidemia 64. Therefore, the association between BAT MR outcomes and liver fat accumulation may potentially be explained by the ability of BAT to clear substrate from circulation including plasma glucose 31, NEFA 31 and triglycerides 76.  However, studies in adult humans have reported that substrate utilization during cold-induced activation is minimal 31,76. For example, BAT only accounted for 1.3% (0.04 to 5.2%) of total plasma glucose clearance 31, 0.25% (0.04 to 0.44%s) of plasma NEFA turnover 31 and 0.3% (0.2 to 0.5%) of plasma dietary fatty acid clearance 76. Based on these findings, the mechanistic relationship between BAT and liver fat in adult humans is currently not known and therefore future research that aims to examine the potential mechanism on the interplay between BAT and liver is warranted.
As noted in Section 5.4.3, a stepwise multiple regression analyses was conducted to better understand how each covariate was independently related to liver fat content. Age and sex were first added to the model which was followed by a BAT MR outcome (i.e. pre-cold FF%, pre-cold T2* or FF% reduction) and then body fat percentage. This specific order was chosen to evaluate the effects of each BAT MR outcome on liver fat while first accounting for biological differences between participants. With only age and sex in the model, pre-cold FF% and FF% reduction were found to significantly predict liver fat while pre-cold T2* was not found to be a significant predictor of liver fat. Additionally, the inclusion of each BAT MR outcome resulted in a significant and considerable increase in variance in all regression models. Interestingly, the independent relationship between pre-cold FF% and FF% reduction with hepatic fat disappeared with the addition of body fat percentage. Taken together, these results suggest that the relationship of BAT with hepatic fat is not independent of body fat percentage. That is, the indirect relationship between BAT and liver fat may be explained by the effects of BAT on adiposity 96. However, it will be difficult to differentiate the relative influence of body fat and hepatic fat as they are tightly related. 
[bookmark: _GoBack]These results extend the findings reported in rodent studies that showed BAT has a protective effect against NAFLD 60–62. It is important to note that in these rodent studies, treatments were employed with the intention of increasing BAT volume or activity, which may explain the direct relationship between BAT and NAFLD in these studies. In this study, a one-time acute cold exposure protocol was used to stimulate BAT activity, which may not be enough to elicit changes in whole-body energy metabolism. This could potentially explain the indirect relationship found in this study between BAT outcomes and liver fat after accounting for body fat percentage. Taken together, findings in this thesis provide strong supporting data that BAT has an important role in controlling liver lipid content, however, the extent of this role remains to be seen. 






[bookmark: _Toc499791893]CONCLUSION
[bookmark: _Toc499791894]SUMMARY OF FINDINGS
The first section of this thesis highlighted the steps undertaken in the development and design of an MRI protocol to measure BAT. In this study, a highly reliable MRI segmentation protocol was developed that is capable of measuring BAT characteristics and activity. The high inter-rater reliability reported in this project was attributed to the use of semi-automated segmentation techniques typically associated with less rater subjectivity and operator bias. In this study, the use of the broad FF range (30 to 100%) was found to be more sensitive in characterizing BAT activity than the narrow range (50 to 80%) since changes in the lower and higher FF range were not being captured in the narrower FF range. Additionally, the inclusion of T2* mask in the segmentation process resulted in a significant decline in the number of voxels in FF ranges consistent with white adipose tissue (WAT), suggesting the successful exclusion of WAT in this region. 
The second part of this project evaluated the effectiveness of the newly developed MRI protocol in detecting BAT. Based on findings in this project, differences in MR signatures were not found to exist between SCV BAT and posterior neck SAT, suggesting that BAT may still be present in this region, although it is either inactive or weakly activated. In comparison, FF% values in abdominal SAT were significantly higher when compared to SCV BAT, where abdominal SAT showed FF% distributions that were more representative of WAT. The cold exposure protocol used in this study was found to be more effective in eliciting changes in BAT MR outcomes when compared to the literature, as shown by the greater decrease in FF% and T2* values after cooling. Additionally, the newly developed segmentation protocol was sensitive in detecting changes in FF% after cold exposure, suggesting that this segmentation protocol is capable of differentiating individuals with varying BAT activity. Finally, findings in this study provide supporting data that MRI could be used to detect BAT activity independent of cold exposure, as shown by the strong association between pre-cold FF% and BAT activity (i.e. FF% reduction) in the SCV area. 
The second objective examined the relationship between BAT MR outcomes and known covariates of BAT. In this study, BAT characteristics (i.e. pre-cold FF% or pre-cold T2*) and BAT activity (i.e. FF% reduction) were associated with age and body fat percentage, consistent with previous reports in the literature. T2* reduction was not. MR measures of BAT were related to age and body fat percentage as predicted based on methods that utilized 18F-FDG PET-CT to measure BAT activity. No associations were found between BAT MR outcomes and sex or outdoor temperature.  The lack of association between these variables were attributed to the strengths of the study methodology that included the use of an acclimatization period prior to BAT measurements and consistent delivery of cold exposure as well as the minimization of hormone fluctuation in female individuals by timing studies to the participant’s menstrual cycle. Finally, with the use of multivariate modelling, body fat percentage was found to play a larger role than sex or age in defining BAT MR outcomes. 
The final objective of this thesis was to assess the relationship between BAT and liver fat accumulation before and after adjusting for potential covariates. Findings in this study showed for the first time that BAT outcomes were closely associated with liver fat in a healthy population; however, the potential mechanism underlying this relationship is currently not known. Additionally, in multivariate modelling, the relationship between BAT outcomes and liver fat content is potentially mediated by body fat percentage. Taken together, findings in this thesis provide strong supporting data that BAT has an important role in regulating liver lipid content, however, the extent and mechanisms remain to be elucidated.
[bookmark: _Toc499791895]LIMITATIONS  
The segmentation protocol was limited in that post-cold images were not aligned or registered to pre-cold images which could have introduced more variability to the segmentation process. The software’s registration tool was originally designed for brain imaging. Brain images are far more consistent than images acquired in the SCV region. This may explain the software’s inability to register images in the SCV region. Additionally, BAT MR outcomes were not validated to 18F-FDG PET-CT, the current gold standard in measuring BAT volume and activity. Validation of BAT outcomes (as measured by MRI) were not conducted in this study due to the lack of a dedicated research PET-CT scanner. Given that recruitment for the study is still ongoing, data presented in this thesis are incomplete and should be considered as preliminary analyses. Thus, the study was limited in its current sample size and the distribution of participant characteristics were often skewed including variables such as age, sex and BMI. The narrow size of the scanner was also a limiting factor since this meant excluding eligible participants with more severe obesity. 

[bookmark: _Toc499791896]FUTURE DIRECTIONS
Since the target sample size (n = 60) has not been reached at the time this thesis was written, one of the main directions moving forward is to complete recruitment for the study. Additionally, analyses presented in thesis should be re-evaluated to determine if the preliminary findings and interpretations presented in this project still holds true with the addition of more participants. 
As discussed previously in this thesis, the research group was able to develop a highly reliable MRI protocol capable of detecting BAT characteristics and activity. However, this protocol was not tested for reproducibility and repeatability. Given the importance of these measures in demonstrating the use of MRI as a standardized imaging modality for the detection of BAT, future studies are warranted to determine if this specific protocol is reproducible and repeatable. 
Given that the use of MR techniques such as FF% and T2* provide distinct information about BAT, combining these two measures might better reflect BAT characteristics or activity. However, the use of water-fat MRI including FF% and T2* is limited by its spatial resolution (i.e. signals are not specific to BAT due to partial volume effects). Thus, other MRI techniques such as intermolecular zero-quantum coherence (iZQC), an MR technique capable of differentiating BAT and WAT at an adipocyte level should be explored. 
In the current study, the effects of cold exposure on WAT MR signatures specifically FF% and T2* was only evaluated for posterior neck SAT. However, findings in this study suggest that this region may not be a suitable WAT depot as this region may contain weakly activated BAT. Therefore, a crucial next step is to assess the effects of cold exposure in fat depots void of BAT such as abdominal SAT. 
Lastly, preliminary analyses showed that BAT may have an important role in regulating liver content in adult humans. That is a higher BAT activity was associated with lower liver fat. However, the mechanistic relationship between BAT and liver fat is currently not known and therefore future studies that aim to examine the interplay between BAT and liver is warranted. 
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[bookmark: _Toc499791898]SUPPLEMENTARY FIGURES AND TABLES (METHODS)
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[bookmark: _Toc483470196][bookmark: _Toc487037796]Complete list of Variables
	Category
	Variable Name (units)
	Variable Type
	Objective

	
	
	
	#1
	#2
	#3

	Anthropometrics
	Age (yrs)
	Continuous
	✓
	✓
	✓

	
	Sex (male or female)
	Categorical
	✓
	✓
	✓

	
	Weight (kg)
	Continuous
	✓
	✓
	✓

	
	Height (cm)
	Continuous
	✓
	✓
	✓

	
	BMI (kg/m2)
	Continuous
	✓
	✓
	✓

	
	Waist Circumference (cm)
	Continuous
	✓
	✓
	✓

	Body Composition
	Body Fat Percentage (%)
	Continuous
	✓
	✓
	✓

	
	Fat Mass (kg)
	Continuous
	✓
	✓
	✓

	
	Lean Mass (kg)
	Continuous
	✓
	✓
	✓

	Outdoor Temperature
	1 hour prior to visit 2 (°C)
	Continuous
	
	✓
	

	
	24 hours prior to visit 2 (°C)
	Continuous
	
	✓
	

	
	7 days prior to visit 2 (°C)
	Continuous
	
	✓
	

	SCV BAT MR Outcomes
	Pre-Cold SCV BAT FF (%)
	Continuous
	✓
	✓
	✓

	
	Post-Cold SCV BAT FF (%)
	Continuous
	✓
	✓
	✓

	
	Pre-Cold SCV BAT T2* (ms)
	Continuous
	✓
	✓
	✓

	
	Post-Cold SCV BAT T2* (ms)
	Continuous
	✓
	✓
	✓

	
	SCV BAT FF Reduction (%)
	Continuous
	✓
	✓
	✓

	
	SCV BAT T2* Reduction (ms)
	Continuous
	✓
	✓
	

	
	Pre-Cold SCV Volume (cm3)
	Continuous
	✓
	
	

	
	Post-Cold SCV Volume (cm3)
	Continuous
	✓
	
	

	Posterior Neck SAT MR Outcomes
	Pre-Cold Posterior Neck SAT FF (%)
	Continuous
	✓
	
	

	
	Post-Cold Posterior Neck SAT FF (%)
	Continuous
	✓
	
	

	
	Pre-Cold Posterior Neck SAT T2* (ms)
	Continuous
	✓
	
	

	
	Post-Cold Posterior Neck SAT T2* (ms)
	Continuous
	✓
	
	

	
	Posterior Neck WAT FF Reduction (%)
	Continuous
	✓
	
	

	
	Posterior Neck WAT T2* Reduction (ms)
	Continuous
	✓
	
	

	Abdominal SAT MR Outcomes
	Abdominal SAT FF (%)
	Continuous
	✓
	
	

	
	Abdominal SAT T2* (ms)
	Continuous
	✓
	
	

	Liver Fat 
	Liver Fat (%)
	Continuous
	
	
	✓




[bookmark: _Toc499791900]MRI Literature Tables 
Summarized FF% ranges from the 12 articles that used FF% to measure BAT. 
* Unless otherwise stated, the segmentation location for BAT was the entire SCV region. FF% ranges were only reported for children and adults. 
	PAPERS
	POPULATION
	BAT RANGE (LOCATION)
	WAT RANGE (LOCATION)

	Holstila et al. (2017) 66
	Adults
	73.0 to 87.0 
Threshold: 50-100%
	83.0 to 94.0

	Koskensalo et al. (2017) 67
	Adults
	73.0 to 83.6 
(left SCV via 1H-MRS)
* 1 voxel = 1.75mm x 2mm x 1.5mm
	81.7 to 90.4
(upper posterior thoracic)

	Franssens et al. (2016) 68
	Adults
	68.0 to 87.0
	76.0 to 93.0
(posterior to trapezius)

	McCallister et al. (2016) 69
	Adults
	56.0 to 87.0
Threshold: 40 to 100%
	NOT ANALYZED

	Stahl et al. (2016) 70
	Adults
	56.0 to 74.0
(small ROI at left and right interscapular)
* Mean ROI (SD) = 1.31 mL (1.43 mL)
Pre-Cold: 60 to 80%
Post-Cold: ≥ 30%
	73.0 to 78.0
(posterior to trapezius)

	Gifford et al. (2016) 71
	Adults
	47.0 to 79.0
Threshold: 50 to 100%
	90.5 to 95.5
(umbilicus level)

	Franssens et al. (2015) 72
	Adults
	78.6 to 84.0
	87.2 to 91.5
(posterior to trapezius)

	Franz et al. (2015) 73
	Children and Elderly Adults
	Children: 32.0 to 94.0
Elderly: 84.0 to 94.0
	Children: 81.0 to 97.0
Elderly: 86.0 to 97.0
(gluteal)

	Deng et al. (2015) 74
	Children
	72.0 to 93.0
	NOT ANALYZED

	Lundström et al. (2015) 44
	Adults
	66.3 to 88.7
Threshold: ≥ 40%
	77.0 to 91.8
(posterior to trapezius)

	Hu et al. (2012) 38
	Children
	44.5 to 89.9
	70.7 to 94.2
(adjacent to SCV)

	Hu et al. (2012) 37
	Adults
	52.0 to 93.9
	82.8 to 95.4
(adjacent to SCV)




Summarized T2* or R2* ranges from the 7 articles that used either T2* or R2* to measure BAT. 
* Unless otherwise stated, the segmentation location for BAT was the entire SCV region. T2* or R2* ranges were only reported for children and adults. 
	PAPERS
	POPULATION
	BAT 
	WAT 

	Holstila et al. (2017) 66
	Adults
	T2*: 12.0 to 19.5 ms
	T2*: 18.0 to 25.0 ms
(no location provided)

	McCallister et al. (2017) 69
	Adults
	R2*: 52 to 118 s-1
	NOT ANALYZED

	Gifford et al. (2016) 71
	Adults
	R2*: 70 to 179 s-1
Threshold: R2* < 150 s-1
	R2*: 40 to 65 s-1
(umbilicus level)

	Deng et al. (2015) 74
	Children
	T2*: 8.7 to 15.6 ms 
	NOT ANALYZED

	Lundström et al. (2015) 44
	Adults
	R2*: 19.1 to 26.3 s-1
	R2*: 15.7 to 25.0 s-1

	Hu et al. (2012) 38
	Children
	T2*: 11.9 to 25.5
	T2*: 15.0 to 44.4
(adjacent to SCV)

	Hu et al. (2012) 37
	Adults
	T2*: 12.5 to 33.4
	T2*: 28.8 to 40.1
(adjacent to SCV)




[bookmark: _Toc499791901]Exclusion Criteria 
List of excluded medications
	Class of Drugs
	List

	Drugs affecting β-adrenergic receptor
	β blockers
· Acebutolol (Sectral)
· Atenolol (Tenormin)
· Bisoprolol (Zebeta)
· Metoprolol (Lopressor, Toprol-XL)
· Nadolol (Corgard)
· Propranolol (Inderal LA, InnoPran XL)
 Asthma/COPD beta-adrenergic agonists
· Bambuterol (Bambec, Oxeol)
· Bitolterol mesylate (Tornalate)
· Clenbuterol (Dilaterol, Spiropent, Ventipulmin)
· Fenoterol (Berotec N)
· Formoterol (Foradil, Zenhale, Symbicort, Forpack Discair, Oxeze/Oxis)
· Isoprenaline/ Isoproterenol (Isuprel)
· Levosalbutamol (Levalbuterol, Xopenex)
· Metaproterenol (Alupent)
· Olodaterol (Striverdi)
· Pirbuterol (Maxair)
· Procaterol
· Salbutamol (Albuterol, Ventolin)
· Salmeterol (Serevent Diskus)
· Terbutaline (Bricanyl)
· Vilanterol (Breo Ellipta, Relvar Ellipta)
Others 
· Mirabegron (Myrbetriq)

	Drugs associated with hepatic steatosis 
	Corticosteroids
· Betamethasone (Celestone)
· Budesonide (Pulmicort, Entocort EC)
· Cortone Acetate (Cortone)
· Cotolone
· Dexamethasone (Decadron)
· Fludrocortisone (Florinef Acetate)
· Methylprednisolone (Medrol, Methylpred-DP)
· Prednisone (Bubbli-Pred, Deltasone, Prednicot, Prelone, Pediapred 5, Pms-prednisolone)
· Triamcinolone (Aristocort)
Tetracycline
· Demeclocycline (Declomycin)
· Doxycycline (Doryx, Vibramycin)
· Minocycline (Dynacin, Minocin, Monodox)
· Oxytetracycline (Terramycin)
· Tetracycline (Achromycin)
· Tigecycline (Tygacil)
 Other
· Amiodarone (Cordarone, Nexterone, Pacerone)
· L-asparaginase (Elspar)
· Methotrexate (Rheumatrex, Trexall)
· Tamoxifen(Nolvadex)
· Valproic acid (Depakote, Depakote ER, Depakote Sprinkle, Depakene, Depacon, Stavzor)

	Anti-hyperglycemic drugs
	Alpha-Glucosidase Inhibitor
· Acarbose (Precose)
· Miglitol (Glyset)
Biguanides
· Metformin (Glucophage, Glucophage XR, Glumetza, Fortamet, Riomet)
· Metformin combination drugs
· Actoplus Met 
· Avandamet
· Duetact
· Glucovance
· Janumet
· Jentadueto 
· Komboglyze
· Metaglip 
· PrandiMet
Dipeptidyl peptidase-4 (DPP-4) inhibitor
· Alogliptin (Nesina) 
· Canagliflozin (Invokana)
· Dapagliflozin (Farxiga)
· Linagliptin (Tradjenta) 
· Saxagliptin (Onglyza) 
· Sitagliptin (Januvia)
Glucagon-like peptide
· Exenatide (Exendin-4, Byetta)
· Liraglutide (Victoza)
· Lixisenatide (Lyxumia)
Meglitinides
· Repaglinide (GlucoNorm, Prandin, NovoNorm)
· Nateglinide (Starlix) 
Insulin
Sulfonylurea
· Chlorpropamide (Diabinese)
· Glimepiride (Amaryl)
· Glipizide (Glucotrol, Glucotrol XL)
· Glyburide (DiaBeta, Glynase PresTab, Micronase)
· Tolbutamide
· Yolazamide 	
Thiazolidinediones
· Pioglitazone (Actos)
· Rosiglitazone (Avandia)

	HIV drugs
	· HAART

	Antidepressants, anxiolytic drugs, anti-psychotic drugs
	5-HT2 Receptor Antagonists
· Trazodone (Desyrel, Oleptro, Trazorel, Trialodine, Trittico)
5-HT3 Receptor Antagonists
· Vortioxetine (Brintellix, Trintellix)
Dopamine Reuptake Blocker
· Bupropion (Wellbutrin)
MAOIs (Monoamine oxidase inhibitors)
· Isocarboxazid (Marplan)
· Phenelzine (Nardil)
· Selegiline (Emsam)
· Tranylcypromine (Parnate)
SNRIs (Serotonin and norepinephrine reuptake inhibitors)
· Desvenlafaxine (Pristiq)
· Duloxetine (Cymbalta)
· Venlafaxine (Effexor XR)
SSRIs (Selective serotonin reuptake inhibitor)
· Citalopram (Celexa)
· Escitalopram (Lexapro)
· Fuoxetine (Prozac)
· Fuvoxamine (Luvox)
· Paroxetine (Paxil)
· Sertraline (Zoloft)
Tetracyclic Antidepressant
· Maprotiline (Teva-Maprotiline)
· Mirtazapine (Tera-Mirtazapine)
Tricyclic medication
· Amitriptyline (Elavil)
· Amoxapine (Asendin)
· Clomipramine (Anafranil)
· Desipramine (Norpramin)
· Doxepin (Silenor)
· Imipramine (Tofranil)
· Nortriptyline (Pamelor)
· Protriptyline (Vivactil)
· Trimipramine (Surmontil)

	Thyroid drugs
	Anti-thyroid
· Methimazole (Tapazole)
· Propylthiouracil (Propyl-Thyracil or PTU)
Thyroid
· levothyroxine (T4) (Levothroid, Levoxyl, Synthroid, Tirosint, Unithroid)
· liothyronine (T3) (Cytomel)
· liotrix (T3 and T4) (Thyrolar)

	Antiemetic (5HT3 antagonists)
	· Dolasetron (Anzemet)
· Granisetron (Granisetron Hydrochloride)
· Ondansetron (Zofran)
· Palonosetron (Aloxi)

	Drugs associated with serotonin metabolism
	· Amphetamine
· Dextromethorphan
· Metoclopramide




List of excluded conditions
	Conditions
	List

	Diseases associated with brown adipose tissue dysfunction
	· Adrenal gland disorder (i.e. pheochromocytoma)
· Hibernoma

	Diseases associated with hepatic steatosis and liver disorders
	· Abetalipoproteinemia 
· Celiac disease 
· Cystic fibrosis
· Galactosemia
· Glycogen storage disease
· Hemochromatosis
· Hepatitis B or C
· Hepatocellular carcinoma (HCC)
· Homocystinuria
· Inflammatory bowel disease
· Lipodystrophy
· Polycystic liver disease
· Tyrosinemia
· Weber-Christian syndrome
· Wilson’s disease


[bookmark: _Toc499791902]
MR Parameters
MRI protocol parameters for IDEAL-IQ 
	Pulse Sequence: IDEAL-IQ

	Parameter
	SCV
	Liver
	Abdomen

	Patient Entry
	Head First
	Feet First

	Patient Position
	Supine

	Coil
	HNS Head/Neck/Chest
	NeoCoil 32 Channel Torso Array

	Orientation
	Axial

	Flip angle
	4
	3

	TE
	Min Full

	Number of echoes
	6

	Echo Train Length 
	3

	Number of shots
	2

	Bandwidth 
	111.11

	Frequency axis
	Bottom/Up

	Phase axis
	Right/Left

	Spatial resolution (mm)
	1.48 x 1.48
	1.33 x 1.33
	1.56 x 1.56

	Acquired slice thickness (mm)
	4
	8
	5

	Imaging Options
	EDR, Fast, IDEAL, ARC




MRI protocol parameters for LAVA-FLEX
	Pulse Sequence: LAVA-FLEX

	Parameter
	SCV
	Liver
	Abdomen

	Patient Entry
	Head First
	Feet First

	Patient Position
	Supine

	Coil
	HNS Head/Neck/Chest
	NeoCoil 32 Channel Torso Array

	Orientation
	Axial

	Flip angle
	3

	TE
	Min Full

	TE2
	2.2
	2.6
	2.5

	Number of echoes
	2

	TR
	3.7
	4.3
	4.1

	TI
	125

	Bandwidth 
	166.67

	Frequency axis
	Bottom/Up

	Phase axis
	Right/Left

	Spatial resolution (mm)
	1.48 x 1.48
	1.33 x 1.33
	1.56 x 1.56

	Acquired slice thickness (mm)
	4
	8
	5

	Imaging Options
	NPW, EDR, Fast, ARC
	EDR, Fast, ARC





[bookmark: _Toc499791903]MRI Segmentation Protocol
Abdominal SAT
The final segmentation protocol used to measure abdominal SAT is outlined below, in chronological order:
1. Application of fat mask: to isolate adipose from non-adipose tissues and to exclude background noise
2. FF Threshold Application (30 to 100%): to ensure that only voxels within that threshold range were included in the segmentation process
3. Delineating ROI in Abdominal SAT: single-slice segmentation at L4-L5 disc; this specific disc was previously shown to accurately estimate total abdominal SAT volume 87,88
4. Manually adding or removing regions: to ensure that only abdominal SAT was included in the segmentation process 
5. Erosion of ROI (2D 3x3; jack structural element): to correct for any inherent partial volume effects present in the images 

Posterior Neck SAT
The final segmentation protocol used to measure posterior neck SAT is outlined below, in chronological order: 
1. Application of fat mask: to isolate adipose from non-adipose tissues and to exclude background noise
2. FF Threshold Application (30 to 100%): to ensure that only voxels within that threshold range were included in the segmentation process
3. Delineating ROI in Posterior Neck SAT: multi-slice segmentation along the C5-C6, C6-C7 and C7-T1 discs
4. Erosion of ROI (2D 1x3; jack structural element): to correct for any inherent partial volume effects present in the images

[bookmark: _Toc499791904]SUPPLEMENTARY FIGURES AND TABLES (RESULTS)
[bookmark: _Toc499791905]Comparison of FF% Distribution

[bookmark: _Toc489453633]SCV FF% distribution in a participant with high BAT activity (FF% reduction = 9.60%).

[bookmark: _Toc489453634]SCV FF% distribution in a participant with low BAT activity (FF% reduction = 0.66%). 



[bookmark: _Toc489453635]SCV FF% distribution in a participant with a normal BMI (BMI = 24.4).

[bookmark: _Toc489453636]SCV FF% distribution in a participant with an obese BMI (BMI = 31.7).



Posterior Neck FF% distribution in a participant with a normal BMI

Posterior Neck FF% distribution in a participant with an obese BMI 

[bookmark: _Toc489453637]Abdominal SAT FF% distribution in a participant with a normal BMI (BMI = 24.4). 

[bookmark: _Toc489453638]Abdominal SAT FF% distribution in a participant with an obese BMI (BMI = 31.7).



[bookmark: _Toc489453639]SCV FF% distribution using only FF% mask and FF% + T2* mask in a participant with a normal BMI (BMI = 24.4).
 
[bookmark: _Toc489453640]SCV FF% distribution using only FF% mask and FF% + T2* mask in a participant with an obese BMI (BMI = 31.7). 

[bookmark: _Toc489453641]SCV FF% distribution using only FF% mask and FF% + T2* mask in a participant with a high BAT activity (FF% reduction = 9.60%)


[bookmark: _Toc489453642]SCV FF% distribution using only FF% mask and FF% + T2* mask in a participant with a low BAT activity (FF% reduction = 0.66%) 
[bookmark: _Toc499791906]Inter-Rater Reliability 
Reliability of SCV BAT FF% between three raters before and after cold exposure 
	Pre-Cold SCV BAT FF%

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	63.47 (6.25)
	ALL
	.991 (.972, .998)
	.993 (.979, .998)

	R2
	
	63.91 (6.48)
	R1/R2
	.988 (.954, .997)
	.990 (.960, .997)

	R3
	
	63.28 (6.27)
	R1/R3
	.997 (.988, .999) 
	.997 (.988, .999)

	Post-Cold SCV BAT FF%

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	60.64 (8.29)
	ALL
	.995 (.983, .999)
	.997 (.990, .999)

	R2
	
	61.20 (8.48)
	R1/R2
	.994 (.963, .999)
	.996 (.984, .999)

	R3
	
	60.57 (7.95)
	R1/R3
	.999 (.994, 1.000)
	.998 (.994, 1.000)



Reliability of SCV BAT R2* between three raters before and after cold exposure 
	Pre-Cold SCV BAT R2*

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	78.11 (8.79)
	ALL
	.917 (.784, .976)
	.913 (.771, .975)

	R2
	
	76.88 (9.92)
	R1/R2
	.881 (.612, .969)
	.878 (.586, .968)

	R3
	
	77.29 (8.89)
	R1/R3
	.979 (.919, .995)
	.982 (.929, .995)

	Post-Cold SCV BAT R2*

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	83.97 (15.55)
	ALL
	.970 (.917, .992)
	.970 (.914, .992)

	R2
	
	83.16 (16.48)
	R1/R2
	.976 (.912, .994)
	.975 (.903, .994)

	R3
	
	82.15 (17.71)
	R1/R3
	.969 (.884, .992)
	.972 (.893, .993)




Reliability of SCV BAT Volume between three raters before and after cold exposure 
	Pre-Cold SCV Volume

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	77.85 (42.62)
	ALL
	.987 (.964, .996)
	.987 (.963, .996)

	R2
	
	74.79 (45.05)
	R1/R2
	.980 (.927, .995)
	.981 (.925, .995)

	R3
	
	76.08 (41.67)
	R1/R3
	.995 (.982, .999)
	.996 (.983, .999)

	Post-Cold SCV Volume

	Rater
	n
	Mean (SD)
	Groups
	ICCagreement (95% CI)
	ICCconsistency (95% CI)

	R1
	10
	77.76 (45.12)
	ALL
	.985 (.954, .996)
	.987 (.963, .996)

	R2
	
	74.15 (45.78)
	R1/R2
	.984 (.937, .996)
	.985 (.942, .996)

	R3
	
	79.83 (49.28)
	R1/R3
	.984 (.942, .996)
	.984 (.936, .996)





[bookmark: _Toc499791907]Relationship between T2* Reduction and Known Covariates 
[image: XY Data_ T2_ Reduction vs Age (T2 Mask)]
Relationship between T2* reduction and age (r = -0.20; p = 0.2501)
[image: XY Data_ T2_ Reduction vs % Body Fat (T2 Mask)]
Relationship between T2* reduction and % body fat (r = -0.30; p = 0.0920)

T2* reduction and sex
	Variable
	N
	Mean (SD)
	p-value
	Mean Difference

	T2* Reduction 
	Male
	23
	0.95 (0.99)
	.319
	0.33

	
	Female
	13
	0.63 (0.67)
	
	



T2* reduction and outdoor temperature
	Outdoor Temperature

	Variable
	N
	1 hour
	24 hours
	7 days

	
	
	r
	p-value
	r
	p-value
	r
	p-value

	T2* Reduction
	34
	0.06
	0.7390
	0.05
	0.7606
	-0.07
	0.7024




[bookmark: _Toc499791908]Evaluation of Cold Exposure Protocol in Stimulating BAT Activity 
Measures of cold exposure parameters to test standardization between individuals 
	Variable
	N
	Mean (SD)
	Mean Difference
	p-value

	Delta MST
	BMI < 25.0
	21
	-4.57 (.72)
	.33
	.222

	
	BMI ≥ 25.0
	13
	-4.90 (.80)
	
	

	
	Male
	21
	-4.58 (.75)
	.29
	.287

	
	Female
	13
	-4.87 (.76)
	
	

	Delta Inlet/Outlet Temp
	BMI < 25.0
	21
	1.52 (.22)
	-.02
	.759

	
	BMI ≥ 25.0
	13
	1.55 (.14)
	
	

	
	Male
	18
	1.57 (.18)
	.11
	.145

	
	Female
	13
	1.47 (.21)
	
	




[bookmark: _Toc499791909]Interpretation of BAT MR Outcomes
Comparison of BAT MR outcomes
	BAT MR Outcome
	Mechanism
	Advantages
	Limitations
	Associations

	
	
	
	
	Age
(r)
	Sex
(r)
	Adiposity
(r)
	Outdoor Temp
(r)

	Pre-Cold FF%
	- Quantification of TG content 
- BAT (lower lipid content and higher water content)
- BAT (lower FF values)
	- no cold exposure
- lower FF are reflective of browner phenotype
	- signal is not specific to BAT
- no measurement of BAT activity
- influenced by previously activated BAT
	+ 
(0.54)
	x
	+
(0.83)
	x

	Pre-Cold T2*
	- Quantification of iron/mitochondrial content
- BAT (more iron-rich mitochondria)
- BAT (lower T2* values)
	- no cold exposure
- lower T2* are reflective of browner phenotype
	- signal is not specific to BAT 
- no measurement of BAT activity
- influenced by previously activated BAT
	+ 
(0.42)
	x
	+
(0.58)
	x

	FF% Reduction
	- Change in TG content after cold exposure
- BAT (uses endogenous FFA during activation)
- BAT (decline in FF%)
	- direct measure of BAT-induced thermogenesis
	- require cold exposure
- limited studies in adult humans
- affected by blood perfusion and TG delivery
	- 
(0.39)
	x
	-
(0.64)
	x

	T2* Reduction
	- Change in deoxyHb:oxyHb 
 after cold exposure
- BAT (uses oxygen during activation)
- BAT (decline in T2*)
	-surrogate measure of BAT-induced perfusion
	- require cold exposure
- limited studies in adult humans
- affected by temperature and magnetic field strength 
- more susceptible to motion artefacts 
	x
	x
	x
	x
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SCV FF% Distribution (035 - Normal BMI)
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SCV FF% Distribution (029 - Obese BMI)
PRE-RLBAT VOLUME	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	3.5046399999999998E-2	7.0092799999999997E-2	9.6377599999999994E-2	7.0092799999999997E-2	8.7615999999999999E-2	0.15770880000000001	0.175232	0.19275519999999999	0.2015168	0.14018559999999999	0.30665599999999998	0.2365632	0.31541760000000002	0.31541760000000002	0.31541760000000002	0.37674879999999999	0.34170240000000002	0.34170240000000002	0.39427200000000001	0.48188799999999998	0.63959679999999997	0.700928	0.69216639999999996	0.90244480000000005	1.0163456	0.99006079999999996	1.1127232	0.94625280000000001	0.69216639999999996	0.65712000000000004	0.700928	0.80606719999999998	0.66588159999999996	0.89368320000000001	0.87616000000000005	1.0251072000000001	0.96377599999999997	1.2616704000000001	1.1915776	1.5508032	1.577088	1.53328	1.664704	1.9187904	2.0414527999999992	2.5496256000000002	2.8738047999999998	2.978943999999998	3.548448	3.8375808	4.1004288000000004	4.5823167999999974	5.4409535999999976	5.2832448000000003	6.0455039999999984	6.3346367999999966	6.842809599999998	6.6851007999999972	6.9216639999999998	7.5875455999999968	6.8077632000000001	6.4047295999999996	6.2557824000000002	5.0554432	4.3983232000000001	3.5221632	3.0490368000000001	1.9625984000000001	1.3142400000000001	0.80606719999999998	0.56074239999999997	FF %

Volume (cm3)


Posterior Neck FF% Distribution (035 - Normal BMI)
PRE-WAT VOLUME	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	1.7523199999999999E-2	8.7615999999999996E-3	5.2569600000000001E-2	4.3808E-2	4.3808E-2	8.7615999999999999E-2	0.14018559999999999	0.14018559999999999	0.18399360000000001	0.15770880000000001	0.18399360000000001	0.175232	0.175232	0.2978944	0.27160960000000001	0.27160960000000001	0.26284800000000003	0.2978944	0.30665599999999998	0.1489472	0.2978944	0.31541760000000002	0.38551039999999998	0.2978944	0.56074239999999997	0.51693440000000002	0.27160960000000001	0.4994112	0.2365632	0.25408639999999999	0.175232	0.2978944	0.22780159999999999	0.25408639999999999	0.42055680000000001	0.35922559999999998	0.34170240000000002	0.38551039999999998	0.34170240000000002	0.36798720000000001	0.39427200000000001	0.51693440000000002	0.48188799999999998	0.350464	0.4731264	0.40303359999999999	0.37674879999999999	0.37674879999999999	0.28913280000000002	0.22780159999999999	0.25408639999999999	0.19275519999999999	0.18399360000000001	0.13142400000000001	8.7615999999999999E-2	2.6284800000000001E-2	5.2569600000000001E-2	1.7523199999999999E-2	2.6284800000000001E-2	1.7523199999999999E-2	8.7615999999999996E-3	0	8.7615999999999996E-3	8.7615999999999996E-3	0	8.7615999999999996E-3	0	0	0	0	0	FF %

Volume (cm3)


Posterior Neck FF% Distribution (029 - Obese BMI)
PRE-WAT VOLUME	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.7523199999999999E-2	3.5046399999999998E-2	7.0092799999999997E-2	4.3808E-2	0.1226624	0.16647039999999999	0.16647039999999999	0.15770880000000001	0.2015168	0.30665599999999998	0.38551039999999998	0.35922559999999998	0.50817279999999998	0.86739840000000001	1.2003391999999999	1.6033728	2.4707712000000002	3.4958783999999978	5.2744831999999997	7.7452543999999977	9.5063359999999992	12.1961472	14.0974144	14.9210048	13.5279104	10.3299264	6.5799615999999999	4.1442367999999981	2.0677376000000001	0.96377599999999997	0.44684160000000001	0.14018559999999999	FF %

Volume (cm3)


Abdominal SAT FF% Distribution (035 - Normal BMI)
Abdominal SAT	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1.220703125E-2	1.220703125E-2	1.220703125E-2	4.8828125E-2	1.220703125E-2	1.220703125E-2	0	0	1.220703125E-2	1.220703125E-2	6.103515625E-2	1.220703125E-2	2.44140625E-2	6.103515625E-2	7.32421875E-2	3.662109375E-2	7.32421875E-2	4.8828125E-2	7.32421875E-2	4.8828125E-2	7.32421875E-2	7.32421875E-2	0.10986328125	0.10986328125	0.1953125	0.146484375	0.23193359375	0.30517578125	0.32958984375	0.30517578125	0.341796875	0.42724609375	0.69580078125	0.74462890625	0.98876953125	1.18408203125	1.5625	1.37939453125	1.23291015625	1.37939453125	1.3916015625	1.20849609375	0.9033203125	1.025390625	0.72021484375	0.50048828125	0.35400390625	0.2197265625	0.15869140625	FF %

Volume (cm3)


Abdominal SAT FF% Distribution (029 - Obese BMI)
Abdominal SAT	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	3.662109375E-2	2.44140625E-2	1.220703125E-2	4.8828125E-2	3.662109375E-2	0.1220703125	0.146484375	0.18310546875	0.30517578125	0.48828125	0.537109375	1.025390625	1.20849609375	1.85546875	2.01416015625	2.4658203125	3.23486328125	4.345703125	6.3964843749999973	7.9101562499999973	10.5224609375	13.02490234375	14.09912109375	16.015625	14.1845703125	12.09716796875	9.912109375	6.982421875	4.248046875	2.40478515625	1.13525390625	FF %

Volume (cm3)


SCV FF% Distribution (035 - Normal BMI) 
FF MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.14018559999999999	0.16647039999999999	0.1139008	0.22780159999999999	0.2365632	0.19275519999999999	0.31541760000000002	0.22780159999999999	0.30665599999999998	0.36798720000000001	0.42931839999999999	0.51693440000000002	0.55198080000000005	0.46436480000000002	0.52569600000000005	0.53445759999999998	0.56950400000000001	0.58702719999999997	0.68340480000000003	0.61331199999999997	0.73597440000000003	0.82359039999999994	0.89368320000000001	0.99006079999999996	1.0864384	1.2178624	1.3142400000000001	0.80606719999999998	0.6220736	0.52569600000000005	0.42931839999999999	0.33294079999999998	0.40303359999999999	0.51693440000000002	0.66588159999999996	0.6220736	0.69216639999999996	0.77978239999999999	0.75349759999999999	0.6483584	0.84987520000000005	0.79730559999999995	0.73597440000000003	0.82359039999999994	0.46436480000000002	0.63959679999999997	0.6746432	0.6220736	0.35922559999999998	0.56074239999999997	0.42931839999999999	0.28913280000000002	0.34170240000000002	0.2978944	0.22780159999999999	0.16647039999999999	0.13142400000000001	0.14018559999999999	0.1139008	2.6284800000000001E-2	3.5046399999999998E-2	5.2569600000000001E-2	3.5046399999999998E-2	0	8.7615999999999996E-3	0	0	1.7523199999999999E-2	0	0	0	T2 MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.13142400000000001	0.15770880000000001	0.1139008	0.22780159999999999	0.19275519999999999	0.18399360000000001	0.28037119999999999	0.2102784	0.28913280000000002	0.35922559999999998	0.40303359999999999	0.48188799999999998	0.4994112	0.44684160000000001	0.50817279999999998	0.50817279999999998	0.54321920000000001	0.56074239999999997	0.65712000000000004	0.58702719999999997	0.6746432	0.76225920000000003	0.84987520000000005	0.93749119999999997	1.0163456	1.1039616000000001	1.1740543999999999	0.69216639999999996	0.55198080000000005	0.48188799999999998	0.42055680000000001	0.3241792	0.40303359999999999	0.50817279999999998	0.6220736	0.60455040000000004	0.6483584	0.74473599999999995	0.71845119999999996	0.59578880000000001	0.79730559999999995	0.72721279999999999	0.6746432	0.77102079999999995	0.42931839999999999	0.56074239999999997	0.61331199999999997	0.56074239999999997	0.28037119999999999	0.45560319999999999	0.36798720000000001	0.2102784	0.24532480000000001	0.2102784	0.15770880000000001	7.8854400000000005E-2	7.0092799999999997E-2	7.0092799999999997E-2	7.0092799999999997E-2	1.7523199999999999E-2	2.6284800000000001E-2	1.7523199999999999E-2	0	0	0	0	0	0	0	0	0	FF %

Volume (cm3)



SCV FF% Distribution (029 - Obese BMI) 
FF MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	3.5046399999999998E-2	7.0092799999999997E-2	9.6377599999999994E-2	7.0092799999999997E-2	8.7615999999999999E-2	0.15770880000000001	0.175232	0.19275519999999999	0.2015168	0.14018559999999999	0.30665599999999998	0.2365632	0.31541760000000002	0.31541760000000002	0.31541760000000002	0.37674879999999999	0.34170240000000002	0.34170240000000002	0.39427200000000001	0.48188799999999998	0.63959679999999997	0.700928	0.69216639999999996	0.90244480000000005	1.0163456	0.99006079999999996	1.1127232	0.94625280000000001	0.69216639999999996	0.65712000000000004	0.700928	0.80606719999999998	0.66588159999999996	0.89368320000000001	0.87616000000000005	1.0251072000000001	0.96377599999999997	1.2616704000000001	1.1915776	1.5508032	1.577088	1.53328	1.664704	1.9187904	2.0414527999999992	2.5496256000000002	2.8738047999999998	2.978943999999998	3.548448	3.8375808	4.1004288000000004	4.5823167999999974	5.4409535999999976	5.2832448000000003	6.0455039999999984	6.3346367999999966	6.842809599999998	6.6851007999999972	6.9216639999999998	7.5875455999999968	6.8077632000000001	6.4047295999999996	6.2557824000000002	5.0554432	4.3983232000000001	3.5221632	3.0490368000000001	1.9625984000000001	1.3142400000000001	0.80606719999999998	0.56074239999999997	T2 MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	2.6284800000000001E-2	1.7523199999999999E-2	7.8854400000000005E-2	5.2569600000000001E-2	7.0092799999999997E-2	0.13142400000000001	0.1051392	0.13142400000000001	0.16647039999999999	8.7615999999999999E-2	0.2365632	0.175232	0.26284800000000003	0.24532480000000001	0.22780159999999999	0.28037119999999999	0.26284800000000003	0.2978944	0.27160960000000001	0.40303359999999999	0.4994112	0.56074239999999997	0.56950400000000001	0.700928	0.91996800000000001	0.78854400000000002	0.90244480000000005	0.70968960000000003	0.43808000000000002	0.4731264	0.54321920000000001	0.61331199999999997	0.53445759999999998	0.74473599999999995	0.76225920000000003	0.84111360000000002	0.85863679999999998	1.0864384	0.93749119999999997	1.2879552000000001	1.3580479999999999	1.2266239999999999	1.4281408	1.5508032	1.6471807999999999	2.006406399999999	2.1728768000000001	2.2867776000000002	2.6635263999999998	2.9000895999999998	3.0840831999999998	3.452070399999998	3.8989120000000002	3.6973951999999999	4.2230911999999998	4.0478592000000004	4.5209855999999968	4.4421311999999986	4.2493759999999998	4.7925951999999983	4.1004288000000004	3.6273024	3.8463423999999979	3.0490368000000001	2.3831551999999991	2.2254463999999992	1.7873664	1.0338688	0.70968960000000003	0.4731264	0.34170240000000002	FF %

Volume (cm3)



SCV FF% Distribution (003 - High BAT Activity) 
FF MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.13142400000000001	7.8854400000000005E-2	0.2102784	0.28913280000000002	0.24532480000000001	0.27160960000000001	0.36798720000000001	0.350464	0.42931839999999999	0.39427200000000001	0.46436480000000002	0.42055680000000001	0.41179519999999997	0.42931839999999999	0.49064960000000002	0.65712000000000004	0.54321920000000001	0.60455040000000004	0.59578880000000001	0.68340480000000003	0.75349759999999999	0.84111360000000002	0.80606719999999998	0.86739840000000001	1.0251072000000001	1.1565312000000001	0.89368320000000001	0.78854400000000002	0.77978239999999999	0.73597440000000003	0.71845119999999996	0.72721279999999999	0.6483584	0.83235199999999998	0.78854400000000002	0.80606719999999998	0.94625280000000001	0.88492159999999997	0.91996800000000001	0.87616000000000005	1.0689152	1.1565312000000001	0.95501440000000004	0.98129920000000004	1.1302464000000001	0.9988224	1.0864384	1.2178624	1.0251072000000001	1.270432	1.0776768000000001	0.9988224	0.89368320000000001	0.86739840000000001	0.90244480000000005	0.71845119999999996	0.60455040000000004	0.42055680000000001	0.350464	0.34170240000000002	0.2365632	0.175232	0.13142400000000001	0.1051392	7.0092799999999997E-2	5.2569600000000001E-2	2.6284800000000001E-2	8.7615999999999996E-3	0	2.6284800000000001E-2	0	T2 MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.1139008	7.8854400000000005E-2	0.175232	0.2365632	0.18399360000000001	0.25408639999999999	0.31541760000000002	0.30665599999999998	0.33294079999999998	0.35922559999999998	0.43808000000000002	0.37674879999999999	0.35922559999999998	0.39427200000000001	0.43808000000000002	0.56950400000000001	0.49064960000000002	0.56074239999999997	0.53445759999999998	0.59578880000000001	0.69216639999999996	0.73597440000000003	0.75349759999999999	0.79730559999999995	0.91996800000000001	0.99006079999999996	0.82359039999999994	0.68340480000000003	0.65712000000000004	0.60455040000000004	0.59578880000000001	0.58702719999999997	0.55198080000000005	0.77978239999999999	0.74473599999999995	0.77978239999999999	0.90244480000000005	0.79730559999999995	0.86739840000000001	0.80606719999999998	0.99006079999999996	1.0338688	0.88492159999999997	0.87616000000000005	0.9988224	0.86739840000000001	0.9988224	1.0601536	0.88492159999999997	1.0601536	0.86739840000000001	0.82359039999999994	0.72721279999999999	0.63083520000000004	0.65712000000000004	0.52569600000000005	0.39427200000000001	0.26284800000000003	0.24532480000000001	0.2365632	0.15770880000000001	0.13142400000000001	7.0092799999999997E-2	5.2569600000000001E-2	2.6284800000000001E-2	3.5046399999999998E-2	2.6284800000000001E-2	8.7615999999999996E-3	0	1.7523199999999999E-2	0	FF %

Volume (cm3)



SCV FF% Distribution (008 - Low BAT Activity) 
FF MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.1226624	0.1489472	0.1489472	0.19275519999999999	0.175232	7.8854400000000005E-2	0.28913280000000002	0.31541760000000002	0.350464	0.37674879999999999	0.3241792	0.3241792	0.40303359999999999	0.46436480000000002	0.4994112	0.50817279999999998	0.51693440000000002	0.43808000000000002	0.61331199999999997	0.51693440000000002	0.71845119999999996	0.84111360000000002	0.63959679999999997	0.82359039999999994	1.0513920000000001	0.92872960000000004	1.1302464000000001	0.70968960000000003	0.58702719999999997	0.53445759999999998	0.58702719999999997	0.70968960000000003	0.78854400000000002	0.87616000000000005	0.73597440000000003	1.1127232	1.1652928	1.3317631999999999	1.3843327999999999	1.577088	1.7786048000000001	1.6822272	1.8311744000000001	2.339347199999998	2.400678399999999	2.540864	2.278016	2.313062399999998	2.7248576	2.6898112000000012	2.5145791999999991	2.5934336	2.6635263999999998	2.1203072000000001	1.8486975999999999	1.5858496	1.5508032	1.1302464000000001	1.1039616000000001	0.84111360000000002	0.53445759999999998	0.56950400000000001	0.41179519999999997	0.28913280000000002	0.26284800000000003	0.1489472	8.7615999999999999E-2	9.6377599999999994E-2	3.5046399999999998E-2	1.7523199999999999E-2	1.7523199999999999E-2	T2 MASK	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	0.1226624	0.13142400000000001	0.14018559999999999	0.16647039999999999	0.1489472	7.8854400000000005E-2	0.25408639999999999	0.27160960000000001	0.28037119999999999	0.33294079999999998	0.28037119999999999	0.28037119999999999	0.37674879999999999	0.36798720000000001	0.43808000000000002	0.44684160000000001	0.46436480000000002	0.38551039999999998	0.51693440000000002	0.44684160000000001	0.66588159999999996	0.78854400000000002	0.60455040000000004	0.76225920000000003	0.9988224	0.84987520000000005	1.0689152	0.6220736	0.52569600000000005	0.49064960000000002	0.54321920000000001	0.6483584	0.74473599999999995	0.84111360000000002	0.70968960000000003	1.0513920000000001	1.1127232	1.2441472	1.3142400000000001	1.4894719999999999	1.708512	1.5683263999999999	1.7260352000000001	2.1816384000000002	2.1641151999999999	2.313062399999998	2.0940223999999992	1.9888832000000001	2.4182016000000002	2.3305856	2.1027840000000002	2.1465920000000001	2.0940223999999992	1.664704	1.4369023999999999	1.2091008000000001	1.1214847999999999	0.79730559999999995	0.78854400000000002	0.60455040000000004	0.30665599999999998	0.37674879999999999	0.28037119999999999	0.2102784	0.1489472	7.8854400000000005E-2	6.1331200000000002E-2	6.1331200000000002E-2	1.7523199999999999E-2	1.7523199999999999E-2	0	FF %
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