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Abstract

The studies in this thesis were to assess whether obese relative to non-obese
individuals have blunted metabolic and non-shivering thermogenic responses in acute
mild cold exposure, possibly established by a higher capacity to activate brown adipose
tissue in the non-obese, resulting in greater energy expenditure. It was hypothesised
that the obese would demonstrate a reduced non-shivering thermogenesis during acute
mild cold exposure despite having lower skin temperatures and the same core
temperature. The first study resulted in obese individuals having lower mean rate of
oxygen consumption (p < 0.05), lower mean skin temperatures (p < 0.05), and lower
mean heat flux (p < 0.05) during a 19°C exposure. There was no difference, however, in
carbohydrate (p = 0.14) or lipid (p = 0.46) oxidation rates. The second study resulted in
obese having lower mean supraclavicular skin temperatures (p < 0.001), lower mean
supraclavicular heat flux (p < 0.05), lower mean surface temperatures from FLIR
thermography (p < 0.05) and a lower mean metabolic response (p < 0.05). Non-
shivering thermogenesis was achieved as there was minimal and no significantly
different skeletal muscle activity between the two groups (p = 0.94). In conclusion,
during acute mild cold exposure, obese individuals displayed a significantly lower non-
shivering thermogenesis despite having lower skin temperatures and the same core
temperatures relative to non-obese individuals. This possibly originates from a
decreased capacity to activate brown adipose tissue depots in the obese that contributes

to their lower energy expenditure in these conditions.

Keywords: brown adipose tissue; energy expenditure; non-shivering thermogenesis;
obese
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Executive Summary

This thesis assessed non-shivering thermogenesis and metabolic responses in
the obese versus non-obese in response to acute mild cold exposure. The first chapter
includes a literature review on human thermogenesis in response to ambient cold
exposure. It focuses on the two methods of heat production in the human body:
shivering and non-shivering thermogenesis. The second chapter includes a study of the
metabolic and substrate oxidation responses corresponding to mean skin temperatures
and heat flux between the obese and non-obese, while the third chapter includes a study
of the supraclavicular fossae skin temperatures and heat flux corresponding to changes

in non-shivering thermogenesis between the obese and non-obese.

It was hypothesised that during acute mild cold exposure at 19°C, the obese
relative to the non-obese would demonstrate a blunted non-shivering thermogenic
metabolic response and lower mean heat flux despite having lower mean skin
temperatures and the same core temperatures. It was also hypothesised that this

response would be coupled with no difference in substrate oxidation rates.

Due to the paradoxical cooler skin temperatures seen in the obese in previous
studies, it was hypothesised that relative to the non-obese, the obese would
demonstrate a reduced brown adipose tissue non-shivering thermogenesis at the
supraclavicular fossae. This would correspond to, it was hypothesised, to lower mean
skin temperatures and heat flux over these supraclavicular fossae in the obese when
exposed to mild cold. It was hypothesised that this would be in concert with similar and

minimal skeletal muscle activation as assessed by surface EMG.

If the above hypotheses were supported by the data, it was postulated that the
obese relative to non-obese would have a reduced capacity to activate brown adipose
tissue stores in response to acute mild cold exposure, possibly contributing to a positive

energy balance and obesity.
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Chapter 1.
Introduction

Exposure to cold environments and the survival in mild to extreme temperatures
has long been a challenge for the furless, somewhat ill-equipped human. As
homeotherms, originating from the warmer equatorial regions of the planet, humans
evolved excellent mechanisms for dissipating heat such as cutaneous vasodilation, and
superficial eccrine sweating (Shibasaki, Wilson et al. 2006). The ability to retain heat in
cooler climates has been somewhat more challenging from an evolutionary standpoint
(Blondin, Labbe et al. 2015). Nonetheless, millions of humans live in the more temperate
and arctic environments and our physiology has been pushed to counter this behaviour

by evolving a number of responses to the cold.

The thermoregulatory system of the body is able to coordinate defences against
the cold in order to regulate its core temperature at a set-point (Hammel, Jackson et al.
1963, Cabanac 2006) or within a small, ideal range of 37.0 £ 1.0°C known as the null or
inter-threshold zone (Mekjavic, Sundberg et al. 1991, Bligh 2006). Most physiological,
chemical, and metabolic responses of the body operate within this small temperature
range. The human body quickly initiates defence responses, such as shivering or
sweating, as core temperatures drop or increase from the normothermic core
temperature set-point or null-zone (Cabanac and Massonnet 1977, Mekjavic, Sundberg
et al. 1991, Bligh 2006). The physiological responses to the cold are intricate and are
controlled by a vast network of autonomic nervous tissue that elicit thermoregulatory
responses. These include shivering thermogenesis (ST), observed by increases in
skeletal muscle activity and indirectly by metabolic variables such as the rate of oxygen
consumption (VO,) and rate of carbon dioxide production (VCO;). In the last decade,
there has been a re-emergence of research focused on non-shivering thermogenesis

(NST) fuelled by brown adipose tissue (BAT) activation during mild cold exposure



(Cannon and Nedergaard 2004, Nedergaard, Bengtsson et al. 2007, Virtanen, Lidell et
al. 2009, van Marken Lichtenbelt 2012). The following sections will outline some of the
primary physiological responses to the cold in relation to human energy expenditure

including BAT thermogenesis.

1.1. Literature Review

1.1.1.  Shivering Thermogenesis

Before discussing the implications of NST on energy balance, it would be prudent
to first take a look at the most crucial adaptation of humans to the cold, our ability to
shiver. This also has the greatest implications to cold-induced energy expenditure;
skeletal muscle during ST is the main tissue that oxidises macronutrients resulting in
heat release from macronutrients throughout the body and is mainly an involuntary
response to cold exposure. The control of shivering has been detailed in several papers
(Benzinger, Pratt et al. 1961, Haman, Legault et al. 2004, Morrison 2011). Briefly,
afferent signals are continually received by the central nervous system (CNS) from cold
receptors in the skin and core. These peripheral and central afferent signals travel
through myelinated afferent A fibres, specifically group Il delta fibres to the dorsal root
ganglion (Guyton 2006). The dorsomedial hypothalamus is then stimulated in the brain
which signals alpha and gamma motor neurons that project to the skeletal muscle
(Hemingway 1963). Initially, the control system for shivering was thought only to include
a negative feedback loop with proportional control of skeletal muscle thermogenesis.
That is, the afferent input from decreased skin and core temperatures gave proportional
increases in shivering thermogenesis (Benzinger, Pratt et al. 1961). Subsequently, a
feedback control was identified as it was shown that progressive increases in ST was

evident with incremental skin cooling prior to any core cooling (Morrison 2011).

Quantification of Shivering Thermogenesis and Substrate Oxidation

Shivering can be quantified by a number of methods. While early shivering
protocols relied on visual assessment of the increase in muscle contractions

(Hemingway 1963), there has since been an introduction of more reliable methods to



quantify this heat transfer. These include assessing increases in metabolic rate by
indirect or direct calorimetry and increases in muscle contractions with electromyography
(EMG) (Hemingway 1963). Specifically, measuring the rate of oxygen consumption with
indirect calorimetry quantifies metabolic responses during cold exposure. Shivering is
an asynchronous rhythmic progression of muscle contractions and metabolic responses
given by increased VO, and VCO; similar to that of light exercise (Hemingway 1963,
Tikuisis, Bell et al. 1991). Several studies give predictive formulas for metabolic
responses in response to shivering (Buskirk 1963, Tikuisis, Bell et al. 1991). These
equations are based on shivering onset and intensity of particular muscle groups, as well
as body composition (Buskirk 1963, Timbal, Boutelier et al. 1976). Differences in
metabolic responses and shivering are evident with differences in body composition as it
has been shown that leaner individuals have a greater metabolic response to cold
relative to obese who had the same core temperatures and, paradoxically, lower skin
temperatures, even when normalised to body weight (White and LeBlanc 1993). This
suggests those who tend to gain weight have a lower relative rate of energy expenditure
when exposed to mild cold than those who tend to be exempt from gaining weight or
gain less weight (Tikuisis, Bell et al. 1991). Some studies have proposed various
predictive formulas for ST and have based their formulae on anthropometric
measurements as well as core and skin temperatures (Hilliges, Wang et al. 1995, Peier,
Mogrich et al. 2002, Lee, Ho et al. 2011).

Indirect calorimetry, Substrate Oxidation and Fuel Selection

The mechanism of fuel selection to sustain ST has received a lot of attention and
it was suggested that fuel selection may be modified in a number of ways (Haman,
Peronnet et al. 2002, Haman 2006). These include the following: the ability to recruit
different metabolic pathways within the same muscle fibres, by recruiting specific sub
groups of fibres within a muscle, or by recruiting muscles that vary in their fibre
composition (Haman, Legault et al. 2004). Such differences in muscle fibre recruitment,
and therefore shivering pattern, may be linked to carbohydrate (CHO) availability during
cold exposure (Haman, Peronnet et al. 2004). Carbohydrate reserves are acutely
affected by changes in diet and supplies the largest percentage of substrate needed to
sustain energy expenditure during cold exposure (Benzinger, Pratt et al. 1961). Since

skeletal muscle fibre recruitment during shivering has been linked to CHO availability,



there has been a heightened interest in fuel selection and its relation to energy
expenditure during cold exposure (Haman 2006). In studies that limited the amounts of
CHO available, a noticeable shift was seen from lipid (FAT) to CHO use depending on
the extent of muscle glycogen loading (Haman, Legault et al. 2004). Some studies
revealed that altering glycogen storage did not alter the thermoregulatory responses
(Young, Sawka et al. 1989, Peier, Mogrich et al. 2002) with either glycogen loading or
depletion of skeletal muscle and it was long suggested that limited glycogen reserves
would limit the amount of heat released in an individual through ST (Wang 1980, 1981).
In 2004, the contributions of plasma glucose, muscle glycogen, proteins, CHO and FAT
were quantified for total heat transfer in humans (Haman, Peronnet et al. 2004). They
found that the size of the CHO reserves had no effect on heat transfer, but had a major
influence on fuel selection. Low glycogen stores corresponded to substrate oxidation
rates that were 53% FAT, 28% CHO, and 19% proteins. Conversely, a high CHO diet
corresponded to oxidation rates that were 23% FAT, 65% CHO, and 12% proteins. It
was concluded that there is a remarkable flexibility in human oxidative fuel selection
during ST and that all three macronutrients, CHO, FAT, and proteins, can play an
important role in fuelling heat transfer (Haman, Legault et al. 2004, Haman, Peronnet et
al. 2004).

Quantification of Shivering Utilising Electromyography

Electromyography  provides another method for quantifying  ST.
Electromyography analysis on skeletal muscle shivering has indicated two distinct
patterns: 1) a continuous, low-intensity shivering with skeletal muscle contractions at 4-8
Hz, and 2) high-intensity burst shivering at a lower frequency with skeletal muscle
contractions at 0.1-0.2 Hz (Petajan and Wiliams 1972, Israel and Pozos 1989).
Continuous, low-intensity shivering utilises more type |, slow-oxidative fatigue-resistant
fibres, while burst-shivering transitions to rely more on type Il, fast-glycolytic, more

fatigable fibres (Petajan and Williams 1972, Israel and Pozos 1989).

Electromyography analysis has enabled a different perspective on metabolic
responses in relation to shivering and several interindividual differences have been
observed (Hemingway 1963, Haman 2006). Muscle shivering activity can differ between

low-intensity, lipid-fuelled, type-l muscle specific shivering and high-intensity burst, CHO-



fuelled, type-Il muscle specific shivering. Depending on the type of shivering, fuel supply
could range from 20-60% from either CHO or FAT (Haman 2006). Previous
observations (Martineau and Jacobs 1989) suggested that burst-shivering, being more
CHO-fuelled, may be significantly affected by glycogen reserves. Haman et al. (2004)
however, demonstrated that this was not the case. Despite differences in glycogen
reserves, both types of shivering responses, assessed by EMG, and therefore both

types of muscle fibres, were unaffected by changes in CHO and FAT reserves.

Sympathetic Nervous Control

In order for humans to maintain homeostasis around a tightly regulated core
temperature set-point or null-zone, energy must be expended in response to the
fluctuating environmental conditions. The neural mechanisms that control thermogenic
and heat conservation responses are integral to the understanding of energy balance

and weight control in humans (Morrison 2011).

Early studies recognised the possibility that mammalian neural responses may
be altered when they live in cold environments. The explanation of these alterations or
adaptations to cold were assessed in studies of catecholamine responses (Buskirk
1963) and previous cold exposure studies (Keatinge 1960) in humans. LeBlanc et al.
(1975) demonstrated autonomic nervous system adaptations via parasympathetic and
sympathetic responses using Inuit, arctic expeditionary soldiers and non-adapted
Caucasian controls. Subtle variations in several physiological variables were observed
including cutaneous vasoconstriction, heart rate, and systolic blood pressure were seen
when comparing these cold adapted individuals to the non-adapted Caucasians. A
lower mean heart rate of 10 beats/min and a lower mean systolic blood pressure of 15
mm Hg was observed when comparing these cold-adapted groups to non-acclimated
Caucasian controls (LeBlanc, Dulac et al. 1975). These differences were attributed to
adaptations in the neural control mechanisms of these responses to cold stresses
(LeBlanc, Dulac et al. 1975).

Further demystifying of the neuronal contributions and the exact pathway for the
control of thermogenesis in the cold came through studies focusing at the cellular level

(Hammel, Hardy et al. 1960, Hammel, Jackson et al. 1963). Early studies found that the



preoptic area and anterior hypothalamus were important anatomical areas of the
brainstem in the CNS for integration of temperature information that is received from

peripheral and central temperature sensitive neurons (Hammel, Hardy et al. 1960).

More recently, changes in transient receptor potentials (TRP) by TRP channels in
cold sensitive afferent neurons were identified as the receptors detecting the changes in
surface temperatures (Caterina 2007). Thermo-sensitive TRP channels are expressed
in free nerve endings found in the epidermis and dermis (Hilliges, Wang et al. 1995), as
well as keratinocytes (Peier, Mogrich et al. 2002). Differing TRP channels are thought to
be either warm or cold sensitive; for example, temperatures above 30°C may activate
TRPV1 channels, while TRPV8 channels are thought to activate between 5-25°C.
These studies have demonstrated that TRP channels have a part in thermosensory
functions during temperature regulation, however, the specific contributions of TRPV1 to

thermoregulation in particular are still of some debate (Caterina 2007).

As discussed above, the temperature signal is relayed through the dorsal root
ganglia of the vertebral column to the integrative areas of the hypothalamus in the
brainstem (Hammel, Hardy et al. 1960, Caterina 2007, Morrison 2011). Both warm and
cold temperatures are sensed by CNS neurons that integrate this information in the
hypothalamus to regulate core temperature. Hammel (1965) demonstrated his
hypothesis of warm-sensitive (W) and temperature insensitive () neurons and their
interactions resulting in increased energy expenditure to produce heat. Boulant (2006)
gives a schematic of a modified version this model (Figure 1.1). Temperature insensitive
neurons display little to no change in their firing rates (FR) during hypothalamic cooling
or warming. Firing rat refers to the frequency of action potentials generated, and around
20% of neurons were found to strongly change their FR during hypothalamic warming
and were labelled as W neurons. Through a reciprocal cross-inhibition mechanism,
displayed in the FR graphs, W and | neurons are able to coordinate the body’s response
to external temperature changes. The result is either a gain or loss of heat (Boulant and
Dean 1986, Boulant 2006).



+>———— Warm Receptor Pathway

Cold Receptor Cutaneous
‘7/—‘__ Afferent

Heat _/
- Loss
<
Heat
Production N
-
o 37°
P
N —
\OC\* //Qa e e

SR

Figure 1.1. A modified neuronal model originally proposed by H. T. Hammel (1965)
giving the set-point model for regulation of core temperature. W, warm-
sensitive neuron; |, temperature-insensitive neuron; w, heat loss effector
neuron derived from warm-sensitivity; ¢, heat production effector neuron
derived from cold-sensitivity; SP, dorsal horn spinal neuron; OC, optic
chiasm; MB, mammilary body. Graphs show the firing rates (FR) of each
group of neurons as well as thermoregulatory effector responses to
changing hypothalamic temperatures (right). Dotted lines indicate the
frequency of excitatory (+) and inhibitory (-) synaptic inputs (Boulant
2006).

Obese Adaptations During Cold Exposure

When exposed to similar cold stresses, individuals with greater subcutaneous fat
have been shown to elicit lower skin temperatures with limited to no ST (Leblanc 1954).
As ambient temperatures decrease, the difference between individuals of normal weight
and those with increased adiposity seems to increase as higher subcutaneous fat elicit
cooler skin temperatures (Leblanc 1954). This was further investigated in following
studies that found obese individuals, despite having lower skin temperatures and the

same core temperatures, demonstrated no heightened metabolic response to the cold



(Wyndham, Williams et al. 1968, White and LeBlanc 1993). While it would seem logical
to increase metabolic rate to increase heat release with decreasing skin temperatures,
the obese seem to have a blunted response to cold exposure and some have suggested
they share similar properties to those that are cold acclimatised (Young 1988, White,
Ross et al. 1992, White and LeBlanc 1993).

Non-adapted humans respond to the cold with increased ST, elevated metabolic
response and heat release, as well as cutaneous vasoconstriction (Young 1988). Those
who are acclimatised demonstrate a number of adaptations, the first is known as the
metabolic adaptation whereby less metabolic output is evident in response to cold
exposure. The second adaption is known as the hypothermic adaptation and is
hypothesised to include a lower set-point or null-zone being defended, corresponding to
a lower core temperature (Young 1988). Less heat release, and therefore less energy is
required to be expended to defend core temperatures. The final adaptation has been
extensively observed in previous mentioned studies and is known as the insulative
adaptation. Cold-adapted and obese individuals exhibit lower skin temperatures. This
corresponds to less thermal conductivity and less heat exchange with the surrounding

environment (Young 1988).

While it is unresolved whether obese individuals exhibit all of these cold
adaptations it is clear that, to a certain extent, the obese exhibit a type of ‘insulative-trap’
whereby their afferent cold receptor inputs do not seem to initiate the same heat
liberation and metabolic responses as observed in leaner individuals. These
adaptations certainly reduce the need for ST in larger individuals, but it is unknown if this
response is causal or consequential of the ability to activate the second type of heat

release in the body known as NST.

1.1.2. Non-Shivering Thermogenesis

Brown Adipose Tissue

Along with various other physiological adaptations to uniquely evolve in
mammals, BAT is thought to have been one of the earliest to develop (Cannon and

Nedergaard 2004). The functional significance of this distinctly mammalian tissue is of



great interest due to its suggested tie to increased energy expenditure (Rothwell and
Stock 1997, Cannon and Nedergaard 2004). It has been linked to a number of important
responses including our ability to survive during long exposure to cold temperatures, to
survive the cooling stress to the neonate at childbirth, and possibly to initiate a greater

and more sustained basal metabolic rate in adults.

Although observed for decades, BAT is relatively new in terms of its proposed
physiological significance for human energy expenditure. Earliest discussions on what is
believed to be BAT were given by Swiss zoologist, Conrad Gessner, in his 1551
revolutionary five-volume Historiae animalium as cited by Cannon and Nedergaard
(2004). Over the past century, many mammals have been shown to possess BAT, most
notably hibernating bears as well as mice and rats studied in laboratory settings. The
theories of BAT thermogenic applications, however, have developed in the past 50 years
(Carlson and Cottle 1956, Smith 1964). Most recently, BAT has been linked to a variety
of metabolic inefficiencies and this tissue has been postulated by different groups to
make a significant contribution to human energy balance (Rothwell and Stock 1979,
Bartelt, Bruns et al. 2011).

Overview of Brown Adipose Tissue

The brown adipocyte (Figure 1.2) is the functional, cellular unit of the tissue
(Guyton 2006) and is said to arise from the myoblastic cell lineage rather than the
previously hypothesised preadipocytes (Lee, Ho et al. 2011). While the brown adipocyte
may be the powerhouse cell of the tissue, a larger proportion of the tissue is comprised
of endothelial cells within interlaying capillaries. This allows for a greater availability of
oxygen and substrates from the rest of the body via the circulatory system (Geloen,
Collet et al. 1990) and provides the easy transfer of heat from the tissue to the
circulating blood (Sacks and Symonds 2013). Under conditions of increased recruitment
of the tissue, such as chronic cold exposure, these BAT progenitor cells function to
divide and differentiate into new brown adipocytes (Boeuf, Klingenspor et al. 2001).
Brown adipose tissue receives information on the body’s temperature, lipid reserves and
current feeding status from the ventromedial hypothalamic nucleus in the brain (Guyton
2006). If any of the aforementioned physiological states are altered from their

homeostatic zones, for example, if there is reason to increase the rate of food oxidation



or increase the rate of heat release, signals are transmitted via the sympathetic nervous
system to the brown adipocytes (Trayhurn and Wusteman 1987). Therefore, the proper
functioning of BAT relies on the initial input from an extensive network of catecholamine-
driven sympathetic nerve fibres along with sufficient supply of oxygen and substrate from

the capillary system.

The adequate stimulation from the sympathetic nervous system, coupled with the
appropriate fuel sources, allows the brown adipocyte to breakdown available
triglycerides that have been taken up from the blood. Intracellular sympathetic
signalling, discussed in greater detail in following sections, propel the release of the
triglycerides into free fatty acids (FFA) that are thought to be involved in the activation of
the brown fat-specific uncoupling protein-1 (UCP-1) (Benzinger, Pratt et al. 1961). The
FFA are used as the acute substrate in thermogenesis (McCormack 1982). Fatty acid
oxidation happens during beta-oxidation of the mitochondria resulting in the expulsion of
an H" ion and the release of energy (Cannon and Nedergaard 2004, Kajimura and Saito
2014). The outcome of this FFA oxidation is that there is an increase in the amount of
food and energy reserves available in the blood that are taken up by the tissue and

combusted, leading to increased heat release (Figure 1.2).

In smaller mammals living in more temperate climates, the participation of BAT in
heat release may be responsible for almost half of their total energy expenditure
(Cannon and Nedergaard 2004). It may also be the predominant thermogenic tissue in
those smaller mammals living in cooler climates. Brown adipose tissue capacity in all
mammals therefore varies depending on size and exposure to certain environments: it
may atrophy when unused after continual non-exposure to the cold, and may proliferate

when cold exposure is chronic (Cannon and Nedergaard 2004).
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Figure 1.2.  An overview of the acute control of brown adipose tissue activity including
the initiation of sympathetic nervous tissue from 33-adrenoreceptors, to
the uptake of oxygen and fuel in the form of food, resulting in the transfer
of energy to give heat. VMN, ventromedial hypothalamic nucleus; NE,
norepinephrine; TG, triglycerides; FFA, free fatty acids; UCP-1,
uncoupling protein-1; H*, hydrogen ion; O,, oxygen molecule; RC,
respiratory chain (Cannon and Nedergaard 2004).

Adrenergic Control of Brown Adipose Tissue

To understand the thermogenic properties of BAT, it is necessary to understand
how its activity is controlled and what regulates its release of heat. The brown adipocyte
is under sympathetic nervous control via norepinephrine signalling (Trayhurn and
Wusteman 1987). Norepinephrine is responsible for initiating the brown adipocyte’s
most important thermogenic effects, as well as cell proliferation, maturation, and

apoptosis (Trayhurn and Wusteman 1987).

11



Norepinephrine Signalling

Norepinephrine release is heightened after increases in food intake, energy
reserves, or cold exposure. Itis released by the ventromedial hypothalamic nucleus and
medulla in the adrenal glands as well as by postganglionic neurons of the sympathetic
nervous system (Guyton 2006). Although able to initiate signalling with the mature
brown adipocyte via all three types of known adrenoreceptors including B, a; and a,, the
most significant pathway is provided through R-adrenergic stimulation (Preitner, Muzzin
et al. 1998, Bronnikov, Bengtsson et al. 1999).

Upon reaching the brown adipocyte (Figure 1.3), norepinephrine binds primarily
to Rs-adrenoreceptors (Cannon and Nedergaard 2004). Of the three main subgroups of
R-adrenoreceptors, Rz-adrenorecptors are the most significant in mature adipocytes. R4-
adrenoreceptors are also expressed in the mature adipocyte but are not coupled in the
signalling process to any significant degree (Bronnikov, Bengtsson et al. 1999). [,-
adrenoreceptors, not shown in Figure 1.3, couple with cyclic adenosine monophosphate
(cAMP), a derivative of ATP, are thought to be more associated with the signalling
process involved with preadipocytes (Bronnikov, Bengtsson et al. 1999). Recently it has
been shown that R,-adrenoreceptors are not found on the surface of the brown
adipocyte, but rather in the surrounding vascular tissue (Bengtsson, Cannon et al. 2000).
A fourth B4-adrenoreceptor, with similar properties to Rs-adrenoreceptors, has also been
described (Preitner, Muzzin et al. 1998), although no gene expression for it has been

found and its function is not fully understood.

Examination of the physiological effects of norepinephrine on the brown
adipocyte can be simulated with various agonists including BRL-37344, CGP-12177 and
CL-316243 (Preitner, Muzzin et al. 1998). These agonists help quantify and
characterise the actual brown adipocyte response to cold exposure or high-energy
reserves from increased food intake. This is because Rs-adrenoreceptors are primarily
located on the surface of brown adipocytes and are seldom found elsewhere in the body
(Cannon and Nedergaard 2004).

12
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Figure 1.3. Rs-adrenergic signaling pathway in mature brown adipocytes. NE,
norepinephrine; R3, R3-adrenoreceptor; Gs, stimulatory G protein; G;,
inhibitory G protein; a,, a,-adrenoreceptor, AC, adenylyl cyclase; cAMP,
cyclic adenosine monophosphate; PKA, protein kinase A; CREB, CRE-
binding protein; CRE, cAMP response element; ICER, inducible cAMP
early repressor; Erk 1/2, anti-apoptosis protein kinase (Cannon and
Nedergaard 2004).

G protein, cAMP, and Protein Kinase A Mediation

Following the stimulation of the brown adipocyte via Rs-adrenoreceptors, the
signal passes through stimulatory G proteins (Figure 1.3). The stimulatory G protein
aids in bringing the signal through the membrane to the inside of the cell (Neves, Ram et
al. 2002). It has been suggested that the brown adipocyte may be linked with inhibitory
G; proteins (Figure 1.3) as well (Chaudhry, MacKenzie et al. 1994). This would serve as
a possible “self-limiting” pathway, inhibiting cAMP formation and possible downstream

thermogenic properties of the brown adipocyte (Williams and Matthews 1974).

Continuing along the R-adrenergic signalling pathway (Figure 1.3), further

activation of the brown adipocyte proceeds with the norepinephrine-induced formation of
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cAMP from adenylyl cyclase (AC), an enzyme that helps convert ATP to cAMP (Williams
and Matthews 1974). Throughout the body, cAMP initiates activation of other proteins
through cation channels, such as Ca?* and K* channels; the brown adipocyte is no
different, current research shows that cAMP continues the signalling progress through

activation of protein kinase A (Williams and Matthews 1974).

The adrenergic pathway continues with a group of phosphorylating enzymes
(Figure 1.3), both in the nuclear and cytosolic areas of the cell (Thonberg, Fredriksson et
al. 2002). Protein kinase A phosphorylation with nuclear-related proteins are able to
promote a cascade of transcription factors (CREB, CRE, ICER), thought to aid in the
expression of genes that account for UCP-1 synthesis; this will be discussed in a later
section (Nedergaard, Matthias et al. 1999). Paralleling the phosphorylation of nuclear
proteins, protein kinase A also stimulates cytosolic protein phosphorylation (Thonberg,
Fredriksson et al. 2002). Most importantly, these cytosolic proteins move to initiate the
lipolytic pathway as is described below. This leads to thermogenesis in the brown

adipocyte and this contributes to the heat release from the tissue as a whole.
Initiation of Non-shivering Thermogenesis in BAT

The thermogenic effect of BAT was initially described some 50 years ago (Smith
1964), and since then, a variety of molecular mechanisms that signal the brown
adipocyte have been postulated on how it is able to liberate heat from the oxidative
phosphorylation in mitochondria (Lindberg, de Pierre et al. 1967, Prusiner, Cannon et al.
1968). Some earlier proposed mechanisms described an ATP-dependent system that
lead to the formation of ADP and the subsequent stimulation of substrate oxidation and
thermogenesis in the mitochondria (Prusiner, Cannon et al. 1968). Later observations
that ATP synthase inhibition only partly reduced the thermogenic effect (Hilliges, Wang
et al. 1995), and that BAT mitochondria generally have a low capacity for ATP synthase
activity (Lindberg, de Pierre et al. 1967) effectively disproved this idea. Using an ATP
synthase inhibitor called oligomycin, Prusiner et al. (1968) demonstrated only a partially
reduced effect of norepinephrine on the thermogenic response of BAT. This collectively
established an understanding that the thermogenesis via BAT was aided by some other

mechanism, and it is not primarily ATP-controlled.

14



Another theory on the exact activation mechanism of thermogenesis in BAT
came through in the form of an uncoupling process (Lindberg, de Pierre et al. 1967).
This was described as an oxidative process not coupled to ATP synthesis (Klingenberg
and Huang 1999, Cannon and Nedergaard 2004). Uncoupling protein-1, first known as
thermogenin, was found to be, at least to some extent, the missing mechanism in the
mitochondrial thermogenic process. Other uncoupling proteins, including UCP-2 and
UCP-3, have also been identified, resulting in some scrutiny as to UCP-1’s importance to
thermogenesis. A recent study, however, demonstrated (Figure 1.4) through the use of
normally functioning mice compared with UCP-1-ablated mice that thermogenesis, via its
norepinephrine signalling process, is completely UCP-1-dependent (Matthias, Ohlson et
al. 2000). The study demonstrates that no NST takes place once UCP-1 is removed
from the brown adipocyte (Matthias, Ohlson et al. 2000). Currently, there is little
evidence to suggest there are other mechanisms that aid in the initiation of BAT

thermogenesis.
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Figure 1.4. Brown adipocytes from normal and UCP-1 ablated mice were exposed to
A) norepinephrine (NE), or B) fatty acid (oleate, '®Carbon) to assess
whether UCP-1 is essential for thermogenesis. The almost 10-fold
increase in oxygen consumption (fmol Ozsmin”"scell'") (fmol = femtomole;
Sl unit for 10" moles) represents the thermogenic response and its
reliance on UCP-1 (Cannon and Nedergaard 2004).
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Stimulation of Lipolysis and BAT Thermogenesis

As triglycerides (TG), glycerols, or FFAs accumulate within the brown adipocytes
of the body (Figure 1.5), norepinephrine may be released which initiates the lipolysis or
breakdown of the fat molecules (Cannon and Nedergaard 2004). Although not fully
resolved, the process begins downstream of protein kinase A. The cascade continues in
the cell through the phosphorylation of hormone-sensitive lipase (HSL), which acts in
effectively breaking the TG molecules into glycerol and smaller FFA. Peripilin has been
found to act as a balancing molecule with HSL as it surrounds the TG and protects it
from degradation (Chaudhry, MacKenzie et al. 1994, Bartelt, Bruns et al. 2011). In mice
studies where peripilin has been artificially ablated, mice have been shown to have
higher basal metabolic rates. Conversely, studies with HSL-deficient mice have been
shown to have an increased adiposity. While some FFA may be expelled from the
brown adipocyte, most are channelled towards the mitochondria and used as the

substrate for NST (Prusiner, Cannon et al. 1968).

The thermogenic effect in BAT (Figure 1.4B), while dependent on UCP-1
presence in the mitochondria (Matthias, Ohlson et al. 2000), can be simulated by the
addition of FFAs such as oleate into the cell (Prusiner, Cannon et al. 1968).
Employment of these factors that induce lipolysis in brown adipocytes subsequently
initiate NST, and no NST is observed without lipolysis (Matthias, Ohlson et al. 2000).
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Figure 1.5. Events downstream of protein kinase A in the norepinephrine-induced
stimulation of thermogenesis in the brown adipocyte. NE, norepinephrine;
cAMP, cyclic adenosine monophosphate; PKA, protein kinase-A; HSL,
hormone-sensitive lipase; TG, triglyceride; FFA, free fatty acid; NADH,
nicotinamide adenine dinucleotide; FADH, flavin adenine dinucleotide;
H,O, water molecule; O,, oxygen molecule; H+, hydrogen ion; UCP-1,
uncoupling protein-1; 3-ox, R-oxidation; AcCoA, acetyl CoA; CAC, citric
acid cycle (Cannon and Nedergaard 2004).

The UCP-1 protein has been studied extensively, yet a full understanding of how
it is incorporated into the mitochondrial wall is one of the most intriguing mysteries of
BAT and its thermogenic effects. Three models have been proposed on how UCP-1 is
incorporated into the mitochondrial wall. In the allosteric model, a FFA interacts with a
site directly on UCP-1, initiating its activation (Rial and Gonzalez-Barroso 2001). In the
cofactor model, FFAs bind to sites within the proton channel of UCP-1 and act as
stepping-stones for protons as they pass through the membrane (Winkler and
Klingenberg 1994). In the proton shuttle model, protons with a dissociated FFA move
through the mitochondria and exit in its anionic form carried by UCP-1 (Garlid, Jaburek
et al. 2000). These models have been extensively reviewed elsewhere (Nedergaard,
Matthias et al. 1999).
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Diet-Induced Thermogenesis

Thermogenesis is the liberation of chemical energy from ingested food into heat.
Brown adipose tissue completes this transfer without the need to store much energy.
This means that a smaller proportion of the total food energy consumed from a meal is
stored in the form of FAT, CHO, proteins and ATP, when BAT is active (Trayhurn,
Thurlby et al. 1977). This was first observed in the late 1970’s in mice and several
theories were advocated on the linkage between metabolic efficiency and BAT
(Trayhurn, Thurlby et al. 1977).

Single Meal Thermic Effects on BAT Thermogenesis

Thermic effects of eating are marked by increases in the metabolic rate above
that of normal basal rates for 5 to 6 h in postprandial period. A single meal has been
shown to increase BAT activity in mice through increased oxygen consumption within
this tissue (Glick, Teague et al. 1983), as well as an increase in blood flow to the area
surround BAT depots (Glick, Wickler et al. 1984). There have also been reports on
possible systemic increases in norepinephrine concentration and overall weight
increases in BAT after consumption of a single meal (Glick, Teague et al. 1983). The
thermic effects of a single meal are evidently initiated by sympathetic effector systems,

but the actual mechanism underlying the response is unknown.

Leptin, a protein hormone fundamental in the regulation of energy expenditure
including appetite, hunger, and metabolism, is thought to act too slowly in single meal-
induced thermogenesis and its involvement in diet-induced thermogenesis is unlikely.
Rather, increased release of glucose from muscle and liver glycogen stores, insulin from
the pancreas, cholecystokinin released from the stomach during a meal, and
enterostatin, a pentapeptide released upon pancreatic lipase activation by lipase, have
each been suggested as possible molecules involved in the control of BAT NST. All
these are blood-borne substances that could interact with the centres in the brain
responsible for BAT control and have been discussed in detail in different studies

(Sakaguchi and Bray 1987, Erlanson-Albertsson and Larsson 1988).
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Overall, a single, but semi-repetitive meal plan, as seen in the average
population, is thought to engage BAT activation, maintain brown fat recruitment, and

subsequently decrease metabolic efficiency (Glick, Teague et al. 1983).

Chronic Low Nutrient Density Food Intake and Obesity

Much interest has fallen on the topic of chronic, nutritionally lacking diets, their
thermogenic effects and their relation to obesity (Rothwell, Stock et al. 1983). Most
experiments have been performed on animals other than humans and various diets have
been implemented to simulate nutritional similarities to that of junk food, i.e., food items
high in energy but low in nutrient content (Cannon and Nedergaard 2004). In hopes of
simulating obesity in humans due to chronic overeating, high energy with low nutrient
content diets have been employed in rodent models with the forethought of discovering
linkage between obesity, thermic effects of chronic eating, and BAT recruitment and
activation (Shimizu, Aprahamian et al. 2014, Dodd, Decherf et al. 2015).

Several studies using these “protein diluting”, or diets that decrease protein
energy percentage from around 20% to as low as 5%, have demonstrated an increase in
food intake, some obesity, a decreased metabolic efficiency, yet an apparent
proliferation of BAT (Rothwell, Stock et al. 1983). Little is known as to the signalling
process between chronic food intake, its quality, and BAT recruitment, but it is apparent
that a diet-induced thermogenesis exists. Some of these protein-diluting studies have
shown significant increases in BAT activation after lower protein diets (Smith and Hock
1963, Rothwell, Stock et al. 1983) and while most believe these low protein diets initiate
obesity as seen in humans, some consider it to be the subsequent development of
obesity that triggers BAT recruitment (Llado, Proenza et al. 1991). Llado, Proenza et al.
(1991) showed that BAT volume increase was only seen after removing rats from a low
protein, nutrient low diet where obesity had been induced. They concluded that the

increase in BAT volume was attributed to the obesity status of the rats rather than diet.

The answer to whether obesity could influence NST is of some debate. A
number of studies have shown that in obese mice reintroduced to “normal’ diets
maintain their BAT volume and activity, suggesting that obesity does in fact trigger BAT

activation (Llado, Proenza et al. 1991). Obese humans are hyperleptinemic and leptin,
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whose blood concentration parallels the fraction of white adipose tissue (WAT) in an
individual, has been postulated as the possible mediator in the effect of obesity on BAT
thermogenesis. When treated with leptin, animals, but not humans, seem to have a
decrease in body weight due to decreased food intake (Friedman 1998, Lee, Ho et al.
2011). Therefore, an expected result of BAT deactivation should be seen. This is not
the case in mice, as the opposite effect has been documented (Collins, Kuhn et al.
1996); leptin treatment resulted in establishing signs of brown fat activation such as
increased sympathetic nerve activity and increases in UCP-1 gene expression. The

present underlying mechanisms for these responses is unknown.

The opposing hypothesis is that obesity is caused in part by a lack of diet-
induced NST. It is well documented that many genetic models of obesity are also
characterised by diminished BAT response and UCP-1 concentrations (Goodbody and
Trayhurn 1982). So the question remains: does this diminished brown adipose activity
contribute to the obese individual? Or is the atrophied tissue simply concurrent and
coincidental? To date, UCP-1-ablated mice do not seem to gain weight, whereas brown
fat-deficient mice become obese (Trayhurn, Thurlby et al. 1977, Goodbody and Trayhurn
1982). This is interesting as UCP-1's importance in the thermogenic response is clear.
Still, it is believed by many that a decreased recruitment of BAT may magnify a dietary-
or genetically-induced obesity in an individual (Rothwell and Stock 1979). Simply put, it
is unclear, particularly in rodent models, whether BAT recruitment and activation is

causal or consequential from chronic elevated food intake.

Cold-Induced Thermogenesis

Another physiological response of BAT NST is in the presence of mild cold
exposure. As discussed above, ST contributes the greatest amount of heat gain in
acute more intense cold environments but the contributions of BAT to cold-induced

thermogenesis are apparent and extensive.

When an animal is exposed to a low ambient temperature, extra heat is needed
to maintain ideal core temperatures. This extra heat needed to defend the body’s core
temperature is smaller in relative magnitude the larger the animal gets (Cannon and

Nedergaard 2004). This means that smaller mammals have adapted to provide this
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extra heat to a greater extent than larger animals, such as humans. This may be due to
still unresolved topics relating to basal metabolism in relation to body weight (Cannon
and Nedergaard 2004). For smaller animals chronically exposed to temperatures lower
than that of their normal body temperatures, it is evident that there is a recruitment of
non-shivering thermogenic tissues that account for this extra heat release. Although
many experimental animals do this when exposed to acute and chronic cold exposure,
evidence for these extra metabolic processes had not clearly been evident in humans
exposed to mild cold (Trayhurn, Thurlby et al. 1977, Goodbody and Trayhurn 1982,
Trayhurn and Wusteman 1987). While recent research on humans has almost
conclusively put this debate to rest (Saito, Okamatsu-Ogura et al. 2009, Yoneshiro, Aita
et al. 2011, Blondin, Labbe et al. 2014), most information on BAT activity during cold

exposure comes from animal models.

BAT and Cold Exposure in Animal Models

Initial observations of BAT NST to cold exposure were seen in rodents (Carlson
and Cottle 1956, Jansky 1973). Cold-acclimated rodents exposed to temperatures just
below the thermo-neutral zone could withstand the effects of cold exposure longer than
warm-acclimated rodents (Jansky and Hart 1963). These acclimated mice were able to

suppress the need to shiver and relied almost exclusively on NST (Jansky 1973).

More recently, UCP-1-ablated mice, once exposed to Rs-agonists or FFAs,
demonstrated had no ability to utilise NST in response to cold (Himms-Hagen, Cui et al.
1994, Enerback, Jacobsson et al. 1997). This was paired with UCP-1-ablated mice that
were shown to shiver with a constant intensity, even after chronic exposure to the cold
(Golozoubova, Hohtola et al. 2001). This supports that these mice were unable to recruit
any other means to release heat, as well as any other form of NST other than that found
in BAT. Therefore, a fully functioning BAT appears to be an integral adaptation to
repeated exposure to the cold and it is quite clear that, based on animal models, UCP-1
is necessary for NST in cold environments (Matthias, Ohlson et al. 2000, Golozoubova,
Hohtola et al. 2001).
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Hibernation and Postnatal Thermogenesis

Hibernation and Arousal Utilising BAT

Although many recent studies on BAT have involved humans (Hilliges, Wang et
al. 1995, Cannon and Nedergaard 2004, Cypess, Lehman et al. 2009, Saito, Okamatsu-
Ogura et al. 2009, van Marken Lichtenbelt 2012, Blondin, Labbe et al. 2014), most early
findings of BAT’s function were in hibernating mammals (Gessner 1551., Smith and
Hock 1963). As early as the 1920’s BAT was referred to as the hibernating gland
(Rasmussen 1923) with little knowledge of it's physiology. Since then, studies have

looked at the function and use of BAT in these hibernators.

A hibernating animal’'s body temperature set point decreases to around 5°C for
most of the winter (Smith and Hock 1963). If the surrounding environment continues to
drop, BAT is then activated to aid in the defence of this reduced core temperature set-
point. Periodically throughout the winter, hibernators move through an arousal stage
whereby BAT is able to contribute large amounts of energy to raise core temperatures
back to around 37°C (Smith and Hock 1963, Hindle and Martin 2014).

Brown adipose tissue is relevant in all four stages of hibernation: pre-hibernation
fattening, entry into hibernation, each hibernation bout, and during arousal from
hibernation (Cannon and Nedergaard 2004, Hindle and Martin 2014). During pre-
hibernation fattening, animals induce obesity with hyperphagic-style eating habits. As
mentioned previously, some studies have observed increases in BAT recruitment from
obesity (Llado, Proenza et al. 1991) and this pre-hibernation hyperphagia may be what
contributes to the increase in BAT. An opposing argument suggests that this BAT
recruitment could then diminish lipid stores in the body, counteracting the fattening stage
for hibernation (Collins, Kuhn et al. 1996). Coupled with decreasing ambient
temperatures and shorter days, however, BAT activation is apparent during this pre-
hibernation phase. These environmental factors may be enough to produce BAT
recruitment, although studies to isolate the physiological from environmental factors
have not been performed (Cannon and Nedergaard 2004) and it is unsure whether the
pre-hibernation phase creates a metabolic problem in these animals as an increase in

BAT could contribute to a counteractive increase in energy expenditure.
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The entry into hibernation phase requires the lowering of metabolic rate
resulting in the hibernators core temperature to decrease by ~5°C. This requires a
sufficient deactivation of BAT through decreased sympathetic stimulation of the area. As
observed in studies using BAT G-protein-binding masks (Horwitz, Hamilton et al. 1985),
during deep hibernation, BAT is inactive. This evidence suggests that rather than
switching the regulation of body temperature off completely, the animal’s set-point has
simply been shifted down to defend a new lower temperature (Cannon and Nedergaard
2004, Hindle and Martin 2014); this is known as anapyrexia (Cabanac and Brinnel
1987).

Brown adipose tissue plays its largest role during the arousal phase of
hibernation, as these mammals are able to rewarm to their normal euthermic conditions
in lieu of persisting low ambient temperatures. This has been shown through studies of
unmasking, or activation, of latent G-protein binding sites (Horwitz, Hamilton et al. 1985),
and by the large temperature increase of BAT sometime 14°C higher than core (Smith
1964). The process can be understood as a resetting of the set-point, or anapyrexia,
and because the mammal is unable to shiver during hibernation, brown fat-derived heat
is essential in the arousal of hibernators (Smith 1964, Cannon and Nedergaard 2004,
Hindle and Martin 2014).

Postnatal Infants and BAT

In most studied mammals, including humans, the most commonly seen use of
BAT NST is observed in the postnatal infant (Aherne and Hull 1964, Dawkins and Hull
1964, Dawkins and Scopes 1965, Bruck 1969). Immediately after birth, an infant is
exposed to the cooler temperatures of the surrounding environment and large amounts
of BAT are responsible for its early heat release as reviewed by Bruck (1969). Initial
observations were made in newborn rabbits where subcutaneous thermocouples
presented increased temperatures in the scapular region after exposure to ~25°C
(Dawkins and Hull 1964). Tissue samples determined that this was due to the large

presence of BAT in the newborn rabbits.

While apparent in animal models, there were conflicting reports on the presence

of BAT in newborn humans as investigators displayed trouble in its exact quantification
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(Aherne and Hull 1964). Literature in this area therefore, has been fairly limited.
Thermographic techniques have been used to quantify BAT heat release in infants,
however this method is limited as it provides information on BAT function as opposed to
the volume of BAT (Rylander, Pribylova et al. 1972, Rasmussen, Entringer et al. 2013).
More modern methods of estimating BAT NST prevalence in newborns have come in the
form of multi-echo water-fat MRI scans, usually done in post mortem infants (Hu and
Gilsanz 2011, Hu, Tovar et al. 2012, Lidell, Betz et al. 2013). These studies are non-
invasive and have been some of the first to quantify the volume and composition of BAT
in newborns (Rasmussen, Entringer et al. 2013). During natural sleep, neonates’ torsos
were assessed and were shown to have large amounts of BAT volume in the
supraclavicular, axillary, and spinal regions of the body (Rasmussen, Entringer et al.
2013). These were identified as both classical brown adipocytes as well as those

relating to a more beige adipocyte lineage (Lidell, Betz et al. 2013).

Methods for BAT NST Estimation in Adult Humans

While methods for quantifying BAT are well established and considered mainly,
yet not completely, a resolved science in animal models, less is known in adult humans
as effectual methods for estimating BAT NST have arisen only in the past decades.
Early studies using post-mortem tissue biopsies and histology showed that outdoor
workers, such as lumberjacks and skid-row alcoholics, had more BAT than people who
worked indoors (Huttunen, Hirvonen et al. 1981). This knowledge was obtained using
histochemical enzyme reactions from these tissue samples and was one of the early
observed, however, less practical methods for estimating BAT in adult humans
(Huttunen, Hirvonen et al. 1981). Interesting theories arose based on a lack of
applicable methods for estimating human adult BAT NST; for example, the hypothesis
that most cold-induced NST came from an increased basal metabolism in skeletal
muscle (Block 1994). The past decade has introduced one of the most intriguing
methods to date with that includes employment of 2-[F'®] fluoro-2-desoxy-glucose
(**FDG) markers coupled with positron emission tomography (PET) and X-ray computed

tomography (CT) scanning.
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"®FDG and PET/CT Scanning
Discovery and Mechanism

To locate tumours, radioactive markers are often used to monitor cellular activity
in nuclear medicine (Nedergaard, Bengtsson et al. 2007). As tumours are often
glycolytic, "®FDG is administer and acting like glucose, is taken up by various
glycolytically active areas such as the heart, moving muscles, the brain, and tumours.
First reported observations of “unusually symmetrical” masses in the shoulder and
clavicular regions came in the early 1990’s (Barrington and Maisey 1996, Engel, Steinert
et al. 1996). As only PET scans were initially used, having a lower resolution, initial
studies attributed these shapes to tense skeletal muscle and improper patient
positioning. Linked PET and CT scanning eventually gave the resolution needed to
conclusively determine that these areas of ®FDG uptake were in fact BAT rather than
skeletal muscle (Hany, Gharehpapagh et al. 2002, Minotti, Shah et al. 2004). Since
then, dozens of studies have arisen and have applied various cooling protocols in

estimating BAT activation, as will be discussed below (van der Lans, Wierts et al. 2014).
Cold Exposure Protocols and Results

Since 2009, there has been an eruption of studies applying '"®FDG and PET/CT
scans to monitor BAT activation during cold exposure (Saito, Okamatsu-Ogura et al.
2009, Virtanen, Lidell et al. 2009, Yoneshiro, Aita et al. 2011, Ouellet, Labbe et al. 2012).
Almost unanimously, these studies have demonstrated that when compared to uptake at
normal room temperatures, mild cold exposure evokes increased '®FDG uptake in the
acromial-clavicular, supraclavicular, para-aortic, axillary, paravertebral and peri-renal
regions of the body (Basu 2008, Sacks and Symonds 2013, van der Lans, Wierts et al.
2014). Studies dedicated to this acute mild cold exposure have revealed active BAT
depots in 46 to 100% of their young healthy participants compared to 20 to 31% in the
morbidly obese (Nedergaard, Bengtsson et al. 2007, van Marken Lichtenbelt,
Vanhommerig et al. 2009). The large variations have been attributed to the large range

of methodologies employed and current procedures cannot distinguish between the
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previously discussed “classical” brown cells and the “inducible” beige cells seen in WAT
(Seale, Bjork et al. 2008, Sharp, Shinoda et al. 2012). Beige adipocytes are white
adipocytes that after extended cold exposure have been shown to undergo a “browning”
effect, increasing their UCP-1 activity and begin acting like the metabolically active BAT
(van der Lans, Hoeks et al. 2013, Dodd, Decherf et al. 2015). An in depth discussion on
beige adipocytes is beyond the scope of this thesis but has been review extensively
elsewhere (Lidell, Betz et al. 2013, Nedergaard and Cannon 2014).

Individual Variations of Human BAT Activity

There has been a high degree of inter-individual differences within PET/CT scan
studies which have resulted in a vast array of estimates of BAT activation in adult
humans (van der Lans, Wierts et al. 2014). They concluded that there are a number of
factors that may influence the presence of BAT, one of which is body composition.
Studies done with obese participants have yielded diminished BAT activation and have
suggested that the cause lay with more insulation due to the thicker subcutaneous fat
layers, blunting the afferent cold receptors (Wijers, Saris et al. 2010, Vijgen, Bouvy et al.
2011). Gender may also play a role, as males tend to require lower skin temperatures to
induce shivering than females and some retrospective studies have demonstrated higher
BAT prevalence in females (Au-Yong, Thorn et al. 2009, Cypess, Lehman et al. 2009).
There have been conflicting reports recently as some studies demonstrated a similar
BAT activation between sexes (van der Lans, Hoeks et al. 2013) while others showed
females having a greater prevalence (Muzik, Mangner et al. 2012, Orava, Nuutila et al.
2013).

Further variation may result from the feeding status of individuals. As discussed
earlier, a diet-induced thermogenesis may occur within BAT after a bout of feeding.
Usually, participants are studied while fasting, however, some have shown that cold-
exposed healthy males’ BAT activity was lower in fed individuals when compared with
fasted individuals (Vrieze, Schopman et al. 2012). The contributions of BAT on diet-
induced NST are uncertain. Finally, cold-adaption may play a role in inter-individual
variations as studies have shown increased BAT in individuals living outdoors for most of

their life (Huttunen, Hirvonen et al. 1981).
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Fixed Versus Individualised Cooling Protocols

Studies with fixed cooling protocols were first used when looking at BAT
activation with PET/CT scanning. Participants were exposed to ambient temperatures of
16°C for 2 h (van Marken Lichtenbelt, Vanhommerig et al. 2009) or with slightly higher
ambient temperatures of ~19°C with leg cooling from ice (Saito, Okamatsu-Ogura et al.
2009, Yoneshiro, Aita et al. 2011) or chilled water (Virtanen, Lidell et al. 2009). These
studies reported BAT prevalence in 46 to 100% of participants while the use of a cooling
vest resulted in 100% BAT detection (Cypess, Chen et al. 2012).

Since then, some studies have adopted an individualised cooling protocol (van
der Lans, Wierts et al. 2014). This was brought on by diminished BAT presence when
fixed cooling methods were employed on the obese. Subjects are cooled until shivering
and then temperature is increased 1-2°C above the temperature where the onset of
shivering was observed. It is thought that maximal NST is obtained through this route
and some studies have found a BAT prevalence of 94 to 100% in their participants using
this method (Vosselman, van der Lans et al. 2012, van der Lans, Hoeks et al. 2013)
while others have demonstrated BAT prevalence as low as 20 to 50% in participants
when using individualised cooling protocols (Vijgen, Bouvy et al. 2011, Vijgen, Bouvy et
al. 2012).

Air Versus Water Cooling Protocols

Brown adipose tissue activation has been induced by both air cooling (Saito,
Okamatsu-Ogura et al. 2009, Yoneshiro, Aita et al. 2011, Vosselman, van der Lans et al.
2012) and liquid-perfused suits (Ouellet, Labbe et al. 2012, Blondin, Labbe et al. 2014).
The absolute temperatures experienced by an individual differ between methods and
this is based on the difference in media by which the cooling is occurring. Although the
thermoneutral temperature zone is different, both methods have vyielded similar
metabolic responses (van der Lans, Wierts et al. 2014). This includes BAT detection in
94 to 100% of participants when using individualised protocols (Vosselman, van der
Lans et al. 2012, van der Lans, Hoeks et al. 2013). Some argue that the ability of the
liquid-perfused suits to tightly regulate temperature input is beneficial (Orava, Nuutila et
al. 2011).
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Chronic Cold Exposure Results

As acute cold exposure has yielded promising results (Saito, Okamatsu-Ogura et
al. 2009, Yoneshiro, Aita et al. 2011) in BAT NST in response to mild cold exposure, so
too have studies based on chronic cold exposure protocols (Yoneshiro, Aita et al. 2013,
Blondin, Labbe et al. 2014) and have perhaps added some of the most interesting recent
developments in BAT NST research. Yoneshiro, Aita et al. (2013) exposed participants
to 17°C for 2 h every day for 6 weeks which resulted in significant increases in BAT
activation of most participants after FDG analysis. Interestingly, participants who had
previously demonstrated undetectable BAT activation at week 0 presented with active
BAT after week 6 (Yoneshiro, Aita et al. 2013). Energy expenditure increased while
body fat mass decreased over the 6 weeks, suggesting that BAT can be recruited and

may contribute to an overall energy balance.

Blondin, Labbe et al. (2014) similarly demonstrated that the oxidative capacity as
well as the volume of BAT increases with daily cold exposure in humans. A daily 2 h
cold exposure of 10°C water was circulated through a liquid conditioned suit. This
occurred 5 consecutive days a week, for 4 consecutive weeks. Metabolic, shivering
intensity and pattern, as well as PET/CT measurements were made prior to and
following the cold acclimation (Blondin, Labbe et al. 2014). PET/CT analysis of '*FDG
uptake by BAT demonstrated a 45% increase in BAT volume following the 4-week cold
acclimation. Using an acetate tracer, oxidative metabolism of BAT was shown to almost
double after cold acclimation by the adult subjects (Blondin, Labbe et al. 2014). These
findings support the conclusion that BAT is recruited, and increases its NST after

repeated cold exposure.
Forward Looking Infrared Imaging

The uptake of ®FDG in BAT coupled with PET/CT scanning has dominated the
analysis of estimating BAT activation in adult humans for the past six years, with minimal
direct biopsy studies completed. Disadvantages in using these techniques include the

administration of radiopharmaceuticals, direct tissue sampling, and lack of real-time
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analysis (Symonds, Henderson et al. 2012). These techniques can only be applied to a
small sampling of subjects based on cost and availability alone. Need of a non-invasive
method for monitoring BAT activity in larger populations is needed (van der Lans, Wierts
et al. 2014). Recently, another method for estimating BAT activity has arisen which

looks into the thermoregulatory response of BAT to mild cold exposure.

Thermal imaging using Forward Looking Infrared (FLIR®) cameras have been
implemented and they may provide a new, efficient, non-invasive way of tracking BAT
activity (Lee, Ho et al. 2011, Symonds, Henderson et al. 2012). Based on
microcalorimetry studies, human rate of heat transfer in BAT has been estimated at
~300 W-kg' of BAT (Nedergaard, Cannon et al. 1977, Power 1989, Symonds,
Henderson et al. 2012). This is compared to ~1 W-kg™" in most other tissues. As the
main function of BAT is to produce heat, finding a suitable method for monitoring heat

transfer from BAT in adult humans seems only logical.

Symonds et al. (2012) used such a system in normal body mass index (BMI)
individuals to assess the changes in temperature at the supraclavicular region of
children, adolescent, and healthy adult subjects. The camera uses sensors to pick up
infrared radiation that is emitted from a heat source and produces a topographical image
of temperature levels. Using the FLIR® thermal camera imaging technique, and when
exposed to mild cold conditions (16 — 20°C) coupled with a cool water bucket for feet
placement, increases in surface temperature overlying BAT were greatest in children
when compared to adolescents and adults (Symonds, Henderson et al. 2012). They
also demonstrated the ability of BAT to be activated and deactivated during acute, mild
cold exposure within 5 min. This suggests a greater importance of glucose uptake for
BAT NST than previously hypothesised (Symonds, Henderson et al. 2012). Recently, a
FLIR® thermal camera was used to determine the effectiveness of thermography in
individuals with higher BMI’'s (Robinson, Ojha et al. 2014). A negative relationship
between supraclavicular temperatures and BMI were observed with the smallest
increase in temperature seen in children found above the 90" percentile for BMI
(Robinson, Ojha et al. 2014).
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It should be noted that this method measures skin temperature and not heat
release from BAT directly. Heat release by BAT is purposed with maintaining core body
temperature and some argue that most of this heat release will be diverted to the centre
of the body (van der Lans, Wierts et al. 2014). Some heat, however, is most likely
diverted to the skin directly above BAT depots. At thermoneutral environmental
temperatures, no changes were seen in supraclavicular skin temperatures while cooler
ambient temperatures elicit increased skin temperatures (Symonds, Henderson et al.
2012). This suggests that infrared thermography may be used to show BAT activity in a

qualitative way (van der Lans, Wierts et al. 2014).
Surface Heat Flux

Surface heat flux sensors have been employed in a variety of physiological
studies in the past (Bell, Padbury et al. 1985, Mittleman and Mekjavic 1988,
Niedermann, Psikuta et al. 2014) and measure the rate of heat transfer across a given
body surface. This is done by measuring a temperature difference over a material, in this
case skin, with a known thermal conductivity to quantify the rate of heat transfer from
one side of the material to the other (Mittleman and Mekjavic 1988). Similar to Ohm’s
Law (Voltage = Current x Resistance), heat flux may be expressed in W-m? and is

computed as:

. _ thermal potential difference
~ thermal resistance

Early physiological applications for heat flux sensors were used to monitor heat
loss on the skin following immersion in water (Cannon and Keatinge 1960, Kuehn 1978,
Bell, Padbury et al. 1985) while extensive research utilising heat flux has also been done
in studies concerned with heat loss in clothing apparel (Niedermann, Psikuta et al.

2014). To date, no studies have employed heat flux sensors to estimate BAT NST.
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1.2. Rationale

The possible ties between BAT and human obesity have been suggested for
decades (Arch, Ainsworth et al. 1984, Del Mar Gonzalez-Barroso, Ricquier et al. 2000).
Initially ignited from animal studies looking at UCP-1 activation and UCP-1 ablated mice,
there are many questions unresolved in the brown fat-obesity discussion as it applies to
human energy expenditure. Cautions must be taken when conferring knowledge from
animal models onto humans and more studies are warranted for human participants as
the control of BAT NST is incompletely understood in humans. Whole body scan
research utilising PET/CT scanning with radioactive markers have contributed to the
discussion on human BAT activation, however, how afferent skin receptors contribute to
the signalling of BAT activation during mild cold exposure are not well understood
(Virtanen, Lidell et al. 2009, van Marken Lichtenbelt 2012, van der Lans, Wierts et al.
2014).

The results of Symonds, Henderson et al. (2012) and others (Lee, Ho et al. 2011,
Robinson, Ojha et al. 2014) using FLIR® imaging cameras has opened up a new, non-
invasive and easily available method of assessing BAT activity and NST responses to
cold exposure. While infrared thermography has been employed on children of varying
BMI’'s (Robinson, Ojha et al. 2014) little work has been done using this technique on
adults of normal vs. larger BMI’s and fat percentages and this may help in distinguishing
differences in BAT activation between obese and non-obese individuals (van der Lans,
Wierts et al. 2014). While infrared thermography will help to quantify temperatures over
proposed BAT sites, heat flux measurements will aid in the estimation of BAT activity as
well, giving a rate of heat transfer directly over BAT depots in the supraclavicular region.
Electromyography permits one to assess the relative contributions of skeletal muscle
activation during acute mild cold exposure, and when coupled with whole body indirect

calorimetry, allows one to deduce any extra metabolic activity to BAT and NST.

Protocol exposure times in this study were chosen as prior pilot data displayed a
stabilization of skin temperature at ~70 minutes after exposure (White and LeBlanc
1993). As well, acute BAT heat release at the supraclavicular area, as monitored by

FLIR® thermal images, has been shown to reach maximum temperature change after 5
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min in ambient temperatures of 19-20°C (Symonds, Henderson et al. 2012, Robinson,
Ojha et al. 2014) and with a longer exposure, a time course of supraclavicular BAT
temperatures in response to mild cold exposure in the obese and non-obese could be
determined. Exposure to cooler temperatures would initiate the use of ST primarily. The
current study’s temperatures were chosen to introduce a primarily brown adipose
derived thermogenic response in the absence of shivering as also described in other
studies utilising FLIR® cameras (Symonds, Henderson et al. 2012, Robinson, Ojha et al.
2014).

To conclude, obese have demonstrated blunted metabolic responses to cold
exposure, despite having lower skin and the same core temperatures as leaner
individuals (Young 1988, White and LeBlanc 1993). In the absence of ST, it is unknown
how this blunted metabolic response influences energy expenditure and substrate
oxidation in the obese during cold exposure. Preliminary evidence suggests this may be
due to a lower capacity to initiate NST, however, the physiology behind these differences

in the obese and non-obese is incompletely understood.

1.3. Hypotheses

1.3.1.  Study 1: Effect of Acute Mild Cold Exposure on Metabolic
Responses and Substrate Oxidation in Obese Males

It was hypothesised that during acute mild cold exposure at 19°C, the obese
relative to the non-obese would demonstrate a blunted NST metabolic response and
lower mean heat flux despite having lower mean skin temperatures and the same core
temperatures. It was also hypothesised that this response would be coupled with no

difference in substrate oxidation rates.

1.3.2. Study 2: Effect of Acute Mild Cold Exposure on Non-
Shivering Thermogenesis in Obese Males

Due to the paradoxical cooler skin temperatures seen in the obese in previous

studies, it was hypothesised that relative to the non-obese, the obese would
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demonstrate a reduced BAT NST at the supraclavicular fossae including a blunted
metabolic response when normalised for lean body mass. This would correspond to, it
was hypothesised, lower mean skin temperatures and heat flux over these
supraclavicular fossae in the obese when exposed to mild cold. It was also
hypothesised that this would be in concert with similar and minimal skeletal muscle

activation as assessed by surface EMG.
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Chapter 2.

Effect of Acute Mild Cold Exposure on Metabolic
Responses and Substrate Oxidation Rates in Obese
Males

2.1. Introduction

The fundamental requirements in order for humans to function in the cold are
based on a delicate balance between rates of heat gain and heat loss (Buskirk 1963).
Morphologically, humans possess a high capacity for heat loss and while this is
advantageous in warmer conditions, they require additional metabolic responses to be
activated in the cold to stave off potential lowering of core temperatures and
hypothermia (Girling 1964).

Heat gain is a by-product of oxidation of substrates through exothermic reactions
in cells throughout the body (Blondin, Tingelstad et al. 2014). When exercise or leaving
the cold is not possible, the oxidation of these substrates is essential in maintaining
sufficient thermogenesis to regulate core temperature. To sustain what is now thought
to be a combined effect of ST and NST during cold exposure (Blondin, Tingelstad et al.
2014), each of protein, CHO, and FAT are oxidised to fuel thermogenesis (Haman
2006).

Over 30 years ago, Wang (1980, 1981) first hypothesised that the main
physiological limitations to cold-induced thermogenesis in animals was related to the
supply of metabolic fuels. It was later reasoned that humans would exhibit similar
characteristics of limited heat gain due to substrate availability, as was shown to be
evident for animals (Wang, Man et al. 1987). However, later studies demonstrated

mixed results and the evidence supported that substrate availability may not alter overall
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heat gain when differing amounts of CHO were consumed before cold exposure
(Vallerand, Tikuisis et al. 1993). Subsequently, differences in fuel utilisation were
examined, especially between CHO and FAT which have been shown to be the most
prevalent substrates used for thermogenesis during cold exposure (Blondin, Tingelstad
et al. 2014).

Carbohydrates, while only accounting for ~1% of total human energy stores, can
contribute to ~20% to 80% of all heat gain in the cold (Haman 2006). Lipids, important
in low-intensity exercise below ~50% to 60% of maximal power, have also been shown
to play an important roll as an oxidisable fuel in mild cold exposure and lower rates of ST
(Haman, Peronnet et al. 2005). While the contributions of FAT oxidation in mild cold
temperatures and at low rates of ST seems to plateau at ~140 mg-kg”-h”", CHO
oxidation rates in these conditions have an incredible variability that changes in
response to exercise, feeding status and glycogen reserves (Haman, Legault et al. 2004,
Haman, Peronnet et al. 2005). While little work has been done on the differences in
obese and non-obese substrate oxidation, it is suggested that the main contribution to
fuel selection is found in the relative availability of substrate reserves (Haman, Peronnet
et al. 2002).

In addition to substrate oxidation during cold exposure, adiposity may contribute
to changes in metabolic responses in the cold (Leblanc 1954). Initial observations found
that women tended to have lower skin temperatures when exposed to the cold, possibly
due to their increased levels of subcutaneous fat that insulates their skin from the heat
generating core tissues (Hardy 1941). This was further confirmed with evidence that
showed people with greater skinfolds, indicative of a greater subcutaneous fat, had
lower mean skin temperatures (Leblanc 1954). Further testing in animals demonstrated
the increase in metabolic responses to cooling of the skin while core temperatures
remained steady (lggo 1969, Hensel 1981, Kuhnen and Jessen 1988) and this
suggested contributions control inputs from skin thermoreceptors and afferent cold

sensitive neurons.

To thermoregulate in the cold there is the obvious need for increased substrate

oxidation rates to fuel heat gain. In mild cold however, in the absence of ST, there
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appears to be a paradoxical metabolic response based on body composition. Leaner
individuals tend to have a greater metabolic response to the cold, including higher skin
temperatures and the same core temperatures, relative to obese (White and LeBlanc
1993). This suggests those who tend to gain weight have a lower normalised rate of
energy expenditure when exposed to cold than those who tend to be exempt from

gaining weight or gain less weight (Tikuisis, Bell et al. 1991).

It was hypothesised that during acute mild cold exposure at 19°C, the obese
relative to the non-obese would demonstrate a blunted NST metabolic response and
lower mean heat flux despite having lower mean skin temperatures and the same core
temperatures. It was also hypothesised that this response would be coupled with no

difference in substrate oxidation rates between the non-obese and obese.

2.2. Methods

2.21. Ethics

Approval for this study was obtained through the Simon Fraser University Office
of Research Ethics. All participants were provided the option of removing themselves

from the study at any point without prejudice and without reason.

2.2.2. Participants

Each participant was brought into the lab for a detailed orientation session. This
included familiarisation with the equipment, study protocol, informed consent and health
screen questionnaire. Each participant was then given a minimum of a 24 h reflection
period. Upon agreeing to participate in the study, the informed consent form and health

screen questionnaire were reviewed and signed by the participant.

Sixteen male participants volunteered for the study. Participants were initially
screened using BMI and skinfolds. Skinfolds, height and weight were collected

according to the protocols outlined by Marfell-dJones (1991), and % body fat estimates
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from skinfolds followed the 4-component model laid out by Peterson et al. (2003) and

was applied to the equation:

% Body Fat = 20.95 + (age x 0.12) — (height x 0.12) + (sum4 x 0.43) — (sum4? x
0.002)

where age is in yr, height is in cm, and sum4 is the sum of triceps, subscapular,
suprailiac, and midthigh skinfold thicknesses in mm (Peterson, Czerwinski et al. 2003).
Percent body fat was further assessed using Dual-energy X-ray absorptiometry (DEXA)
scans (Hologic Discovery Ci/Wn 010 0575) (Figure A.1).

Participants were then separated into two groups (n = 8, each group) of
comparison based on BMI, skinfold, and DEXA percent fat estimates: non-obese (BMI
20-25; % fat < 24) and obese (BMI > 30; % fat > 24.5). BMI was only used as an initial
screening measure while % fat was used in the defining of groups. The non-obese had
a mean age of 24 yr (0.9), a height of 1.80 m (0.11), a weight of 74.0 kg (10.6), a BMI of
22.9 kg-m? (1.4), and a % body fat of 16.3% (4.0). The obese had a mean (SD) age of
25 yr (3.3), a height of 1.82 m (0.08), a weight of 125.4 kg (16.4), a BMI of 38 kg-m™
(6.9), and a % body fat of 32.2% (7.7) (Table 2.1).

A power calculation was used to determine the sample size required to have a
power of 80% and a significance of 0.05. The sample size varied depending on the
variable. The number of volunteers required was found to be a minimum of 8 per group
in order to find a significant result, if it existed, in all variables of interest. The variables
employed for this power calculation were mean skin temperature (yTsk), mean heat flux
(wvHF), and mean VO..

Using pilot study data of yTsk, a sample size of 4 participants per group at 27°C
and 6 participants per group at 19°C were required. This was found with differences to
detect set at 3°C and a standard deviation between the two groups of 1.03°C at 27°C
and 1.67°C at 19°C.

Using pilot study data of yHF, a sample size of 4 participants per group at 27°C

and 6 participants per group at 19°C were required. This was found with differences to
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detect set at 20 W-m™? and a standard deviation between the two groups of 5.94 W.m? at
27°C and 10.44 W-m™at 19°C.

Using pilot study data of VO,, a sample size of 6 participants per group at 27°C
and 7 participants per group at 19°C were required. This was found with differences to
detect set at 0.1 L-min™ and a standard deviation between the two groups of 0.06 L-min™
at both 27°C and 19°C.

2.2.3. Instrumentation

Body Temperature and Heat Flux

Skin temperature (Tsk) and surface HF were measured at seven sites using
thermocouples embedded in the surface of heat flux discs (Thermonetics, California,
USA). These sites included the upper lateral arm (Tya, HFya), posterior shoulder (Tps,
HFps), chest (Tcu, HFch), abdomen (Tag, HF ag), thigh (Ttu, HF 1), and one on each of the
supraclavicular fossa (Tsc, HFsc) (Table A.1). Unweighted yHF and unweighted yTsk
were also calculated. Heat flux discs were attached to the skin using hypoallergenic tape
(Tanspore, 3M, St. Paul, MN, USA). A water bath (VWR Int, Model 1196, West Chester,
Penn, USA) monitored by a platinum thermometer (Fisher Scientific, Nepean, ON,
Canada) was used to calibrate the thermocouples within the heat flux discs. The heat
flux portion of the discs were calibrated using a copper encased water bath similar to
that used by Nuckols and Piantadosi (1980) and Mittleman (1987).

Core temperature (Trg) was monitored throughout the trial using flexible 30 cm
rectal thermistors inserted 15 cm (DeRoyal TN, USA). Similar to the skin
thermocouples, the rectal thermistors were calibrated using a water bath (VWR Int,
Model 1196, West Chester, Penn, USA) monitored by a platinum thermometer (Fisher
Scientific, Nepean, ON, Canada).

Metabolic and Ventilatory Variables

While seated comfortably, each participant was asked to breathe through a low
resistance mouthpiece connected to a one-way valve allowing expired air to move

through a 3.8 cm diameter tube. The respiratory tubing was attached to a two-way mass
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flow sensor (Sensormedics, Yorba Linda, CA, USA). Each participant wore a nose clip

to ensure all exhaled gas was collected through the mouthpiece and mass flow sensor.

The mass flow sensor was connected to a breath-by-breath metabolic cart
(VMAX 229, Sensormedics, Yorba Linda, CA, USA), which was used to measure
absolute rate of oxygen consumption (VO.,ags), absolute rate of expired carbon dioxide
(VCOa2ags), normalised rate of oxygen consumption (VOanorw), Normalised volume of
consumed carbon dioxide (VCOganorm), and non-protein respiratory exchange ratio
(RER).

The calibration of gas analysers in the metabolic cart were completed with room
air and with compressed gas tanks with mixtures of 26% O, balance Ny; and 16% O,
4% CO,, and balance N,. The two-way mass flow sensor was calibrated with a 3 L

syringe.
Electromyograms of Skeletal Muscles

Electromyograms (Bagnoli-8 Delsys®, Natick, MA, USA) were measured at 5
sites representing the trunk and limbs and were chosen to represent the largest possible
fraction of total muscle mass of the body (>90%) (Bell, Tikuisis et al. 1992, Haman,
Legault et al. 2004). These sites included the trapezius (TR), pectoralis major (PE),
biceps brachii (Bl), rectus femoris (RF), and gastrocnemius (GA) (Bell, Tikuisis et al.
1992).

Prior to the experiments, maximal EMG signals from each muscle group were
determined from maximal voluntary contractions (MVC). Maximum voluntary
contractions were obtained utilising isometric movements as described previously (Bell,
Tikuisis et al. 1992, Peier, Mogrich et al. 2002, Haman, Legault et al. 2004). The
following procedures were used to identify the maximal EMG signal for each muscle
group: 1) for TR, participants sat upright with their arm straight against the body.
Grasped in the hand participants raised their shoulders trying to elevate against the
cord. 2) For PE, participants sat upright with their arm extended away from the body at
90°. Participants performed a horizontal shoulder flexion against the cord. 3) For BI,

participants started with their arm fully extended at their side. Participants held the cord
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in a supinated hand and maximally flexed at the elbow joint. 4) For RF, MVC was
determined while participants sat on a chair in an upright position. The cord was placed
slightly above the ankle and the participant was asked to perform a maximal knee
extension against the weight. 5) For GA, the participant laid down, the cord was placed
on the foot and the participant then performed a maximal ankle flexion against the
weight. All movements were completed as close to the seated experimental position as
possible. Delsys® EMG systems are calibrated using standard calibration services at

their main offices.

Thermal Imaging

Thermal imaging of the supraclavicular region (FLIRs.) was carried out using a
Forward Looking Infrared (FLIR®) camera (FLIR T650sc, FLIR Systems Inc., Burlington,
ON, CAN). The thermal imaging camera was set 1 m away from the seated participant
and was stationed on a large tripod and raised to a height that gave an angle of 20° from
the horizontal of the participant’s supraclavicular fossae. This ensured that no reflective
radiation from the skin would occur. The thermal imaging camera was selected based
on the high resolution and accuracy when compared to other cameras used in various
studies (Table A.2).

To ensure consistent and comparable measurements using the thermal imaging
camera, all participants remained perfectly still throughout the protocol while seated
comfortably with a straight back and neck, relaxed shoulders and adducted arms.
FLIR® thermal imaging cameras are calibrated using standard calibration services
located at their main offices (FLIR 2014).

2.2.4. Data Acquisition

Cardiorespiratory and Temperature Variables

Cardiorespiratory variables were sampled and recorded at 20 s intervals with a
VMAX 229 metabolic cart (Sensormedics, Yorba Linda, CA, USA). Body temperature
was assessed with thermocouples embedded in heat flux transducers and were sampled
at a rate of 40 Hz using LabVIEW software (Ver. 7.1, National Instruments, Austin, TX,
USA) and recorded every 20 s.
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Electromyograms of Skeletal Muscle

Electromyograms were sampled at 1,000 Hz using the Bagnoli-8 Delsys
Systems® amplifier. Measurements were made using parallel-bar EMG sensors (DE-2.1
Differential EMG Sensor) placed on the surface of the skin. The signals recorded to .txt
files at a rate of 1,000 Hz. Referencing was done using a reusable reference electrode
(Dermatode®, Nuland, BR, The Netherlands).

Using a custom LabVIEW software (Ver. 8.6, National Instruments, Austin, TX,
USA), maximal RMS values from MVC’s were compared to exposure data. EMG signals

were filtered to remove 60 Hz noise (and associated harmonics).

Thermal Imaging

The thermal imaging camera was employed to capture sequential images in .jpeg
format every 10 min during the exposure and these files were then processed and
analysed using the FLIR® Quick Report 2.1 software system. Using the box area tool, a
region of interest at the supraclavicular area for each participant was defined and
temperature data were exported into Microsoft Excel 2010. The supraclavicular regions
were bordered using the anatomical landmarks of the superior border of the clavicles
and the sternocleidomastoid muscle inferiorly (Symonds, Henderson et al. 2012,
Robinson, Ojha et al. 2014). 3-D plot graphs in Microsoft Excel 2010 were also

employed to measure the thermal topography at the supraclavicular regions.

2.2.5. Protocol

Each participant participated in a single session during the testing period from 8
November to 11 December, and all sessions were conducted at least 6 hours fasted to
remove any confounding, food-induced, thermogenic effects. The participant was asked
to refrain from any consumption of caffeine, drugs, alcohol, and intense exercise in the

12 hours leading up to the study. All sessions began between 8 am and 10 am.

Following instrumentation, each volunteer sat comfortably in a chair placed in the
centre of a climatic chamber (Tenney Engineering Inc., Union, NJ, USA). Each

volunteer participated in one trial within the climatic chamber which included exposure to
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90 min of baseline data collection at 27°C, followed by a cold exposure of 90 min at
19°C. Enclosure temperatures during the 27°C exposure remained at 27.1°C (0.07) and
at 18.9°C (0.49) during the 19°C exposure (Figure 2.1).

2.2.6. Statistical Analysis

The main effect of Group (Non-obese, Obese), Ambient Temperature (27, 19°C)
and their interaction (Group x Ambient Temperature) were examined employing a 2-
Factor Mixed Model ANOVA using the SPSS software program (Version 22, Surrey, UK)
across all 90 min of exposure. Group was set as a non-repeated between-subjects
factor while Ambient Temperature was set as the repeated within-subjects factor.
Factors analysed in this study were VOsnorm, VOaass, RER, mTsk, mHF, Trg, CHO and

FAT and delta values for each.

A two-tailed, unpaired t-test was used to compare means if there was a

significant interaction from the ANOVA model. The level of significance was set at 0.05.

Files were averaged using a custom LabVIEW program and exported into .txt
files. Substrate oxidation variables CHO and FAT were calculated using proposed
equations based on reviewed literature from (Jeukendrup and Wallis 2005). Delta
values were calculated by subtracting the initial 27°C value of each participant from their

mean value for each time point.

2.3. Results

Both yTsk (F = 17.33, p < 0.05) and AuTsk (F = 10.96, p < 0.05) had a significant
Group x Ambient Temperature interaction. Mean Tsk was different between the two
groups at 27°C with obese averaging 33.02°C (1.11) and non-obese averaging 33.71°C
(0.94) (p <0.05). For the 19°C exposure, the difference between groups doubled with
obese having a mean Tgk of 29.12°C (1.72) while the non-obese averaged 30.72°C
(1.63) (p < 0.05). At 27°C the obese had a AyTsk of 0.28°C (0.37) while the non-obese
had a AyTsk -0.09°C (0.30) (p < 0.05). The AyTsk remained significantly different at
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19°C with obese having a greater change to -3.63°C (0.73) and non-obese decreasing to
-3.09°C (0.77) (p < 0.05) (Table 2.2, Figure 2.2).

Both yHF (F = 11.34, p < 0.05) and AyHF (F = 11.47, p < 0.05) had a significant
Group x Ambient Temperature interaction. Mean HF was different between the two
groups at 27°C with obese averaging 58.84 W-m™ (6.34) and non-obese averaging
66.96 W-m? (5.54) (p < 0.05) (Figure 2.3). For the 19°C exposure, the difference
increased resulting in an obese yHF of 80.46 W-m™ (7.56) and a non-obese yHF of
97.50 W-m? (13.32) (p < 0.05). At 27°C, the obese AyHF was minimal at -0.66 W.m
(3.15) while the non-obese had a AyHF of -4.24 W-m™ (5.20) (p < 0.05). This significant
difference grew at 19°C to a AyHF 20.95 W.m? (7.56) in the obese compared to a
greater AyHF in the non-obese of 26.30 W-m™ (7.21) (p < 0.05) (Table 2.2, Figure 2.3).

There was no significant Group x Ambient Temperature interaction for Tge (F =
0.44, p = 0.52) or ATge (F = 0.44, p = 0.54) (Figure 2.4). Mean Tgre however, was
different only at 27°C averaging 37.15°C (0.22) for the obese and 36.75°C (0.45) for the
non-obese (p < 0.05) (Table 2.2, Figure 2.4).

Mean VOgpps (F = 7.68, p < 0.05), AVOypps (F = 7.68, p < 0.05), VOanorm (F =
17.56, p < 0.05) and AVOunorm (F = 17.57, p < 0.001) all had significant Group x
Ambient Temperature interactions (Table 2.2, Figure 2.5). Obese mean VOjags
increased from 0.30 L-min™ (0.06) at 27°C to 0.32 L-min™" (0.05) at 19°C compared to a
significantly greater increase in the non-obese from 0.24 L-min™" (0.05) at 27°C to 0.31
Lemin™ (0.07) at 19°C (p < 0.05). The AVO,gs values saw the obese increase slightly
from -0.03 L-min” (0.06) at 27°C to -0.01 L.min” (0.08) at 19°C compared to a
significantly greater increase in the non-obese from -0.03 L-min™ (0.03) to 0.03 L.min™
(0.05) (p <0.05). The VOanorum in the obese remained relatively unchanged with a slight
increase from 2.40 mL-min™".kg™ (0.05) at 27°C to 2.56 mL.min"'kg™ (0.05) at 19°C (p <
0.05) while the non-obese increased significantly from 3.22 mL.min"-kg™” (0.05) at 27°C
to 4.18 mL-min".kg” (0.05) (p < 0.001) at 19°C. The AVOanorw increased from -0.22
mL.min"-kg™ (0.52) at 27°C in the obese to -0.05 mL-min™"-kg™” (0.68) at 19°C compared
to an increase from -0.48 mL-min'kg™ (0.47) at 27°C to 0.47 mL.min"-kg” (0.70) at
19°C (p <0.05) in the non-obese (Table 2.2, Figure 2.6). Non-protein RER (F = 0.36, p =
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0.56) did not have a significant interaction between the two groups at 27 and 19°C
(Table 2.2, Figure 2.7).

The obese and non-obese saw no significant interaction in CHO (F = 2.50, p =
0.14) or FAT (F = 0.57, p = 0.46) (Figures 2.8, 2.9, 2.10). This was echoed by no
significant Group x Ambient Temperature interaction for ACHO (F = 2.68, p = 0.12) or for
AFAT (F = 0.36, p = 0.36) (Table 2.2, Figure 2.8, 2.9). Regression lines were fitted to
mTsk against all three physique variables including percent fat from DEXA, sum of 9
skinfolds (S9SF), and weight. All three showed a trend that larger individuals
demonstrated lower yTsk at 19°C: percent fat (r* = 0.72, p < 0.001), S9SF (r? = 0.67, p <
0.05), and weight (r* = 0.73, p < 0.05) (Figure 2.10).

2.4. Discussion

Novel Findings

Our results show that while having lower yTsk and corresponding lower yHF, the
obese relative to non-obese demonstrate a paradoxical blunted metabolic response to
mild cold exposure in absolute values and when normalised for body weight. This was
seen in significant interactions of both VOzags and VOanorw Where a larger increase in
the non-obese was seen at 19°C when compared to the obese. Demonstrated by
regression equations as well, individuals with greater weight and the associated greater

% body fat and S9SF had significantly lower skin temperatures at 19°C.

Substrate oxidation rates for both CHO and FAT were not statistically different
between the two groups at 27 and 19°C. FAT remained at ~0.10 — 0.17 g-min™ in both
groups, increasing slightly during cold exposure. This was compared to CHO of around
0.05 - 0.09 gomin'1, which remained similar throughout the two exposures. This was
further supported by non-protein RER rates that remained constant around 0.70,

suggesting a primarily FAT based fuel source.
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Comparison to Literature and Underlying Mechanisms

The lower skin temperatures exhibited by the obese seems to be accounted for
by their additional adiposity as previous research suggests (Leblanc 1954, White and
LeBlanc 1993). Body fat has been identified as a major insulating factor and acts to
modify the impact of cold on the body (Buskirk 1963). Early studies in both cold air
(Leblanc 1954, Buskirk 1963) and cold water (Cannon and Keatinge 1960, Keatinge
1960) confirmed that body composition is related to overall body cooling, presumably by
buffering the stimulatory impact of cold through insulative protection once peripheral

vasoconstriction has occurred in the overlying skin.

Studies done on animals (Kuhnen and Jessen 1988) and humans of normal
weight (Cannon and Keatinge 1960) demonstrate the direct relationship of decreasing
skin temperature with an increasing metabolic rate, all while keeping a steady core
temperature. This is not seen in the obese subjects in this study, and others (White,
Ross et al. 1992, White and LeBlanc 1993), and may be caused by some alteration in

their peripheral cold receptors transduction of a cold environmental stimulus.

Cold induced vasoconstriction increases blood pressure, blood viscosity and
decreases blood plasma volume and typically increases cardiac work by an individual
(Rintamaki 2007). The paradoxical low metabolic response by the obese is intriguing.
These results support previously hypothesised theories of calorie saving and reduced
energy expenditure by obese individuals when exposed to the cold (Buskirk 1963).
Although exposure to cold temperatures in daily life may be infrequent, obese subjects
seem to have a built in insulation that may contribute to their conservation of energy
rather than dissipate it. Failing to metabolically react to the cold air, or at a much lower
rate than normal-weight individuals, could contribute to their net energy saving and

positive energy balance.

To date, evidence suggests that adult humans are able to sustain increased
whole body heat gain in response to varying cold exposures with a wide range of
metabolic fuels (Blondin, Tingelstad et al. 2014). When one of the three fuel sources

that supply cells with the capacity to aid in thermogenic processes is diminished or
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depleted, others are able to compensate to maintain ATP production at a consistent

thermogenic rate (Blondin, Tingelstad et al. 2014).

Carbohydrates and FAT are the most important fuel sources during cold
exposure and have been shown to display a great deal of variability between individuals
and studies (Vallerand and Jacobs 1990, Vallerand and Jacobs 1992, Vallerand, Tikuisis
et al. 1993, Haman, Peronnet et al. 2005, Haman 2006). When exposed to mild
(Haman, Legault et al. 2004) or moderate cold exposures (Martineau and Jacobs 1989),
decreasing the size of glycogen reserves caused a large shift from CHO to FAT use.
Despite large shifts in substrate oxidation, core and skin temperatures remained
relatively unchanged. These studies demonstrate the extreme variability of CHO
oxidation in particular, and could explain this studies insignificant differences in CHO
rates. While an attempt was made to control for any dietary or post-exercise influences,
the current literature demonstrates the tremendous adaptability of the human body to
control heat gain based on differing CHO rates of oxidation (Martineau and Jacobs 1989,
Haman, Legault et al. 2004, Haman 2006).

While this could explain the increased variability in CHO oxidation rates in our
participants, the slow increase in FAT utilisation when exposed to the mild cold seems to
be supported by the literature (Haman, Peronnet et al. 2005). Lipids are by far the
largest and most complete energy stores in the human body and the size of the reserves
and total energy used by FAT can be determined by a person’s level of adiposity
(Haman, Peronnet et al. 2004, Blondin, Tingelstad et al. 2014). Also, relative
contributions of FAT can dominate oxidation rates at more moderate levels of cold and
decreases in importance as ST is recruited (Haman, Peronnet et al. 2005). This could
explain our participant’s increased usage of FAT after 90 min exposure to 19°C. The
selected research above demonstrates the influences of energy reserves and nutritional
status on CHO and FAT oxidation rates during cold exposure. While some studies have
looked at the differences between participants of differing adiposities, more research is
needed on these two groups at more moderate levels of cold exposure, particularly FAT

oxidation rates in the obese.
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Future Directions and Limitations

Much work is still needed to fully understand the effects of various
macronutrients needed for extended cold exposures, particularly in comparing obese to
non-obese adults humans. This study was limited to estimates of CHO and FAT from
metabolic responses in fasted participants, however, future studies looking at substrate
oxidation rates in the obese versus non-obese may choose to identify the sources of
CHO, whether from blood glucose or muscle glycogen, as well as account for the

contribution of proteins (Blondin, Tingelstad et al. 2014).

Conclusion

It was hypothesised that the obese would demonstrate blunted NST metabolic
responses and lower mean heat flux to the cold while having lower mean skin
temperatures and the same core temperatures. Our data supported this hypothesis,
with obese participants possibly adding to their positive energy balance when exposed
to mild cold. It was hypothesised that when exposed to 19°C ambient temperatures,
obese relative to non-obese participants would demonstrate no difference in oxidation of
fuels. FAT and CHO oxidation rates were not different between groups in either the 27 or

19°C exposures.
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2.5. Tables

Table 2.1. Summary of participants’ age (y), height (m), weight (kg), BMI (kg-m),
and percent body fat by DEXA (%).

Group Volunteer Age Height Weight BMI Percent
Code (v) (m) (kg) (kg-m?) Body Fat
(%)
1 24 1.78 68.1 215 16.9
2 24 1.70 726 25.1 18.0
3 24 1.75 714 233 235
4 25 1.84 748 22.1 16.2
Non-obese 5 23 1.98 919 234 186
6 22 1.85 80.7 236 11.5
14 23 1.63 55.0 207 11.2
16 23 1.83 778 234 14.2
Mean 24 1.80 74.0 229 16.3
(SD) (0.9) (0.11) (10.6) (1.4) (4.0)
23 1.81 152.9 46.7 318
25 1.65 130.8 48.0 46.3
23 1.82 120.8 36.5 26.2
10 31 1.79 109.0 34.0 323
Obese 11 20 1.92 114.2 31.0 317
12 23 1.85 146.1 427 40.3
13 24 1.88 111.5 315 245
15 27 1.88 117.9 334 24.6
Mean 25 1.82 125.4 38.0 322
(SD) (3.3) (0.08) (16.4) (6.9) (7.7)
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Table 2.2. Mean (SD) and corresponding delta (A) values for unweighted surface
heat flux (wHF, W-m™), unweighted surface skin temperature (uTsk, °C),
rectal temperature (Tgrg, °C), rate of oxygen consumption (VOzags, L-min
'), rate of oxygen consumption (VOanorm, ML-min”-kg™), non-protein
respiratory exchange ratio (RER), carbohydrate oxidation rate (CHO,
g-min™), and lipid oxidation rate (FAT, g-min™") during 90 min exposures
at both 27 and 19°C in the obese and non-obese. t-test comparisons are
between groups at each ambient temperature. Significance: 1 = p < 0.05;
¢ =p <0.001.

Ambient Temperature
27°C 19°C
Obese Non-obese Obese Non-obese
mHF (W-m-) 58.84 (6.34) 66.96 (5.54) 80.46 (7.56)* 97.50 (13.32)
AvHF (W-m?) -0.66 (3.15) -4.24 (5.20) 20.95 (7.85) 26.30 (7.21)
mTsk (°C) 33.02 (1.11)* 33.71 (0.94) 29.12 (1.72) 30.72 (1.63)
AnTsk (°C) 0.28 (0.37)* -0.09 (0.30) -3.63 (0.73) -3.09 (0.77)
Tre (°C) 37.15 (0.22)* 36.75 (0.45) 37.03 (0.16) 36.53 (0.65)
ATrge (°C) -0.14 (0.16) -0.19 (0.17) -0.25(0.23) -0.41 (0.44)
VO2ags (L-min-) 0.30 (0.06)* 0.24 (0.05) 0.32 (0.05) 0.31(0.07)
AVO24s (L-min) -0.03 (0.06)* -0.03 (0.05) -0.01 (0.08)* 0.03 (0.05)
VO2norm (ML-min-'-kg-) 2.40 (0.05)* 3.22 (0.05) 2.56 (0.05)° 4.18 (0.05)
AVOanorm (ML-min-t-kg!)  -0.22 (0.52)* -0.48 (0.47) -0.05 (0.68)° 0.47 (0.70)
RER 0.73 (0.05) 0.76 (0.05) 0.70 (0.05) 0.74 (0.05)
CHO (g-min*) 0.06 (0.05) 0.09 (0.10) 0.05 (0.06) 0.09 (0.10)
ACHO (g-min*) 0.00 (0.06) -0.03 (0.05) -0.01 (0.07) -0.01 (0.10)
FAT (g-min) 0.14 (0.05) 0.10 (0.04) 0.17 (0.06) 0.14 (0.06)
AFAT (g-min-) -0.01 (0.04) 0.00 (0.03) 0.01 (0.05) 0.04 (0.05)
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2.6. Figures
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Figure 2.1.  Climatic chamber temperatures (°C) during 90 min at A) 27°C followed by
90 min at B) 19°C. Values are mean + SD.
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Figure 2.2. Obese and Non-obese mean skin temperatures (yTsk, °C) during A) 90

min exposure at 27°C, followed by B) 90 min at 19°C; and delta mean
skin temperature (A yTsk, °C) during C) 90 min exposure at 27°C,
followed by B) 90 min at 19°C. A Values calculated by subtracting each
time point value by initial 27°C value. Values are mean * SD.
Significance: * < 0.05.

51



140.0

+*Non-obese
Finteracrion = 11.34 A +Obese B
130.0 1  Pyreracrion < 005 .
120.0 * % *
* *
&~ 1100
g 100.0 -
o 900 -
I -
S 80.0 * * * . * .
50.0 - 1
40-0 T T T T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T T T 1
45.0 C D
Finteraction = 11.47
P nreracrion < 0-05 % * *
35.0 - *
o 25.0 -
g o
o 15.0 A
IE
g 50 - * * * *
5.0 -
'15-0 T T T T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T T T 1
"5 15 30 45 60 75 90 5 15 30 45 60 75 90
Time (min)
Figure 2.3 Obese and Non-obese mean heat flux (wHF, W-m™) during A) 90 min

exposure at 27°C, followed by B) 90 min at 19°C; and delta mean HF (A
wHF, W-m) during C) 90 min exposure at 27°C, followed by B) 90 min at
19°C. See first figure for delta calculation. Values are mean + SD.

Significance: * < 0.05.
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Obese and Non-obese rectal temperatures (Trg, °C) during A) 90 min
exposure at 27°C, followed by B) 90 min at 19°C; and delta rectal
temperature (ATgg, °C) during C) 90 min exposure at 27°C, followed by B)
90 min at 19°C. See first figure for delta calculation. Values are mean +
SD. Significance: * < 0.05.
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Obese and Non-obese absolute rate of oxygen consumption (VO;ags,
L-min™") during A) 90 min exposure at 27°C, followed by B) 90 min at
19°C; and delta absolute rate of oxygen consumption (AVOzags, L-min™")
during C) 90 min exposure at 27°C, followed by B) 90 min at 19°C. See
first figure for delta calculation. Values are mean + SD.
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Obese and Non-obese normalised rate of oxygen consumption (VOznorm,
mL.min"'.kg™) during A) 90 min exposure at 27°C, followed by B) 90 min
at 19°C; and delta normalised rate of oxygen consumption (AVOganorm,
mL.min"'.kg™) during C) 90 min exposure at 27°C, followed by B) 90 min
at 19°. See first figure for delta calculation. Values are mean * SD.
Significance: * < 0.05.
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Figure 2.8 Obese and Non-obese carbohydrate (CHO) oxidation rate (g-min™') during

A) 90 min exposure at 27°C, followed by B) 90 min at 19°C; and delta
carbohydrate oxidation rate (ACHO, g-min™") during A) 90 min exposure at
27°C, followed by B) 90 min at 19°. See first figure for delta calculation.
Values are mean * SD.
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Obese and Non-obese lipid (FAT) oxidation rate (g-min™) during A) 90
min exposure at 27°C, followed by B) 90 min at 19°C; and delta FAT
(AFAT, g-min™") during A) 90 min exposure at 27°C, followed by B) 90 min
at 19°. See first figure for delta calculation. Values are mean * SD.
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Figure 2.10 Regression lines of mean unweighted skin temperature (yTsk, °C)
against, A) percent (%) fat from DEXA, B) sum of 9 skinfolds (S9SF), and
C) weight (kg). n = 8 per group.
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Chapter 3.

Effect of Acute Mild Cold Exposure on Non-Shivering
Thermogenesis in the Obese Males

3.1. Introduction

Brown adipose tissue is a metabolically active tissue found most abundantly in
mammalian species routinely exposed to cold environments (Smith and Hock 1963,
Jansky 1973). In conjunction with skeletal muscle-activated shivering thermogenesis,
mammals exposed to cold environments also have the capacity to initiate an involuntary
NST fuelled by BAT (Blondin, Tingelstad et al. 2014).

Initial BAT NST observations (Carlson and Cottle 1956, Jansky 1973) of cold
acclimated mice exposed to temperatures just below the thermo-neutral zone
demonstrated they could withstand the effects of cold exposure much longer than warm
acclimated rodents (Jansky and Hart 1963). These acclimated mice were able to
suppress the need to shiver and relied almost exclusively on NST (Jansky 1973). Brown
adipose tissue NST was also observed to be an important thermogenic tissue in

hibernating animals during states of torpour (Smith and Hock 1963).

The cold exposure in mice evoked responses accounted for by BAT activation
and UCP-1 in the mitochondria of the brown adipocyte (Himms-Hagen, Cui et al. 1994,
Enerback, Jacobsson et al. 1997). UCP-1-ablated mice where shown to shiver at a
constant intensity after chronic cold exposure, indicating they were unable to recruit any

other form of heat gain (Golozoubova, Hohtola et al. 2001).

Although extensively observed in human infants to combat the initial cold stress
of childbirth (Aherne and Hull 1964, Dawkins and Hull 1964, Dawkins and Scopes 1965,

Bruck 1969), and in some histological examinations of adults exposed to the cold

60



(Heaton 1972, Huttunen, Hirvonen et al. 1981), the physiological importance of BAT in
humans remained unclear and it was largely believed to be insignificant in the adult
human (Blondin, Labbe et al. 2015). Nuclear medicine studies used PET/CT
examinations coupled with "®FDG administration showed an uptake in 4% of all patients
in BAT (Cohade, Osman et al. 2003). Although physiological importance remained
unclear, it did show a certain percentage of metabolically active glucose substrate
uptake in BAT (van der Lans, Wierts et al. 2014).

The possible relevance of BAT in human adults was eventually demonstrated in
2009. Three independent studies using cold exposure revealed metabolically active
BAT depots in 46 — 100% of young healthy subjects (Saito, Okamatsu-Ogura et al. 2009,
van Marken Lichtenbelt, Vanhommerig et al. 2009, Virtanen, Lidell et al. 2009) showing
that adult humans, similar to rodents and human infants, demonstrated a cold-induced
metabolically active BAT response (van der Lans, Wierts et al. 2014). Since these initial
papers, there has been over 20 dedicated studies that have confirmed cold-activated
BAT depots and that it is usually in the supraclavicular, acromial-clavicular, para-aortic,

axillary, paravertebral, and in peri-renal depots (Sacks and Symonds 2013).

These PET/CT studies have included varying cold-inducing protocols to stimulate
BAT activity. Many have employed ambient temperatures just below thermo-neutral
conditions of 16 — 20°C in hopes of initiating a NST without the stimulation of ST (van
Marken Lichtenbelt, Vanhommerig et al. 2009, Muzik, Mangner et al. 2012, Vrieze,
Schopman et al. 2012), some with the addition of periodical placement of feet in cold
water or on ice (Virtanen, Lidell et al. 2009, Orava, Nuutila et al. 2011, Yoneshiro, Aita et
al. 2011), and others with liquid-perfused suits (Ouellet, Labbe et al. 2012). Still, others
have attempted a more personalised cooling protocol on a per-subject basis
(Vosselman, van der Lans et al. 2012, van der Lans, Hoeks et al. 2013). This
individualised cooling protocol included exposing participants to slowly decreasing
temperatures. After the onset of shivering, the temperature was increased just above
that minimum temperature in order to remove shivering but have the lowest temperature
to activate the highest possible NST. Collectively these studies have shown a
prevalence of BAT ranging between 20 —100% of the number of cold exposed humans

(Vosselman, van der Lans et al. 2012, van der Lans, Hoeks et al. 2013).
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The vast majority of cold-induced BAT activation in adult humans have been
employed using radioactive tracers (van der Lans, Wierts et al. 2014). Because of
the ionising radiation, as well as the cost associated with these scans, there is a need for
an alternative technique that will aid in the investigation of BAT control. As the main
function of BAT is heat release, a number of groups have begun testing this as a valid
method of measurement (van der Lans, Wierts et al. 2014). Placement of temperature
probes within BAT is not practical as seen in some mice studies (Christoffolete, Linardi
et al. 2004, Masamoto, Kawabata et al. 2009)), therefore the use of forward looking
infrared (FLIR) thermography has been employed to measure surface temperatures over
known BAT depots (Lee, Ho et al. 2011, Symonds, Henderson et al. 2012, Robinson,
Ojha et al. 2014). These studies have focused on individuals of healthy weight and
children, and little work has been done on how the control of BAT in the obese may
differ. Robinson, Ojha et al. (2014) demonstrated that an increase in BMI in children
was coupled with a decrease in supraclavicular temperature, adding to the popular

theory that BAT contributes to a balanced energy expenditure.

It was hypothesised that relative to the non-obese, the obese would demonstrate
a reduced BAT NST at the supraclavicular fossae including a blunted metabolic
response when normalised for lean body mass. This would correspond to, it was
hypothesised, lower mean skin temperatures and heat flux over these supraclavicular
fossae in the obese when exposed to mild cold. It was also hypothesised that this would
be in concert with similar and minimal skeletal muscle activation as assessed by surface
EMG.

3.2. Methods

3.21. Ethics

Approval for this study was obtained through the Simon Fraser University Office
of Research Ethics. All participants were provided the option of removing themselves

from the study at any point without prejudice and without reason.
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3.2.2. Participants

Each participant was brought into the lab for a detailed orientation session. This
included familiarisation with the equipment, study protocol, informed consent and health
screen questionnaire. Each participant was then given a minimum of a 24 h reflection
period. Upon agreeing to participate in the study, the informed consent form and health

screen questionnaire were reviewed and signed by the participant.

Sixteen male participants volunteered for the study. Participants were initially
screened using BMI and skinfolds. Skinfolds, height and weight were collected
according to the protocols outlined by Marfell-dJones (1991), and % body fat estimates
from skinfolds followed the 4-component model laid out by Peterson et al. (2003) and

was applied to the equation:

% Body Fat = 20.95 + (age x 0.17) — (height x 0.17) + (sum4 x 0.43) — (sum4? x
0.002)

where age is in yr, height is in cm, and sum4 is the sum of triceps, subscapular,
suprailiac, and midthigh skinfold thicknesses in mm (Peterson, Czerwinski et al. 2003).
Percent body fat was further assessed using Dual-energy X-ray absorptiometry (DEXA)
scans (Hologic Discovery Ci/Wn 010 0575) (Figure A.1).

Participants were separated into two distinct groups (n = 8, each group) after
taking part in a DEXA scan. Obese participants had a mean fat content of 39.38 kg
(12.58) and a mean percent body fat of 32.2% (7.7) (Table 3.1). This was compared to
the non-obese group who averaged 12.0 kg (3.57) of total fat and had a mean percent
body fat of 16.4% (4.0) (Table 3.1). Fractionation of surface area by body region was
also calculated to be an average of 2.51 m? (0.22) for the obese and 1.927 (0.21) for the

non-obese (Table 3.2).

A power calculation was used to determine the sample size required to have a
power of 80% and a significance of 0.05. The sample size varied depending on the
variable. The number of volunteers required was found to be a minimum of 8 in order to

find a significant result, if it existed, in all variables of interest. The variables employed
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for this power calculation were mean skin temperature (wTSK), mean heat flux (uHF),
and VO2.

A power calculation was used to determine the sample size required to have a
power of 80% and a significance of 0.05. The sample size varied depending on the
variable. The number of volunteers required was found to be a minimum of 8 per group
in order to find a significant result, if it existed, in all variables of interest. The variables
employed for this power calculation were mean skin temperature (yTsk), mean heat flux
(wvHF), and mean VO..

Using pilot study data of yTsk, @a sample size of 4 participants per group at 27°C
and 6 participants per group at 19°C were required. This was found with differences to
detect set at 3°C and a standard deviation between the two groups of 1.03°C at 27°C
and 1.67°C at 19°C.

Using pilot study data of yHF, a sample size of 4 participants per group at 27°C
and 6 participants per group at 19°C were required. This was found with differences to
detect set at 20 W-m? and a standard deviation between the two groups of 5.94 W.m™? at
27°C and 10.44 W-m™at 19°C.

Using pilot study data of VO,, a sample size of 6 participants per group at 27°C
and 7 participants per group at 19°C were required. This was found with differences to
detect set at 0.1 L-min™ and a standard deviation between the two groups of 0.06 L-min™
at both 27°C and 19°C.

3.2.3. Instrumentation

Body Temperature and Heat Flux

Skin temperature and surface HF were measured at seven sites using
thermocouples embedded in the surface of heat flux discs (Thermonetics, California,
USA). These sites included the upper lateral arm (Tya, HFya), posterior shoulder (Tps,
HFps), chest (Tcu, HFch), abdomen (Tag, HF ag), thigh (Ttu, HF14), and one on each of the

supraclavicular fossa (Tsc, HFsc) (Table A.1). Unweighted yHF and unweighted yTsk

64



were also calculated. Heat flux discs were attached to the skin using hypoallergenic tape
(Tanspore, 3M, St. Paul, MN, USA). A water bath (VWR Int, Model 1196, West Chester,
Penn, USA) monitored by a platinum thermometer (Fisher Scientific, Nepean, ON,
Canada) was used to calibrate the thermocouples within the heat flux discs. The heat
flux portion of the discs were calibrated using a copper encased water bath similar to
that used by Nuckols and Piantadosi (1980) and Mittleman (1987).

Core temperature (Trg) was monitored throughout the trial using flexible 30 cm
rectal thermistors inserted 15 cm (DeRoyal TN, USA). Similar to the skin
thermocouples, the rectal thermistors were calibrated using a water bath (VWR Int,
Model 1196, West Chester, Penn, USA) monitored by a platinum thermometer (Fisher
Scientific, Nepean, ON, Canada).

Metabolic and Ventilatory Variables

While seated comfortably, each participant was asked to breathe through a low
resistance mouthpiece connected to a one-way valve allowing expired air to move
through a 3.8 cm diameter tube. The respiratory tubing was attached to a two-way mass
flow sensor (Sensormedics, Yorba Linda, CA, USA). Each participant wore a nose clip

to ensure all exhaled gas was collected through the mouthpiece and mass flow sensor.

The mass flow sensor was connected to a breath-by-breath metabolic cart
(VMAX 229, Sensormedics, Yorba Linda, CA, USA), which was used to measure
absolute volume of consumed oxygen (VOazpgs), which was then normalised to lean body

mass (VO3 ean) from the DEXA results.

The calibration of gas analysers in the metabolic cart were completed with room
air and with compressed gas tanks with mixtures of 26% O, balance Ny; and 16% O,
4% CO,, and balance N,. The two-way mass flow sensor was calibrated with a 3 L

syringe.

Electromyograms of Skeletal Muscles

Electromyograms (Bagnoli-8 Delsys®, Natick, MA, USA) were measured at 5

sites representing the trunk and limbs and were chosen to represent the largest possible
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fraction of total muscle mass of the body (>90%) (Bell, Tikuisis et al. 1992, Haman,
Legault et al. 2004). These sites included the trapezius (TR), pectoralis major (PE),
biceps brachii (Bl), rectus femoris (RF), and gastrocnemius (GA) (Bell, Tikuisis et al.
1992).

Prior to the experiments, maximal EMG signals from each muscle group were
determined from maximal voluntary contractions (MVC). Maximum voluntary
contractions were obtained utilising isometric movements as described previously (Bell,
Tikuisis et al. 1992, Peier, Mogrich et al. 2002, Haman, Legault et al. 2004). The
following procedures were used to identify the maximal EMG signal for each muscle
group: 1) for TR, participants sat upright with their arm straight against the body.
Grasped in the hand participants raised their shoulders trying to elevate against the
cord. 2) For PE, participants sat upright with their arm extended away from the body at
90°. Participants performed a horizontal shoulder flexion against the cord. 3) For BI,
participants started with their arm fully extended at their side. Participants held the cord
in a supinated hand and maximally flexed at the elbow joint. 4) For RF, MVC was
determined while participants sat on a chair in an upright position. The cord was placed
slightly above the ankle and the participant was asked to perform a maximal knee
extension against the weight. 5) For GA, the participant laid down, the cord was placed
on the foot and the participant then performed a maximal ankle flexion against the
weight. All movements were completed as close to the seated experimental position as
possible. Delsys® EMG systems are calibrated using standard calibration services at

their main offices.

Thermal Imaging

Thermal imaging of the supraclavicular region (FLIRs:) was carried out using a
Forward Looking Infrared (FLIR®) camera (FLIR T650sc, FLIR Systems Inc., Burlington,
ON, CAN). The thermal imaging camera was set 1 m away from the seated participant
and was stationed on a large tripod and raised to a height that gave an angle of 20° from
the horizontal of the participant’s supraclavicular fossae. This ensured that no reflective
radiation from the skin would occur. The thermal imaging camera was selected based
on the high resolution and accuracy when compared to other cameras used in various
studies (Table A.2).
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To ensure consistent and comparable measurements using the thermal imaging
camera, all participants remained perfectly still throughout the protocol while seated
comfortably with a straight back and neck, relaxed shoulders and adducted arms.
FLIR® thermal imaging cameras are calibrated using standard calibration services
located at their main offices (FLIR 2014).

3.2.4. Data Acquisition

Cardiorespiratory and Temperature Variables

Cardiorespiratory variables were sampled and recorded at 20 s intervals with a
VMAX 229 metabolic cart (Sensormedics, Yorba Linda, CA, USA). Body temperature
was assessed with thermocouples embedded in heat flux transducers and were sampled
at a rate of 40 Hz using LabVIEW software (Ver. 7.1, National Instruments, Austin, TX,

USA) and recorded every 20 s.

Electromyograms of Skeletal Muscle

Electromyograms were sampled at 1,000 Hz using the Bagnoli-8 Delsys
Systems® amplifier. Measurements were made using parallel-bar EMG sensors (DE-2.1
Differential EMG Sensor) placed on the surface of the skin. The signals recorded to .txt
files at a rate of 1,000 Hz. Referencing was done using a reusable reference electrode
(Dermatode®, Nuland, BR, The Netherlands).

Using a custom LabVIEW software (Ver. 8.6, National Instruments, Austin, TX,
USA), maximal RMS values from MVC’s were compared to exposure data. EMG signals

were filtered to remove 60 Hz noise (and associated harmonics).

Thermal Imaging

The thermal imaging camera was employed to capture sequential images in .jpeg
format every 10 min during the exposure and these files were then processed and
analysed using the FLIR® Quick Report 2.1 software system. Using the box area tool, a
region of interest at the supraclavicular area for each participant was defined and
temperature data were exported into Microsoft Excel 2010. The supraclavicular regions

were bordered using the anatomical landmarks of the superior border of the clavicles

67



and the sternocleidomastoid muscle inferiorly (Symonds, Henderson et al. 2012,
Robinson, Ojha et al. 2014). 3-D plot graphs in Microsoft Excel 2010 were also

employed to measure the thermal topography at the supraclavicular regions.

3.2.5. Protocol

Each participant participated in a single session during the testing period from 8
November to 11 December, and all sessions were conducted at least 6 hours fasted to
remove any confounding, food-induced, thermogenic effects. The participant was asked
to refrain from any consumption of caffeine, drugs, alcohol, and intense exercise in the

12 hours leading up to the study. All sessions began between 8 am and 10 am.

Following instrumentation, each volunteer sat comfortably in a chair placed in the
centre of a climatic chamber (Tenney Engineering Inc., Union, NJ, USA). Each
volunteer participated in one trial within the climatic chamber which included exposure to
90 min of baseline data collection at 27°C, followed by a cold exposure of 90 min at
19°C. Enclosure temperatures during the 27°C exposure remained at 27.1°C (0.07) and
at 18.9°C (0.49) during the 19°C exposure (Figure 2.1).

3.2.6.  Statistical Analysis

The main effect of Group (Non-obese, Obese), Ambient Temperature (27, 19°C)
and their interaction (Group x Ambient Temperature) were examined in a 2-Factor Mixed
Model ANOVA using the SPSS software program (Version 22, Surrey, UK) across all 90
min of exposure. Group was set as a non-repeated between-subjects factor while
Ambient Temperature was set as the repeated within-subjects factor. Factors analysed
in this study were TSKs, HF s, ATSKse, AHF s, FLIRsc, VO2 ean and EMG.

A two-tailed, unpaired t-test was used to compare means if there was a
significant interaction from the ANOVA model. The level of significance was set at 0.05.
Files were averaged using a custom LabVIEW program and exported into .txt files. Delta
values were calculated by subtracting the initial 27°C value of each participant from their

mean value for each time point.

68



Using the box area tool, a region of interest at the supraclavicular area for each
participant was defined and temperature data were exported into Microsoft Excel 2010.
The supraclavicular regions were bordered using the anatomical landmarks of the
superior border of the clavicles and the sternocleidomastoid muscle inferiorly (Symonds,
Henderson et al. 2012, Robinson, Ojha et al. 2014). 3-D plot graphs in Microsoft Excel
2010 were also employed to measure the thermal topography at the supraclavicular

regions.

3.3. Results

Supraclavicular Tgk (TSKsc) (F = 17.33, p < 0.001) and HFg (F = 7.74, p < 0.05)
had significant Group x Ambient Temperature interactions (Table 3.3, Figure 3.2, 3.3).
Supraclavicular Tsk showed differences at 27°C (p < 0.05) with obese TSKgc at 33.67°C
(0.15) and non-obese at 34.40°C (0.22) (Figure 3.3). At 19°C (p < 0.001), obese TSKsc
dropped almost 3°C to 30.70°C (0.29) while the non-obese TSKsc remained higher, only
dropping 1.74°C to 32.66°C (0.34) (Figure 3.3). At 19°C (p < 0.05), HF obese HFsc
increased only 25.50 W-m™ from 58.51 (5.19) to 84.01 (4.93) W-m?, while the non-obese
almost doubled that by increasing their HFsc 44.33 W-m™ from 69.90 (6.84) to 113.93
(9.54) Wem™ (Figure 3.4). Both ATSKsg, (F = 27.01, p < 0.001) and AHFs, (F = 7.74, p <
0.05) had significant interactions. The ATSKg, in the obese was 0.14°C (0.31) at 27°C
and dropped to -2.83°C (0.58) at 19°C (p <0.05). This was compared to the ATSKs. in
the non-obese who had -0.28°C (0.58) at 27°C dropping to -2.02°C (0.89) at 19°C (p <
0.05). The AHFg, in the obese was -0.60 W-m? (6.27) at 27°C, increasing to 24.89
W-m=? (17.36) at 19°C (p < 0.05). This was compared to the much greater increase
seen in the non-obese from -2.07 W-m (9.35) at 27°C to 41.96 W-m? (19.15) at 19°C
(p < 0.05) (Table 3.3, Figure 3.2, 3.3).

Mean VOgqean (F = 12.93, p < 0.05) demonstrated a significant Group x Ambient
Temperature interaction (Figure 3.4). The obese increased minimally from 3.82 mL.min"
kg™ at 27°C to 4.10 mL-min"-kg” at 19°C (p < 0.05). This was compared to the non-
obese who increase ~1.2 mL-min™.kg™”" from 4.07 mL-min™.kg™”" at 27°C to 5.27 mL.min’
.kg" at 19°C (p < 0.05). Delta values were similarly significant as the obese showed a
minimal change from -0.35 mL-min"-kg™” at 27°C to -0.08 mL-min"-kg™" at 19°C (p <
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0.05) compared to the non-obese who increased from -0.60 mL-min".kg”" at 27°C to
0.60 mL-min"'-kg™ at 19°C (p < 0.05).

Electromyograms were employed to assess the contributions of skeletal muscle
activation (Table 3.4). Maximum voluntary contractions in the obese averaged 0.24 V
(0.08) while non-obese produced MVC’s with a mean of 0.25 V (0.05) and were not
significantly different (F = 0.03, p = 0.86). When expressed as a percentage of their
MVC’s (F = 0.01, p = 0.94), both obese at 1.58% (1.31) and non-obese at 1.64% (0.07)

showed minimal movement at 19°C and were not significantly different (Table 3.4).

Infrared thermography demonstrated a statistically significant Group x Ambient
Temperature interaction for FLIRs. (F = 13.93, p < 0.05) (Table 3.3, Figure 3.1, 3.4).
Differences were seen at both 27°C with obese having a mean FLIRs. of 34.54°C (0.47)
and the non-obese with a mean of 35.24°C (0.41) (p < 0.05). This difference of 0.7°C at
27°C grew to a difference of 1.76°C when exposed to 19°C (Table 3.3). Obese
participants averaged 31.90°C (1.00) while non-obese averaged 33.66°C (0.71) (p <
0.05) (Table 3.3, Figure 3.1, 3.4).

3.4. Discussion

Novel Findings

The novel data collected in this study looked at the surface Tsx and HF over
areas of known BAT depots in the supraclavicular fossa. An exhaustive literature review
suggests this is the first study that has attempted to quantify these parameters in adult
males, utilising both surface HF discs and FLIR thermography in the obese and non-
obese. The results aligned with our hypotheses in that non-obese participants
demonstrated a greater TSKg; and HFs. than the obese when exposed to acute mild
cold. While this comparison was similar at 27°C as well as 19°C, it is important to note
that the non-obese TSKsc deceased less and their HFsc increased more than the same
sites in the obese. Supraclavicular Tsk in the non-obese decreased only 1.74°C at 19°C
compared to almost 3°C in the obese, while non-obese HFsc increased 44.33 W-.m? at

19°C compared to only 25.50 W-m? in the obese. Coupled with minimal and similar
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surface EMG quantified skeletal muscle activation, as well as a significantly higher
VO ean, these results may suggest a greater capacity of non-obese individuals to initiate
NST through BAT activation. While most studies employing HF sensors have looked at
surface cooling in water (Bell, Padbury et al. 1985, Mittleman and Mekjavic 1988) and
temperature changes across clothing apparel (Niedermann, Psikuta et al. 2014).
Despite this, HF is a relatively new method of estimating energy expenditure above BAT
sites and it helped demonstrate a greater BAT activation in the non-obese than in the

obese.

To ensure all Tsk, HF, metabolic and FLIR variations from 27 to 19°C were
attributed to NST, EMG was used to monitor any effects of skeletal muscle activation.
This was close to being achieved in our study with both obese and non-obese
participants demonstrating shivering between 2 — 6% of their MVC'’s, similar to previous
studies looking at ST (Haman, Legault et al. 2004, Ouellet, Labbe et al. 2012, Blondin,
Labbe et al. 2014). There was a considerable variation in signals between muscle
groups however and although minimal, stating a complete absence of shivering during

these exposures may be considered unlikely (Blondin, Labbe et al. 2015).

Comparison to Literature and Underlying Mechanisms

The purpose of this study was to produce thermogenic and metabolic changes
that may be solely correlated to changes in NST. To achieve this, a steady ambient
temperature of ~19°C was selected. This temperature was chosen based on previous
BAT studies utilising PET/CT scanning done with both air conditioned rooms between 16
— 19°C (Muzik, Mangner et al. 2012, Orava, Nuutila et al. 2013, Yoneshiro, Aita et al.
2013) and liquid perfused suits (Ouellet, Labbe et al. 2012, Blondin, Labbe et al. 2014,
Blondin, Labbe et al. 2015). This ambient temperature choice is further justified by
similar ambient temperatures produced in BAT studies utilising FLIR imaging (Symonds,
Henderson et al. 2012, Robinson, Ojha et al. 2014). As was demonstrated in the Tg,
HF, and FLIR data, the desired effect of having a just-below thermoneutral ambient
temperature was achieved. All temperature variables of interest produced lowered

values while HF values increased at 19°C as was expected.
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Several studies in the past few years have begun adopting more individualised
cooling protocols for their participants (Vijgen, Bouvy et al. 2011, Vijgen, Bouvy et al.
2012, Vosselman, van der Lans et al. 2012, van der Lans, Hoeks et al. 2013).
Participants would be cooled to a temperature where ST was observed and then
warmed back in 1°C intervals until shivering ceased. The goal of this methodology is to
produce conditions where NST is maximised with no contributions from ST. With studies
done in this manner, the obese showed minimal BAT activation at around 20 — 50% of
participants (Vijgen, Bouvy et al. 2011, Vijgen, Bouvy et al. 2012) while studies using
healthy subjects showed some of the most pronounced levels of BAT activation in any
study utilising cooling protocols at around 94 — 100% of participants (Vosselman, van
der Lans et al. 2012, van der Lans, Hoeks et al. 2013).

The employed HF sensors, which provided both HF and temperature readings,
provide single point measurements over known BAT depots and only a few studies have
attempted to employ thermal imaging to map out a more complete thermal topography of
the area (Lee, Ho et al. 2011, Symonds, Henderson et al. 2012, Robinson, Ojha et al.
2014). While most have only looked at children and adults of normal BMI ranges, only
one other study to date has attempted to use FLIR imaging in assessing NST in people
of normal and larger weights (Robinson, Ojha et al. 2014). In that study, Robinson, Ojha
et al. (2014) demonstrated a negative relationship between BMI and TSKsgc in children
aged 6 -11. This study demonstrated similar results with FLIR imaging capturing a
significant amount of heat release in the supraclavicular regions directly over sites
known to house BAT as seen in PET/CT studies (Nedergaard, Bengtsson et al. 2007,
Saito, Okamatsu-Ogura et al. 2009, Virtanen, Lidell et al. 2009). When compared to
these studies utilising radiometric glucose markers, the non-obese demonstrated
strikingly accurate pockets of increased heat as seen in the 3D graphs (Figure 3.5),

while obese individuals produced little evidence of the same activation.

More recent studies have suggested that surface EMG may not be a suitable
method of estimating skeletal muscle activity during studies geared towards assessing
BAT activation and NST (Blondin, Tingelstad et al. 2014, Blondin, Labbe et al. 2015).
While surface EMG may typically elucidate mean MVC’s of around 2 — 3%, deeper

muscles such as the longus colli or sternocleidomastoid may be contributing to overall
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metabolism and shivering more so than typically goes detection (Ouellet, Labbe et al.
2012, Blondin, Labbe et al. 2015). These findings, coupled with earlier studies showing
reduced surface EMG signals with increased adiposity, suggest a possible need to use
more advanced methods of monitoring skeletal muscle activation, particularly in the

obese.

Just like electrical signals impeded in the human body when moving through
different tissues, a similar difference in infrared absorption can be detected between
areas of high fat and areas of low fat (Yang 2005, Yang 2009). This has been
documented in a number of studies including biology and physics (Yang 2005, Yang
2009, Buniyamin 2011). When fat thickness increases, the detected diffuse reflectance
increases. This may be be explained by fat giving a high scattering of infrared radiation
and low absorption, while muscle has high absorption (Yang 2005). When fat thickness
increases, less light is going to pass through the muscle. This causes less light to be

absorbed and the reflectance to increase (Yang 2005).

Future Directions and Limitations

Employing FLIR imaging to assess BAT activation during acute mild cold has its
limitations. While heat gain and NST activation can be inferred from our results, at its
most basic application, FLIR imaging is limited to heat release at the surface of the skin.
As ST is used to stave off a reduction in core temperature at more extreme cold
exposures, BAT NST is thought to be activated for the same purpose, to help regulate
core temperatures. Because of this, it has been suggested that the majority of heat
being dissipated by BAT may be directed to the core of the body (van der Lans, Wierts
et al. 2014). The question that remained is if some BAT heat may leak towards the
surface of the skin and this study’s non-obese results demonstrate that this is the case.
Coupled with this, there were no significant differences between FLIRsc and Tsk at other
sites of the body at 27°C in this study, as well, Symonds, Henderson et al. (2012) saw
no increases in supraclavicular Tsk at higher ambient temperatures. This may suggest
that infrared thermography may be used as a qualitative way of assessing BAT

activation (van der Lans, Wierts et al. 2014).
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Another limiting factor of using FLIR imaging to access BAT activation may be
seen when employing this method in obese individuals. With lower mean Tsg, increased
adiposity may be blunting their responses to the cold and surface FLIRsc may be
dissipated before being picked up by the thermal imaging camera. In that sense, the
lower skin temperatures may be attributed to their added adiposity more so than their
inability to activate BAT. Future studies could employ this method in conjunction with
other previously used methods such as PET/CT scans. Utilising PET/CT scanning with
FLIR imaging may be an interesting route to take. Employing both these methods in
more individualised cooling protocols, particularly in the obese, may help to provide
more accurate knowledge of the thermogenic properties of BAT. Both methods
synchronised will also allow studies to compare FLIR imaging temperatures with BAT
presence in individuals using PET/CT scanning, as many studies have demonstrated
high variability of BAT presence between individuals. With these studies in mind, future
directions using FLIR imaging may need to adopt a more individualised cooling protocol.
With thicker subcutaneous fat layers, insulation from ambient temperatures can delay
the onset of shivering in the obese (Vijgen, Bouvy et al. 2011) and may contribute to

blunted NST if the ambient temperature is not low enough (Wijers, Saris et al. 2010).

A potential limitation is obese participants % MVC values may be influenced by
their greater levels of subcutaneous fat found between the muscle and surface electrode
as a number of studies have attributed greater adiposity with lower EMG signals
(Lowery, Stoykov et al. 2002, Kuiken, Lowery et al. 2003) and greater crosstalk between
muscles (Solomonow, Baratta et al. 1994). One study showed that the addition of 3, 9,
and 18 mm of subcutaneous fat layers caused a reduction in surface EMG RMS value
directly above the centre of the active muscle, of 31.3%, 80.2%, and 90.0% respectively
(Kuiken, Lowery et al. 2003). This is supported by our results as obese participants
demonstrated the lowest MVC values, especially in the abdominal area where some

skinfolds reached over 20 mm

Whether due to increased insulation from greater adiposity and therefore a
resistance to cold, or a lessened ability to activate BAT NST, the obese may contribute
to a positive energy expenditure in this application of cold ambient temperatures. One of

the lingering questions is whether obesity is causal or consequential of diminished BAT
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activity and more research with standardised protocols, utilising both thermal and

metabolic techniques is needed.

Conclusion

It was hypothesised that obese individuals would demonstrate a lower capacity to
initiate NST through BAT activation during acute mild cold exposure. This hypothesis
was supported since TSKsc, HFs., and FLIRs. were lower in obese vs. non obese
volunteers during mild cold exposure. This was seen with similar and minimal
contributions of skeletal muscle activation between the two groups and a greater VOg gan

in the non-obese.
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3.5. Tables

Table 3.1. Summary of mean participants’ DEXA (mean + SD) fractionation values
including bone marrow content (BMC), fat mass, lean mass, total mass,
and percent body fat.

Group Region BMC Fat Lean Total Mass Percent
(kg) (kg) (kg) (kg) Body Fat

(%)

Left Arm 0.19 0.64 3.49 4.32 14.9

Right Arm 0.21 0.49 3.88 4.58 10.9

Trunk 0.70 5.76 27.15 33.60 16.9

Left Leg 0.52 217 9.85 12.54 17.2

Non-obese .

Right Leg 0.53 2.00 10.49 13.02 15.2

Subtotal 215 11.06 54.85 68.07 16.1

Head 0.54 0.94 3.64 512 18.3

Full body 2.69 12.00 58.50 73.19 16.3

Left Arm 0.19 2.04 3.32 5.56 36.5

Right Arm 0.20 1.84 3.84 5.88 31.0

Trunk 0.92 20.32 39.61 60.85 32.9

Left Leg 0.68 7.08 13.17 20.93 334

Obese _

Right Leg 0.68 6.88 13.71 21.28 31.9

Subtotal 2.66 38.17 73.66 114.49 32.9

Head 0.57 1.21 4.39 6.17 19.6

Full body 3.23 39.38 78.05 120.66 32.2

76



Table 3.2. Mean body (SD) surface area (m?) and surface area to mass ratio
(m2kg™) of participants’ fractionated body region. s
Surface Area (m?) Surface Area to Mass (m2-kg-")
Non-obese Obese Non-obese Obese
Left Arm 0.22 (0.03) 0.18 (0.07) 0.0030 (0.0001) 0.0015 (0.0007)
Right Arm 0.24 (0.03) 0.19 (0.06) 0.0032 (0.0001) 0.0016 (0.0007)
Left Ribs 0.13(0.02) 0.18 (0.03) 0.0017 (0.0002) 0.0014 (0.0003)
Right Ribs 0.14 (0.03) 0.18 (0.04) 0.0018 (0.0003) 0.0014 (0.0003)
Thoracic Spine 0.13(0.04) 0.12 (0.05) 0.0017 (0.0004) 0.0009 (0.0004)
Lumbar Spine 0.07 (0.02) 0.07 (0.03) 0.0010 (0.0003) 0.0006 (0.0003)
Pelvis 0.24 (0.03) 0.26 (0.02) 0.0033 (0.0004) 0.0021 (0.0003)
Left Leg 0.39 (0.04) 0.47 (0.04) 0.0053 (0.0004) 0.0038 (0.0005)
Right Leg 0.40 (0.04) 0.48 (0.02) 0.0054 (0.0004) 0.0039 (0.0006)
Head 0.26 (0.02) 0.25(0.02) 0.0036 (0.0007) 0.0020 (0.0003)
Total 1.92 (0.21) 2.51(0.22) 0.0301 (0.0017) 0.0192 (0.0034)
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Table 3.3. Mean (SD) values and corresponding delta (A) values for mean
unweighted supraclavicular heat flux (HFs., W-m™), mean unweighted
supraclavicular skin temperature (TSKs, °C), and mean FLIR skin
temperature (FLIRgsc, °C) during 90 min exposures at both 27 and 19°C in
the obese and non-obese. t-test comparisons are between groups at
each ambient temperature. Significance: ¥ = p < 0.05; ¢ = p < 0.001.

Ambient Temperature
27°C 19°C
Obese Non-obese Obese Non-obese
HFsc (Wem=) 58.51 (5.19) 69.90 (6.84) 84.01 (4.93) 113.93 (9.54)
AHFsc (Wem?) -0.60 (6.27)* -2.07 (9.35) 24.89 (17.36)* 41.96 (19.15)
TSKsc (°C) 33.67 (0.15) 34.40 (0.22) 30.70 (0.29)* 32.66 (0.34)
ATSKsc (°C) 0.14 (0.31) -0.28 (0.58) -2.83 (0.58)* -2.02 (0.89)
FLIRsc (°C) 34.54 (0.47) 35.24 (0.41) 31.90 (1.00)* 33.66 (0.71)



Table 3.4. Electromyogram (EMG) maximum voluntary contractions (MVC) and
percent MVC’s (%MVC) at 27°C and 19°C in the obese and non-obese
groups. Mean unweighted EMG was taken from measured were:
trapezius (TR), pectoralis major (PE), rectus abdominus (AB), biceps
brachii (Bl), rectus femoris (RF), gastrocnemius (GA). *Abdominals were
omitted due to increased adiposity and unusable signal. Significance: f =
p <0.05; ¢ =p <0.001.

MVC (V) 19°C (%MVC)

Obese Non-obese Obese Non-obese
TR 0.24 (0.07)  0.32(0.09) 1.22 (2.47) 1.75 (0.44)
PE 0.24 (0.03)  0.26 (0.07) 3.86 (1.21) 2.32 (1.66)

AB - - -
Bl 0.13(0.15)  0.25(0.28) 1.24 (1.72) 2.28 (1.22)
RF 0.36 (0.08)F  0.25(0.11) 1.09 (1.23) 0.82 (0.56)
GA 0.24(0.08)  0.17(0.06)  0.50(0.88) 1.01(0.79)
Mean (SD)  0.24 (0.08)  0.25(0.05) 1.58 (1.31) 1.64 (0.07)
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3.6. Figures

Figure 3.1.  Typical thermal imaging of supraclavicular regions using a Forward
Looking Infrared (FLIR) camera. Obese volunteer in 27°C at 90 min (A),
and in 19°C at 10 min (B), at 40 min (C), and at 90 min (D). Non-obese
volunteer in 27°C at 90 min (E), and in 19°C at 10 min (F), at 40 min (G),
and at 90 min (H).
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Obese and Non-obese supraclavicular heat flux (HFsc, W-m™) during A)

90 min exposure at 27°C, followed by B) 90 min at 19°C; and delta
supraclavicular (AHFs., W-m™) during C) 90 min exposure at 27°C,
followed by B) 90 min at 19°C. A Values calculated by subtracting each
time point value by initial 27°C value. Values are mean * SD.

Significance: * < 0.05.
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Obese and Non-obese mean supraclavicular temperatures (TSKs, °C)
during A) 90 min exposure at 27°C, followed by B) 90 min at 19°C; and
delta TSKs (ATSKs,°C) during C) 90 min exposure at 27°C, followed by
B) 90 min at 19°C. See first figure for delta calculation. Values are mean
+ SD. Significance: * < 0.05.
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DEXA lean body mass (VOa ean, mL-min™.kg™) during A) 90 min
exposure at 27°C, followed by B) 90 min at 19°C; and delta VO3 gan
(AVO,ean, mL-min™.kg™) during C) 90 min exposure at 27°C, followed by
D) 90 min at 19°C. See first figure for delta calculation. Values are mean
+ SD. Significance: * < 0.05.
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Figure 3.5. Mean FLIRg, for left and right side after 90 min of exposure at 27°C (top
four), and 19°C (bottom four). Non-obese right (A) and left (B) at 27°C
and right (E) and left (F) at 19°C. Obese right (C) and left (D) at 27°C and
right (G) and left (H) at 19°C.
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Appendix A.

Tables
Table A 1. Measurement sites for surface heat flux and skin temperatures on
the upper arm (Tya), posterior shoulder (Tps), chest (Tch), abdomen
(Tag), lower back (T.g), and thigh (Tr4) and supraclavicular region
(Tsc)-
Thermocouple Placement
Tua Superior deltoid insertion, lateral right arm
Tes Midway along infraspinatus, inferior to right scapular spine
Ten Centre of right pectoralis major
Tas Right of navel, 4 cm
Tru Centre of rectus femoris
Tsc Centre of supraclavicular fossa
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Table A.2.

temperatures over brown adipose tissue depots.

Summary of thermal imaging camera use for quantifying surface

Year Author Subjects Make Model IR Resolution  Accuracy
1998  Paulik etal. Adipocyte cell ~ Agema Agema
cultures Infrared  Thermovision 900 - +0.08°C
Systems
2009  Marks et al. Wistar rats FLIR ThermaCAM P45 320x240 £2°Corx2%
Systems pixels of reading
2010 Leeetal. Healthy32year  FLIR SC660 640x480 £1°Corx1%
old male Systems pixels of reading
2012  Symonds et  Normal BMI; FLIR b60 180x180 £2°Corx2%
al. adolescence  Systems pixels of reading
2013 Leeetal.  Adipocyte cell FLIR T440 320 x 240 <0.045°C at
cultures Systems pixels 30°C
2014  Robinson et  Varied BMI; FLIR B425 320x240 £2°Corx2%
al. children Systems pixels of reading
2015 Andrew’s Normal and FLIR T650sc 640x480 £1°Corx1%
Thesis Obese Adults  Systems pixels of reading
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Appendix B.

Figures

Figure B.1. Typical Dual-energy X-ray absorptiometry (DEXA) scan of an A)
Obese, and B) Non-obese participant.

101



Appendix C.

Heat Flux Calibration Equations

Heat Flux Transducers

Heat flux (HF) transducers are used as a basic measurement in thermal physiology (Ducharme
1991). They are being used increasingly due to their reduced cost, their easy application, and
their ability to be used in a variety of environmental conditions (Ducharme 1991).

The HF transducers contain many finite thermocouples arranged in series. Between these two
series, a flat matrix is used to create a temperature difference (AT), which is the main factor in
calculating the HF (Ducharme 1991). The thermocouple-matrix junction detects the temperature
difference and the resultant voltage generated across this junction is proportional to the HF
through the HF transducer (Ducharme 1991).

Despite its simplistic design, concerns have been raised regarding the reliability of the HF
transducers and their manufacturers calibrations (Ducharme 1991). Nuckols and Piantadosi
(1980) developed a calibration technique and found a significant difference of up to 20% between
manufacturer-supplied calibrations and those found experimentally. Some however, have found
that using a similar calibration method yielded negligible differences in the calibration constants
(Sowood 1986). The HF transducer's design may also lead to an area of concern with the
creation of a thermal resistance (R) (Poppendick 1969, Gin, Hayward et al. 1980, Wissler 1982).
The contact of the HF transducer on the surface of the skin may modify the insulation of the area,
consequently changing the skin temperature and heat flux.

Ducharme (1991) conducted a comprehensive study on various HF transducer models and
calibration techniques and concluded that significant differences were seen in manufacturer’s
constants and recalibrated constants in one model (Thermonetics), but differences weren’t as
great in another common model (Concept Engineering). They concluded that recalibrations are
necessary when using Thermonetics HF transducers only, however, when calibrated properly,
both are equivalent.

Thermistors

Heat flux thermistors were calibrated using a water bath (Scientific Products, Model: 014937).
Temperatures of 10, 20, 30, and 40°C were chosen to encompass the range of expected values.
These were based on temperatures used by Mittleman (1987). The set temperatures were
checked against a standard platinum thermometer.

Heat Flux Cylinder Apparatus

Manufacturer’s calibration constants were checked using a copper encased water bath similar to
those used by Nuckols and Piantadosi (1980) and Mittleman (1987). Water was continuously
circulated in the copper cylinder (D: 0.21, H: 0.18 m) from a supply chiller-heater system through
six tubes (D: 1 cm). Two hoses supplied water to inlet tubes located at opposite ends of the
cylinder, 3 cm from the bottom. Four outlet tubes, situated at equidistant points around the
cylinder, 5 cm from the material-cylinder interface, were connected by hoses to the water supply
for recirculation. Six incremental bath temperatures (10, 20, 30, 40, 50, 60°C) were selected to
provide a wide range of calibration HF values.

Three slabs of insulating Zote’s Foam LTA (D: 0.15 m) were placed on top of the copper cylinder
with fine gauge thermocouples placed centrally between each interface. Heat flux discs were
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then individually placed adjacent to the middle thermistor. To ensure equilibrium was reached at
each temperature, recording took place for 90 mins.

Heat Flux Calculations

Heat flux across a surface is influenced by a number of factors including thermal conductivity,
thickness and area of the surface by which the heat is being transferred over. Using previously
known measurements of the Zote’'s Foam LTA, the below calculations were completed to find the
theoretical HF:

1) Known properties of Zote’s Foam LTA:

- Thickness of the material (Ax) = 0.003 m (given by the manufacturer)
- Thermal conductivity (k) = 0.0364 W/(m-K) (given by the manufacturer)

- Thermal resistance (R) = 0.0824 (mz-K)lW (given by the manufacturer)*

* Thermal resistance (R) can also be calculated from the thickness (Ax) and thermal conductivity
(k) of the material to get the same value:

R =Ax+Kk
= (0.003m) + (0.0364W/(m-K))
= 0.0824(m*-K)/W

- Thermal contact resistance (1/h;) = 0.0066 (mz-K)lW (given from Appendix A)
(Mittleman 1987)**

**Can confirm the units of h, through the following derivation calculation:

Q = (T2A-T25) - (hc'A)_1
[W] = A[K] % he x [m?]
he = [W/(m?K)]

2) Simplify the theoretical heat flux equation to:
Q =[T4-Ts] + [Axa/(ka'A) + 1/(hcA) + Axp/(ksA)]
Q = A x [T4-Ts] = [(1/A) x (Axalka + 1/h; + Axg/kg)]
Q = A x [T4-Ts] = [2(Ax/K)+ 1/hJ]
Q =A% [T4-T3] = [2R+ 1/h,]
Hence, Q = [T4-T5] = [2R+ 1/h ] to get the heat flux in units of [W-m'z].
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3) Plug in the values we know into the simplified equation to get:
Q = [T4-T4] + [2x0.0824(m?*K)/W + 0.0066(m>K)/W]
Q = [T4-T4] + 0.1714(m*-K)/W

Theoretical heat flux (units in [W-m'z]):

Q = [T4-T3] * [0.1714(m?-K)/W]

Heat flux calculations were derived from Mittleman (1987). Below are definitions of the
above calculation terms in order of appearance:

Thickness of the material (Ax): thickness of one individual foam pad between the top
and bottom surface; units, m

Thermal conductivity (k): the property of a material to conduct heat. Materials with
low thermal conductivity are used as thermal insulation; units, W/(m-K)

Thermal resistance (R): the property of a material to resist heat flow. It is the
reciprocal of thermal conductance; units, (m?-K)/W

Thermal contact resistance (1/h;): the property indicating the thermal resistance, or
ability to resist heat flow, between two bodies in contact; units, (m*-K)/W

Thermal contact conductance (h.): the property indicating the thermal conductivity, or
ability to conduct heat, between two bodies in contact; units, W/(m?K)

Heat Flux (Q): the rate of heat transferred through a given surface, per unit surface;
units, W-m?

Surface Area (A): surface area of the contact material, in this case, the Zote Foam
LTR; units, m?

Temperature (T): measured at four different points in the calibration device. T4, top of
outer foam; Tz, top of middle foam; Tog, bottom of middle foam; T3, bottom of inner
foam

Watt (W): the S.I. unit of power, equivalent to one joule per second.
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Table C.1. Regression equations for calibration of heat flux discs.
Temperature Factors Heat Flux Factors
Slope Intercept r2 Slope Intercept r?
1872 (LSc) 1.014 -0.356 0.999 2.976 -65.529 0.987
1873 (RSc) 1.019 -0.309 0.999 2.506 -60.216 0.992
1874 (C) 1.012 -0.204 0.999 2.503 -49.821 0.999
1880 (A) 1.017 -0.267 0.999 2.738 -75.467 0.999
1876 (T) 1.013 0.103 0.999 2.555 -62.169 0.999
1877 (PS) 1.020 -0.043 0.999 2.098 -53.898 0.992
1878 (UA) 1.021 0.048 0.999 2.850 -80.909 0.997
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