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PREFACE

Working at the interface of physics and biology, this dissertation applies the principles of
imaging physics to better understand aspects of brown adipose tissue (BAT) biology. The overall
aims of this dissertation are to provide a detailed introduction to BAT, to increase understanding
of the imaging-derived properties of BAT in adult humans, and to apply innovative magnetic
resonance imaging (MRI) techniques to better characterize a number of intrinsic properties of
BAT. The focus of this work is applying MRI methods to detect morphological characteristics of
BAT, as well as correlating the presence of BAT as detected with MRI to detection with positron
emission tomography (PET)-computed tomography (CT). This includes developing MRI pulse-
programming scripts to improve acquisition of MR data, necessary for making it possible to
acquire high-quality data. Additionally, this thesis investigates imaging-derived differences
between brown and white adipose tissue. The investigations pursued in this thesis led to four
publications, listed below, and the structure of this dissertation is further explained in the

following paragraphs.

I.  Gifford A, Towse TF, Walker RC, Avison MJ, Welch EB. Human brown adipose tissue
depots automatically segmented by positron emission tomography/computed tomography
and registered magnetic resonance images. J Vis Exp. 2015;(96):e52415.

II. Gifford A, Towse TF, Walker RC, Avison MJ, Welch EB. Progress toward automatic
classification of human brown adipose tissue using biomedical imaging. Proc SPIE 9417,

Medical Imaging 2015: Biomedical Applications in Molecular, Structural, and
Functional Imaging, 94170A. 2015. p. 94170A.

1.  Gifford A, Walker RC, Towse TF, Welch EB. Correlations between quantitative fat-
water magnetic resonance imaging and computed tomography in human subcutaneous
white adipose tissue.

Accepted for publication on Nov. 18, 2015, at the Journal of Medical Imaging
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IV. Gifford A, Towse TF, Walker RC, Avison MJ, Welch EB. Characterizing active and
inactive brown adipose tissue in adult humans using PET-CT and MR imaging.
Under review at the American Journal of Physiology Endocrinology and
Metabolism

Chapter 1 provides an introduction to both primary aspects of this work, the biology of
adipose tissue and the applied imaging methods. Chapter 2 describes the study design on which
this dissertation is based. This covers the subjects recruited, the study setup, all imaging
acquisition and the data processing methods employed. Chapter 3 introduces the properties of
white adipose tissue (WAT), and explores the correlation between the image-based metrics
derived separately from fat-water MRI and CT. This chapter parallels the manuscript on WAT,
Paper III. Chapter 4 begins exploring the main focus of this research, MRI of BAT. This chapter
describes the development of an automated masking method to segment BAT in the acquired
images, as described primarily in Paper 1. The chapter then continues, presenting the properties
of both inactive and active BAT, and how these values compare to those of WAT. The second
half of this chapter is a reflection of Paper IV. Chapter 5 presents the progress made towards
developing an automated machine learning method to segment BAT in an automated fashion,
without the need for the binary mask used in Chapter 4. This chapter is derived mainly from
Paper II. Chapter 6 covers additional MRI-derived properties that relate more directly to the
biological functions of BAT. The ideas and concepts proposed in this chapter are preliminary
explorations, the results of which have not been published at this time. Chapter 7 concludes the
entire dissertation, proposes future work, and explores additional techniques for studying BAT.

Portions of text from the above mentioned published articles have been reproduced here,

with permission from the respective publishing journals.



CHAPTER 1

INTRODUCTION

1.1 Motivation and Specific Aims

Adipose tissue is central to many aspects of metabolism in healthy and diseased states.
The role of white adipose tissue (WAT) is relatively well understood, with WAT acting
primarily as an energy storage site as well as being involved in the endocrine system.' > However
a second form of adipose tissue also exists in mammals, called brown adipose tissue (BAT).
Though BAT has been studied since the mid 1500s, it has become the focus of much interest and
excitement in the past two decades. While the scientific community has thought for some time
that the primary role of BAT is to activate in response to cold, thereby releasing heat,*® more
recent evidence shows BAT also performs as an endocrine organ. Research continues to uncover
more about the role BAT plays in the endocrine system, such as secreting adipokines which
signal multiple tissues™® and organs.” Research also shows BAT plays a role in whole body

10,11

metabolism, assisting with glucose homeostasis and insulin sensitivity. While these recent

findings regarding BAT are exciting, much of our understanding of BAT today still comes from
animal models even though studies show that cold-activated BAT is present in adults.'>"*

The research into human BAT is somewhat limited because the primary technique for
detecting BAT is through '*F-fluorodeoxyglucose ('*F-FDG) positron emission tomography
(PET)-computed tomography (CT) imaging. Although a useful technique for detecting the
15,16

glucose metabolism of active BAT, it does not reveal other substrate fuel such as fatty acids,

and is limited due to the use of ionizing radiation. Consequently, to fully understand the function



of BAT and its role in whole body energy metabolism, new imaging techniques need to be
employed. Though magnetic resonance imaging (MRI) has been proposed as an alternative BAT
imaging technique,'” there are still very few studies to date using MRI to study BAT in adults.
Therefore the purpose of this research is to quantify the PET-CT and MRI characteristics of
active and inactive clavicular BAT in healthy adult subjects, and to compare these to the values
in subcutaneous WAT. Specifically, the aim of this research is to answer questions on adipose
tissue morphology, composition and function. To achieve these goals we proposed acquiring
PET-CT and MRI scans on the same cohort of healthy adult subjects after exposing the subjects
to warm or cold temperatures. This would enable the characterization of BAT in both states:
inactive (warm scan) and active (cold scan).

Goal of Specific Aim 1: Use MRI methods to detect morphological characteristics of
BAT, as well as correlating the presence of BAT as detected with MRI to detection with PET-CT.
We hypothesized that BAT would be observable on MRI in both active and inactive states
thereby demonstrating that MRI is a promising alternative to CT for imaging BAT and providing
morphological information.

Goal of Specific Aim 2: Optimize MRI methods for detecting metabolically active BAT, as
compared to both WAT and non-active BAT. We hypothesized that MRI BAT would have a
lower fat-signal fraction under active conditions, and that internally-referenced fat-water MRI
proton resonance frequency shift thermometry can measure the elevated temperature of
metabolically active BAT thereby demonstrating that MRI is a promising alternative to PET for
detecting the activation of BAT.

Goal of Specific Aim 3: Develop and optimize MRI methods for molecular

characterization of BAT, as compared to WAT. We hypothesized that the triglyceride



characteristics such as saturation fraction as measured using MRI, are different between BAT
and WAT.

Successfully achieving these aims will provide a foundation for performing MRI-based
analysis of human BAT. The techniques developed will provide a method to obtain valuable

clinical assessments of BAT and to study BAT’s relationship with many pathological disorders.

1.2 Exploring adipose tissue

1.2.1 Physical Characteristics of WAT and BAT

White and brown adipocytes form two distinct tissue types in the mammalian body, each
with unique characteristics and purpose. WAT serves mainly as a fuel repository for the body,
storing and releasing fatty acids between meals."” Primarily located as a near-continuous
subcutaneous layer with additional depots located surrounding organs; WAT can be considered
to form a large organ, accounting for up to 20% and 40% of the body weight in healthy and
obese adult humans, respectively.'® White adipocytes range from 25-200 um in size.'"”** The
increased size is due to the uptake of fatty acids for storage, which can enlarge the lipid vacuole

size dramatically.?'*

Each white adipocyte is spherical, with a single large lipid vacuole
occupying the majority of the cellular space. This causes the cytoplasm, nucleus and other
organelles to be displaced to the outer rim of the cell,” as seen in Figure 1.2-1. Each adipocyte
also contains limited mitochondria, the organelle responsible for generating most of the cell’s

energy in the form of adenosine triphosphate (ATP), with only enough to provide the ATP for

the cell’s needs.’
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Figure 1.2-1. Schematic of the typical morphology of white and brown adipocytes.

Contrary to WAT, BAT is capable of switching between a passive storage state, here
called “non-active BAT,” and an active state or “activated BAT.” When activated, BAT is
responsible for non-shivering thermogenesis and the release of hormones as part of the endocrine
system. The thermogenic and endocrine properties of BAT will be discussed further in sections
1.2.3 and 1.2.4, respectively. BAT takes form in smaller depots than WAT, primarily located
around or near vital organs. The BAT depot locations for rodents, human infants, and adults are
depicted in Figure 1.2-2. In small mammals such as mice and rats, BAT is located primarily in
the interscapular region, with additional depots located in the subscapular, cervical, perirenal,
and inguinal regions.” These regions are preserved in human neonates and young infants, with
additional clavicular depots and occasional depots also appearing in the periaortic and neck
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region. However, as infants age, the depots of BAT begin to change. By early adulthood, the

primary location of BAT has changed from the interscapular depot to the lower neck and



supraclavicular region. Paravertebral, axillary, perirenal, and periaortic depots occasionally

accompany the clavicular depots.”
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Figure 1.2-2. BAT depot locations in rodents, human infants, and adults.

Unlike WAT, BAT is highly innervated by the sympathetic nervous system and perfused
by a dense vascular network.' The sympathetic nervous system triggers BAT to become active,
thereby releasing heat. This process is covered more in depth in following sections. The
adipocytes forming BAT are also much smaller than WAT, only 15-40 um in diameter.'**° Each
adipocyte is multilocular, containing many small lipid vacuoles, with a more centrally located
nucleus, as seen in Figure 1.2-1. Brown adipocytes are also abundant with mitochondria, which

contain an uncoupling protein (UCP1). UCP1 is uniquely expressed in brown adipocytes' and



exists on the inner mitochondrial membrane.”® The role UCP1 plays in thermogenesis is

discussed more in later sections.

1.2.2  Cell Lineage

Though both are defined as adipose tissues, brown and white adipocytes are derived from
different cell lineages. Additionally, the category of brown adipocytes can be divided into
“brown” and “beige” adipocytes.”” Beige, also called “brite” for “brown-in-white,” adipocytes
are very similar phenotypically to brown adipocytes but are in fact derived from a slightly
different cell lineage and have different cell surface markers than both brown and white
adipocytes.” Beige adipocytes reside in WAT depots and - aside from the cell surface markers -
are initially visually indistinguishable from white adipocytes. However, upon chronic cold
stimulation these white-appearing adipocytes can begin expression of UCP1 and become

29-32

multilocular beige adipocytes. In addition to chronic cold exposure, beige adipocytes can

also be induced through exposure to certain hormones such as Irisin®® and fibroblast growth
factor-21 (FGF-21), and transcription regulators such as PPARy, peroxisome-proliferator-
activated receptor y coactivator 1o (PGC-1a), and PRDM16.**

Though the study of cell lineage is currently ongoing, the following differences have

been shown to exist between the three categories of adipocytes. Classical white adipocytes stem

35,36

from adipocyte precursors derived from mesenchymal stem cells,””” while brown adipocytes are

derived from the same mesenchymal precursors from which muscle and dermis cells are also

27,37,38
d.

derive Beige adipocytes appear to be derived from a similar progenitor to white

28,39,40

adipocytes, however the story is still unfolding. The lineage of white, beige and brown

adipocytes is illustrated in Figure 1.2-3.
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Figure 1.2-3. Cell lineage of white, beige and brown adipocytes.

A few of the distinguishing characteristics and cell markers for the three varieties of

adipocytes are listed in Table 1.2-1.%%*"



Table 1.2-1. Markers and characteristics of white, beige and brown adipocytes.

White Beige Brown

Myf5-negative &

Myf3-negative precursors Myf5-positive precursors

Myf5-positive precursors

Leptin UCP1 UCP1
DPT (Dermatopontin) DIO2
PAT2 PAT2
ASC-1 P2RXS5 P2RX5
ADRB3
HoxC9 (Homeobox C9) Zicl

Abbreviations: UCP1: Uncoupling protein 1, DIO2: Deiodinase iodothyronine type II allows
BAT to sustain an elevated metabolic state.” Bs-adrenergic receptors (ADRB3) are involved in
regulating lipolysis and thermogenesis as well as norepinephrine-induced activation in BAT.®
ASC-1: amino acid transporter is a cell surface protein, PAT2: proton assistant amino acid
transporter-2, P2RXS: purinergic cell surface receptor.

1.2.3 BAT Thermogenesis
As introduced earlier, one of the main roles of brown adipose tissue is to generate heat.

5,44,45 12
" and humans '~ shows that exposure to cold temperatures

Research in both small mammals
causes BAT to become metabolically active and release heat. One mechanism for activating
BAT is through the sympathetic nervous system. The sympathetic nervous system is highly
innervated in BAT,*® and regulates the body’s response to energy deficits due to conditions such
as energy shortages (fasting) or increased energy expenditure (cold exposure).*” The sensation of
cold causes the hypothalamus to release norepinephrine via the sympathetic nervous system,
which signals both WAT and BAT. When the sympathetic nervous system signals WAT, it
triggers lipolysis of the stored lipids, causing the release of nutrients for other organs including
BAT.®

Because BAT is highly innervated it undergoes rapid stimulation when norepinephrine is

released, which signals the brown adipocyte to activate, beginning the thermogenic process. The

10



norepinephrine binds to the f-adrenergic receptors on the surface of brown adipocytes and
triggers lipolysis through the cyclic monophosphate (cAMP)-dependent protein kinase A (PKA)
signaling pathway.” This causes the lipid droplets to undergo lipolysis, providing free fatty acids
(FFAs), which serve as the main substrate for oxidation.”®*® The released FFAs are transported
to the inner mitochondrial space where they serve two purposes. First they undergo f-oxidation,
forming Acetyl coenzyme A (acetyl-CoAs), which enter the citric acid cycle. This results in the
formation of the reduced electron carriers NADH and FADH,, which are oxidized in the electron
transport chain located on the inner mitochondrial membrane (Figure 1.2-4). This, in turn, causes
protons to be pumped from the mitochondrial matrix to the mitochondrial intermembrane space
forming a proton gradient across the membrane. This process is no different than what occurs in
other cells; the difference exists because brown adipocytes contain large amounts of the enzymes
involved,* and because of the unique presence of UCP1.

The second role of the FFAs is to activate UCP1, the central protein in the thermogenesis
cycle. In cells with no UCPI1, or in inactive BAT, the proton gradient is reversed through the
synthesis of ATP by the ATP synthase enzyme.*® The presence of UCP1 however allows the
protons to bypass the ATP synthase enzyme and “leak” back across the inner membrane of

6,50,51

mitochondria, generating heat instead of ATP, as shown in Figure 1.2-4.
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Figure 1.2-4. Schematic of cold-induced thermogenesis in activated BAT. Abbreviations: NE:
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The importance of UCP1 was shown in research of UCPI-ablated (UCP1(—/-)) mice.’>
This research by Matthias et al. showed that UCP1(—/—) brown adipocytes functioned the same as
wild-type cells in the response to norepinephrine (also called noradrenaline) induced lipolysis.
However the wild-type cells had approximately a 10-fold increase in thermogenesis over the
UCPI1(—/-) cells. Their research concluded that thermogenesis cannot be induced in brown
adipocytes lacking UCP1.” It is also possible for BAT to lose its ability to generate heat.
Exposure to warm temperatures reduces the norepinephrine signal to BAT thereby reducing the
amount of activation. Prolonged exposure to warm conditions can cause the adipocytes to
decrease gene expression for UCP1 and increase the production of the hormone leptin, becoming
more WAT-like. Further discussion of leptin and hormone signaling is continued in section
1.2.4. Without UCPI, no thermogenesis can be induced in brown adipocytes, even with
norepinephrine signaling.’* In addition to exposure to heat, research shows that BAT activity can
be suppressed through the use of several different medications such as: B-blockers,” oral
diazepam or intravenous fentanyl.>*

Contrary to losing BAT, it is also possible to stimulate the growth and activation level of
BAT. Research in the primates Macaca mulatta and Microcebus murinus show they recruit BAT
after severe and chronic cold acclimation, in a similar manner as in mice.”>”’ Prolonged
exposure to cold causes brown adipocytes to synthesize new mitochondria and UCP1. The brown
adipocyte count also increases, thereby increasing the total volume of BAT, and the vasculature

6,46
d.”

and neural network are also expande This effect has also been shown in humans where

prolonged exposure to cold increased both the oxidative capacity and volume of BAT.”® Perhaps
even more important is the finding that prolonged cold exposure can cause the formation of

59,60

beige adipocytes within WAT depots. With the majority of the research on adipocyte
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“browning” published in the last three years, the ability to induce beige adipocytes is a hot topic
with much still to be understood. However, the research so far shows that both pharmacological
and environmental effects play a role. For example beige adipocyte recruitment occurs in

62.63 Research

humans after prolonged adrenergic stress from burns,®' and chronic cold exposure.
in mice shows that additional mediators such as Irisin® and FGF-21°>°® may also induce
browning of WAT depots. The possibility of recruiting beige adipocytes is of great interest

because it has been shown mice are resistant to weight gain after enhanced BAT activity and

recruitment of beige adipocytes.*®

1.2.4 Endocrine Function and Hormonal Signaling

Though the classical view of the function of WAT is its long-term fuel storage and of
BAT is its role in non-shivering thermogenesis, both tissues also function as endocrine
organs.’”®® White adipocytes secrete several hormones and adipokines such as leptin, and
adiponectin, and are influenced by other signals such as interleukin-6 (IL-6). Leptin is a hormone
created primarily by white adipocytes that acts in part on the hypothalamus to stimulate satiety®
and inhibit hunger.”’ Research also shows that insulin-resistant patients with lipodystrophy
showed improvement in whole-body insulin-stimulated glucose metabolism after treatment with
leptin.”' Adiponectin, a protein secreted by white adipocytes is another important hormone.
Responsible for several metabolic processes such as glucose regulation and fatty acid oxidation,
adiponectin levels in plasma are high in comparison to other hormones.”” IL6 however is a
cytokine expressed by white blood cells. IL-6 is an important inflammatory molecule, and
increased levels of IL-6 have adverse effects on insulin signaling, and the presence of IL-6 is

inversely related to the secretion of adiponectin.*""
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The two adipokines previously discussed, leptin and adiponectin, are poorly expressed by
brown adipocytes, and their presence or absence is often used as markers to distinguish between
WAT and BAT. Brown adipocytes do however secrete their own endocrine factors, acting on
several tissues and organs. The most prominent BAT-derived endocrine factors are FGF-21, and
IL-6. FGF-21 is a powerful endocrine factor, responsible for promoting glucose oxidation in the
liver, WAT and pancreas.®®’*”* Additionally, recent research shows that FGF-21 can cross the
blood-brain barrier and may act to increase hepatic insulin sensitivity in rats with diet induced
obesity.”® This indicates that BAT endocrine factors can also influence the central nervous
system in a similar manner to traditional adipokines. FGF-21 has also been identified as being
expressed by beige adipocytes, suggesting that beige adipocytes also have an endocrine role.>”’
” In addition to being a proinflammatory molecule, as previously discussed, IL-6 is also
expressed by active brown adipocytes.*® It has also been shown that the presence of IL-6 is
required for BAT transplantation to improve the metabolic status in mice, however it is not yet

81,82

known why. Figure 1.2-5 maps the role of BAT as an endocrine organ, and the factors

secreted by other organs that modulate BAT activity.
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Thermogenic activation
Increase precursors

Figure 1.2-5. Brown adipose tissue endocrine signaling factors, influencing itself, and white
adipose tissue, as well as the heart, brain, liver and pancreas.

Two key factors that act on BAT are Triiodothyronine (T3), and irisin. The first, T3, is a
hormone secreted by the thyroid that affects physiological processes such as metabolism and
body temperature. However, BAT is also capable of producing T3, indicating that BAT also

sends signals that influence the body’s energy expenditure.*>**

The second, irisin, is a protein
secreted by muscle after exercise. Irisin was only recently found in 2012 by Bostrom et al.,** and
quickly received interest for its role in the stimulation of beige adipocyte production. The work
by Bostrom et al. showed that when increased irisin levels were induced in obese mice, it caused

beige adipocytes to form in the WAT depots, the mice lost weight, and their glucose tolerance

and insulin sensitivity were improved. They also showed that blocking irisin diminished
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exercise-induced browning. Since this exciting discovery, research has resulted in conflicting
evidence over the validity of irisin as an exercise-induced hormone that causes browning of
adipocytes in WAT. Overwhelming evidence indicated that there was no correlation between

7,85-87

increased irisin levels and exercise, reducing the possibility for irisin to play a significant

role in the browning of WAT depots in humans. Other research however was able to corroborate
the original findings, showing an elevated level of irisin after exercise in healthy adults,**
including a second report just released by the original group.”® Given the immense potential of

irisin in mediating the browning of adipocytes, it has garnered significant attention; however

there is still much to be learned about irisin.”’

1.3 BAT in Humans
1.3.1 A Brief History

The earliest known work describing brown adipose tissue was performed by the Swiss
naturalist and physician, Conrad Gessner in 1551, when he described a piece of tissue in
marmots as “neither fat, nor flesh, but something in between”.”” Now, nearly 500 years later,
though much has been learned, this type of tissue is still a great curiosity.

Between 1551 and 1976, the majority of our knowledge on BAT came from dissection,
observation and microscopy. Little was published between 1551 and 1670 when Velsch
described tissue in the back of small rodents which he described as gland-like and similar in
structure, appearance, and function to the lymphatic system and the thymus.”® This was largely

believed correct until 1817 when Jacobson proved with research in marmots, hedgehogs, and

bats that the tissue was distinct from the thymus though it was still considered a ductless gland.”
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During the following 100 years the tissue became known by many names, the most common
being “hibernating gland”.”

Though much of the research in those first 400 years focused on animals, studies with
humans - particularly with human fetuses - were performed as early as 1899.” The research
performed by Merkel in 1899, Hatai in 1902, and Bonnot in 1908 showed that the interscapular
and dorso-cervical fat pad of human fetuses was similar in features to the so-called hibernating

gland in previous mammal research.””

Bonnot also showed that the fat pad volume varied and
was largest in fetuses from well-nourished mothers.”® At this time Bonnot also found and
characterized tissue with similar properties in 25 adult humans, being one of the first to do so. He
described the tissue as possessing similar color, cellular properties, and blood vessel density to
that of fetuses and small mammals.”® His autopsy work showed the largest region of the tissue
occurs in the lower neck and clavicular region, with extensions down to the superior scapula and
up to the mastoid process.

Starting in the early 1900’s until the 1990’s, limited research was performed on brown
adipose tissue in humans. Two reports of brown fat-like tumors were published in 1927 and
1950: The first one discussed the appearance of a tumor in the neck of an 11-week-old female
child,”” and the second one regarding a tumor in the posterior cervical region of a 21 year old
male.” Two of the largest histological studies on the presence and location of brown fat in
humans were performed by Heaton in 1972, and Tanuma et al. in 1975.”” Heaton performed
complete autopsies on 14 children aged 0 to 10 years, 7 adolescents 11-20 years, and 31 adults
aged 21-70 years, who had all been healthy before dying suddenly. His findings indicated that

BAT was present in adults throughout life, but the number and size of BAT depots diminished

greatly after 50 years of age. In the work by Tanuma et al., they performed biopsies of the

18



perirenal fat in 125 humans aged 1 month to 86 years. The results from Tanuma et al. indicated
that the presence of BAT in the perirenal depot is most prominent in infants and declines with
age. It is from this work that much of the understanding regarding the location of BAT in adult
humans is derived, as well as the thought that the presence of BAT declines with age. Apart from
these studies, little else was published in the 1900’s on BAT in humans. Perhaps this was
because BAT was still believed to be a gland associated with hibernation, and therefore research
focused on hibernating mammals.”'*>!! Or perhaps it was because of the limited number or
studies reproducing Bonnot’s 1908 findings in adults. Whatever the reasons, it was not until the

late 1900s that interest in studying BAT in humans was rekindled.

1.3.2  The Re-“Discovery” of BAT in Humans

Prior to the invention of tomographic imaging techniques, all research on BAT was
conducted using dissection and microscopy techniques. However this quickly changed when it
was discovered in 1980 that tumors and other tissues with high glucose metabolism showed
marked uptake of the PET radiotracer '°F-FDG.'" Although this finding almost immediately
solidified the use of '*F-FDG PET scans as a major clinical tool, almost 20 years passed before
Engel et al. first made reference to areas of “artifactual accumulation” of ""F-FDG in the
shoulder region of patients.'”® At this same time in 1996, Barrington et al. also noted patterns of
'SF-FDG uptake in the neck and paravertebral space. At the time, these regions of uptake were
attributed to muscle, partly because of the lack of soft-tissue contrast in the PET images, and
partly due to the disappearance of the “artifactual accumulation” after taking muscle relaxants

104

and performing a second scan.'®™ The muscle relaxant used to reduce the uptake of '*F-FDG is in

the benzodiazepine family of drugs.
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In 1998 a breakthrough in medical imaging occurred when PET and CT scanners were
combined.'” Using the newly combined power of the PET-CT scanner, Hany et al. analyzed 638
patients admitted for PET-CT scans in 2001."" They noted that while the symmetrical '"*F-FDG
uptake in the neck and cervical spine region was well known, up to that point it had been
attributed to muscular uptake. The work by Hany et al. aimed to re-evaluate this tissue region
with the relatively newly combined PET-CT machine, using the soft-tissue contrast provided by
the CT scanner to distinguish the tissue with increased glucose uptake. Of the 638 patients
analyzed, only 17 showed the symmetrical '*F-FDG uptake pattern. However, Hany et al. noted
that the uptake in all 17 patients was localized to regions of adipose tissue, not muscle, as
defined by the CT image. From these results, Hany et al. hypothesized that this tissue was in fact
BAT, as the location correlated to the location of BAT described previously.” Two years later
Cohade et al.'”” and Yeung et al.'” both separately reported on the uptake of '*F-FDG in the
clavicular region of patients admitted for PET-CT scans. Both groups also noted that the regions
of clavicular uptake were localized to areas of adipose tissue, and should not be confused with
regions of malignant or metastatic uptake. Cohade et al., also attempted to coin the term “USA-
fat”, for Uptake in the Supraclavicular Area Fat,'’” but the term was not adopted widely.

This sudden availability and ease of imaging in the clinic resulted in the unexpected
detection of regions of BAT and began to reignite an interest in studying BAT in humans.
However even with these reports on the possibility that adults retained BAT depots, the majority
of the studies over the next several years aimed not to understand the tissue, but rather how to
pharmacologically reduce the uptake of '"*F-FDG in BAT to remove it from PET scans.”>”*'* It

was not until 2009 that three independent groups all provided histological confirmation that BAT
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was responsible for the '*F-FDG uptake in the clavicular adipose tissue of healthy adult humans

under controlled studies,'*

which caused interest in the field of BAT research to explode.
1.3.3 Is FDG Indicative of Active BAT?

Because activated BAT takes up glucose, the scientific community thought it probable
that the uptake of "*F-FDG in adipose tissue was representative of BAT. However, as previously
mentioned, this was not confirmed until the work performed by Saito et al,12 Virtanen et al.,13
and van Marken Lichtenbelt et al.,'* in which they performed PET-CT scans on healthy adult
subjects. Additionally, two of the studies were performed after exposing the subjects to both cold

and warm temperatures for two hours.'>'*

In the work by Virtanen et al., a tissue biopsy was
performed of both the supraclavicular BAT and the subcutaneous WAT after each scan. Tissue
biopsy analysis showed that UCP1, DIO2, PGCla mRNA, PRDM16, and ADRB3 were all
increased in the BAT biopsy tissue multifold over the expression detected in the WAT biopsy.
The presence of these five markers indicated that the adipose tissue exhibiting uptake of '°F-
FDG is indeed brown adipose tissue.

However, care must be taken to distinguish between the fact that the presence of elevated
levels of '*F-FDG in adipose tissue is indicative of activated BAT, and the incorrect conclusion
that an absence of 'F-FDG would indicate an absence of BAT, or BAT that is not active.
Without biopsy samples of the tissue it is not possible to determine for certain if the tissue is
indeed BAT. This illustrates one of the main issues with using PET-CT imaging to detect BAT:
it relies on the uptake of "*F-FDG by active brown adipocytes to determine the presence of BAT.

Therefore, if no uptake occurs, it is assumed that BAT does not exist in that subject. Previous

research shows this is untrue, and that brown adipocytes are present in the supraclavicular
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adipose depot of subjects who are PET-negative.''’ Biopsy samples of the clavicular adipose
depot in these subjects mainly contained unilocular adipocytes, but there existed a scattering of
multilocular cells, which stained positive for BAT specific markers such as UCP1.'"°
Furthermore, other work shows that the supraclavicular adipose tissue of PET-negative subjects
is capable of differentiating in vitro into brown adipocytes.''' These two findings demonstrate
that the prevalence of BAT in adults may be higher than PET scans indicate, which is exciting

when considering the possible role BAT may play in mitigating the metabolic syndromes.

1.3.4 Is Human BAT Brown or Beige?

Given that both brown and beige fat exist, it becomes important to determine which fat
occurs in humans. Research shows that it depends on where you look. It was initially thought
that humans had beige adipocytes, not brown.”” This was disputed when Lidell et al.''* and
Cypess et al.'”® each showed that humans have both brown and beige adipocytes and that the
type of fat present depended on the anatomical location. The work performed by Lidell et al.
focused on human infants, and showed that the interscapular depot expressed UCP1 and Zicl (a
Zinc finger of the cerebellum protein), an indication of brown fat. They also analyzed perirenal
adipose tissue, noting that due to the low expression of Zicl and higher expression of Homeobox
protein HOX-C9, this tissue was more likely to be beige adipose. Cypess et al. analyzed the
layers of fat in the necks of adult humans, discovering that white, beige, and brown adipocytes
can be present. Their work showed that the most superficial subcutaneous adipose tissue
contained no UCP1 and displayed adipocytes consistent with classic white adipose tissue. A
second region of adipose tissue that had sporadic expression of UCPI1 and appeared more

consistent with the morphology of beige adipocytes. The deepest level of adipose tissue had
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characteristics consistent with classical BAT, with the smallest lipid vacuoles and highest
mitochondrial count. Furthermore, this deep adipose layer expressed both UCP1 and Zicl,
indicating true brown fat.

The distinction between which type of adipose tissue occurs in humans is important
because each tissue may respond to unique external catalysts. Therefore, understanding which
tissue is present could better direct research. And since humans do appear to have both beige and
true brown adipocytes, this indicates that the metabolic benefit of BAT to rodents may also

translate to humans.*>!'*

1.3.5 Prevalence and Significance of BAT in Adult Humans

Until roughly 10 years ago, uncertainty remained regarding the presence of BAT in adult
humans. Though it is now well accepted that adults have BAT depots its prevalence is still
unknown. Retrospective studies of elevated '*F-FDG levels are often used to quantify the
prevalence of BAT in the adult population, citing the prevalence as anywhere from 7%'"" to
33%'?. However, retrospective studies do not necessarily provide an accurate measure, partly
because the study conditions are not controlled, and also because BAT may be present even
without the elevated uptake of '*F-FDG. More recent prospective studies indicate a much higher
prevalence, ranging form 40-100%.">'*'">"'"® The results from the research for this dissertation
show a prevalence of 83% in the subjects studied.

Is the presence of BAT significant for humans? The thermogenic nature of BAT is
perhaps more necessary and useful in human infants, as BAT forms a larger percentage of body
mass and total adipose mass, and the surface area to volume ratio is much larger. Additionally,

newborn humans transition from an environment at 37°C to an environment typically at much
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lower temperature. This factor along with a higher surface area-to-volume ratio than in adult
humans, makes it specifically challenging for infants to maintain their internal body temperature

"% Adult humans have a higher ratio of heat production due to basal

in a homeothermic range.
metabolism and the smaller surface-area-to-volume ratio relative to infants. It is possible that the
more important function of BAT in adult humans is not the release of heat, but rather its
contribution to the endocrine system, however this research is currently ongoing.

BAT in mice accounts for approximately 5-10% of their total body weight, while in

120 When activated by exposure to 18°C,

humans it is roughly 0.05-0.5% total body weight.
approximately 60 grams of human clavicular BAT had a glucose uptake rate of 12.2 umol per
100 grams per minute. If continually active at this rate, the BAT would have taken up 11 mmol
of glucose in 24 hours."” However, the predominate substrate for BAT activation is free fatty
acids, and in rats it has been shown that only approximately 10% of the total BAT metabolism is
from glucose.'”' Therefore, if this ratio of glucose to fatty acids in BAT metabolism holds true
for humans, then the amount of fuel consumed could be important. For example, if the rate of 11
mmol of glucose per 24 hours constitutes only 10% of the total metabolism, with fatty acids
accounting for the remainder, then this would result in approximately 4-5 kg of adipose tissue
being metabolized in a year. Therefore, given that this is a small amount of fat relative to total
body weight, it is possible BAT is more useful as a method of metabolic maintenance rather than

weight loss.'**'%

1.3.6  Where Is the Field Now?
The field of BAT research has been ongoing for hundreds of years. However, as

discussed previously, it is only within the past 10-15 years that the research on BAT in humans
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has renewed. In February of 2014, the National Institutes of Health (NIH) National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) hosted a workshop titled “Exploring the
Roles of Brown Fat in Humans”.'** From this workshop it became clear that the current field of
human BAT research is still limited due to the lack of definitive noninvasive methods to quantify
the mass, activity level and potential for activation of BAT in all locations and forms (i.e. brown
or beige). Most imaging studies employ PET-CT to detect and characterize BAT, and a few
studies use MRI instead, or PET/MR systems. However, no studies have used PET/CT and MRI
on the same subjects. Furthermore, though known that the behavior of BAT differs between its
active and inactive states, many of the studies obtain data only after exposure to cold. The
research methods presented in this dissertation are, to our knowledge, novel in the field of human

BAT research. Table 1.3-1 summarizes the methods used in many of the recent imaging-based

studies on human BAT.
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1.4  Imaging Methods Used in this Research
1.4.1 Positron Emission Tomography

Though Positron Emission Tomography (PET) imaging was invented in 1961, it took the
formation of the radiotracer fluorine-18-labeled glucose analog, Fluorodeoxyglucose, or '*F-
FDG in 1976'% and the discovery in 1980 that tumors show a marked uptake of '*F-FDG'®* for
PET imaging to assert itself as a clinical imaging necessity. It is partly due to the general clinical
availability and prevalent use of PET imaging that PET became the principle modality for
detecting BAT in adult humans.

The principle of PET imaging is based on the detection of radiation emitted from a
positron-electron annihilation event. First a radiotracer is injected into the body to be imaged,
and this radiotracer becomes distributed through the body. As the radioactive tracer, or
radiotracer, undergoes radioactive decay, it emits positrons. The emitted positron then interacts
with a nearby electron causing an annihilation event and the formation of two 511-keV photons,
as depicted in Figure 1.4-1. These two photons travel in nearly opposite directions and are
detected by two cameras on opposite sides of a ring of cameras surrounding the object to be
imaged. If the two cameras register the two photons to within 6-12 nanoseconds of each other,
then this is considered a true event and it is assumed that an annihilation event occurred along
the line between the two detectors. Therefore, by detecting the number and spatial distribution of
the photon events, it is possible to reconstruct an image of the concentration of positron decays

within the imaged object.'*
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Figure 1.4-1. Positron Emission Tomography schematic. The positron-emitting radionuclide
injected into the subject emits a positron, which travels a short distance and interacts with an
electron. The causes an annihilation event from which two 511 keV photons are emitted at
approximately 180 apart. When two detectors register the photons to within 6-12 nanoseconds it
is logged as a true event and the annihilation is assumed to exist along the path between the two
detectors.

A very common radiotracer is '"F-FDG. Along with standard glucose, cells take up '*F-
FDG by the Glut-1 and Glut-3 transporters. Both '"*F-FDG and glucose are then phosphorylated
by hexokinase, turning glucose into glucose 6-phosphate and '"F-FDG into '*F-FDG-6-
phosphate-4 (‘*F-FDG-6-PO,). At this stage glucose 6-phosphate continues down the glycolysis
pathway, but '*F-FDG-6-PO, becomes trapped due to the presence of the '°F in the position of
the normal hydroxyl. Once the '*F isotope decays it turns into oxygen-18, allowing the molecule
to be metabolized in the same manner as normal glucose. The phosphorylation of glucose is
proportional to the metabolic rate of a cell; therefore cells with a higher metabolic rate will take
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up glucose and consequently more '“F-FDG. The increased glucose demand of active BAT
combined with the relatively long half-life of the '°F isotope (110 minutes), makes '*F-FDG an
attractive radiotracer for imaging active BAT.

PET imaging is inherently quantitative, and the most widely used quantified parameter
from a PET scan is the standardized uptake value (SUV). The SUV of a PET image is calculated

on a pixel-by-pixel basis as follows:

SUV = (pixel value) * (subject weight [grams])

— [1.4-1]
actual activity

where (pixel value) is the stored value in the digital imaging and communications in medicine

(DICOM) file for the given pixel location, and:

—time elapsed
2(PET tracer half-life)

actual activity = (PET tracer activity) * [1.4-2]

and:

time elapsed = (scan time) — (injection time) [minutes] [1.4-3]

The quantity (PET tracer activity) is the radionuclide total does, the value of which can be
obtained from the image meta-data in the DICOM header file. If the entire injected dose of FDG
remained in the body and became uniformly distributed, then the SUV everywhere would be 1

g/ml. With the assumption that 1 ml of tissue weighs 1 g, SUV values would be unitless.
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However, because 1 ml of tissue does not always weigh 1 g, it is more appropriate to use the
units of [g/ml] for SUV images.'?” There are several additional assumptions made regarding the
calculation of SUV. These include the assumption that there is negligible free FDG in the tissue
at the time of the PET scan, meaning that all the FDG was taken up by tissue and can therefore
be quantified as the uptake value. Also the assumption is made that all tissues are affected in the
same way by glucose levels. Furthermore, tissue uptake of FDG may not plateau at same rate in
different subjects, meaning that the maximum FDG may not be reached in the same timeframe.
Similarly, subjects were scanned at different times post injection, typically varying within 20
minutes of each other, so variation in uptake period could cause variation in SUV.'*® A few
healthy tissue SUV levels measured from '*F-FDG PET scan are listed in Table 1.4-1 (data are

presented as median + range).'”

Table 1.4-1. SUV levels of healthy tissue measured by '*F-FDG PET scans. Data are presented
as median + range.

Tissue SUV mean
Myocardium 5.86 +4.33
Liver 2.55+0.44
Subcutaneous WAT 0.28 £0.11
Bone marrow 1.69 £ 0.49
Lung 0.42+0.12
Blood pool 2.02+0.33
Psoas muscle 0.74+0.17
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The spatial resolution of PET imaging is limited by several factors. First, the emitted
positron does not interact with an electron immediately, but travels some distance during which

time the positron loses kinetic energy.'*’

The distance traveled depends on the isotope and on
both initial energy and tissue density, and for '°F the distance in soft-tissue is approximately
0.64mm."*® Therefore the annihilation will occur some distance away from the decay event. The
second factor affecting resolution is the noncollinearity of the two emitted photons. When the
annihilation event occurs residual momentum can cause the two photons to not release exactly
180° apart. Therefore, the position of the two photons detected on opposite sides of the detector
ring is slightly out of alignment. The typical size of a human whole body PET scanner results in
a loss of resolution on the order of 1-2 mm. The third factor affecting resolution is Compton, or

incoherent scattering. During Compton scattering the photon interacts with an electron causing

the photon to loose energy and scatter in a new direction. These three factors are illustrated in

Figure 1.4-2.
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Figure 1.4-2. Three factors influencing the resolution capability of PET imaging: A) Finite
position range: the emitted positron travels a distance prior to interacting with an electron, B)
noncollinearity: when the positron and electron interact, the residual momentum is transmitted to
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the photons, causing a deviation from 180° (8), C) Compton scattering: the photon emitted after
the annihilation event interacts with an electron in its path, causing the photon to loose energy
and deflect to a new direction.

Additionally, contrast (C')) between two tissues, A and B in an image arises from a

difference in measurement between the two tissues, and can be expressed as:

C=——— [1.4-4]

With '"F-FDG PET imaging the difference in measurement is the direct result of the
accumulation of '®F-FDG in the tissue. Therefore, contrast only exists between tissues if the two
tissues metabolize different amounts of glucose. This causes a problem for imaging BAT, as the
glucose metabolism of inactive BAT is not different than WAT. Therefore PET imaging of BAT

is only useful when BAT is active and the glucose metabolic rate is higher.
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Figure 1.4-3. Coronal PET maximum intensity projection images from a thermoneutral and cold
scan, displayed in inverted gray scale. The clavicular regions of increased '*F-FDG uptake
(arrow, cold scan) are not visible in the thermoneutral scan (arrow, thermoneutral scan).

1.4.2  Computed Tomography

Although ""F-FDG PET imaging contributes important information on the glucose
metabolism of BAT, spatial certainty and tissue distinction are also necessary to detect and
quantify BAT. Because of this lack of tissue distinction in PET imaging, it was not until 2001
when CT combined with PET that identifying BAT was possible.

Computed tomography, or CT, imaging is based on x-ray imaging. CT employs a beam
of x-rays, or high-energy photons, which are targeted at the object to be imaged. Located in a
ring around the object is a series of digital x-ray detectors connected to a computer (Figure
1.4-4). The beam source then rotates quickly around the object and the x-ray detector on the
opposite side of the object from the source measures the x-rays as they leave the object. Each

time a full rotation is completed, the computer reconstructs the measured signal from the x-ray
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detector to create a 2-dimensional image slice of the patient, typically ranging from 1-10 mm.
The object is then moved incrementally past the detector and another circuit is completed. In this

manner slices can be built up to create a three-dimensional image of the object.

Figure 1.4-4. Computed tomography imaging schematic.

CT imaging is based on quantifying the attenuation of the x-rays as they pass through the
object. As the x-ray photons pass through the object, they get absorbed, which results in less
energy; this process is known as attenuation. The photons are dissipated either through the
photoelectric effect or Compton scattering. The photoelectric effect occurs when a photon
interacts with an electron and all the energy is used to eject the electron from the atom. No

photons are released from this event. The second method of photon interaction, Compton
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scattering, was described previously. Contrast in a CT image is therefore the result of
photoelectric absorption and the electron densities of different types of material.
Calculation of the attenuation for a given voxel 7 in an image is performed as follows.

The detector-measured intensity (N;) of the x-ray after traveling through one voxel is given by:
N; = Nye~Wik1) [1.4-5]

where Ny is the initial x-ray intensity, w; is the x-ray path length through the voxel, and y; is the
attenuation coefficient of the material in the voxel. Therefore, the detector-measured intensity

(N;) of the x-ray after traveling through N voxels is given by:

Nl ] NOe_(Wlﬂl)e_(WZMZ)e_(W3H~3) ...... e_(Wnﬂn) |14-()|
Then, by dividing both sides by N, and multiplying by -1, taking the natural logarithm of each

side together with the rule that the product of exponential functions is equal to the sum of

exponents, this results in the following:

i
- lnN_ = Wiy + Woly + W3z + o0 Wnln [1.4-7]

The left side of Equation [1.4-7] is the resulting measurement, termed X;, and each w, u,, term
represents the attenuation within a voxel i, which can be simplified as u;, resulting in the

following simplified equation:
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Xi=u +u, +uz+--+u, [1.4-8]

Therefore, by collecting views from multiple angles around the object, it is possible to measure
the value through the same pixel multiple times. Doing so enables back-calculation of the
unknowns in each voxel. The convention is to translate the calculated attenuation with an integer

value, called Hounsfield Units (HU), calculated as follows:

K(u —-u
CT HU = ( voxel water) [1.4-9]

uwater

Here, u,,,e; 1 the calculated attenuation, w4 is the attenuation of water and equals 0 by
convention, and K is an integer constant of 1,000."*" Hounsfield Units are named after Sir
Godfrey Hounsfield, an English electrical engineer who shared the Nobel Prize in Physiology or
Medicine in 1979 with Allan McLeod Cormack, for his part in developing the x-ray computed
tomography technique. Typical HU values of healthy tissue are listed in Table 1.4-2, and Figure

1.4-5 shows a representative axial slice of a CT image.

Table 1.4-2. Hounsfield Units of healthy tissue.

Tissue HU Value
Air -1,000
Lungs -500
Adipose tissue -100
Water 0
Kidney +30
Liver +50
Cancellous bone +700
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Figure 1.4-5. Coronal CT slice through the head and abdomen of an adult. This image displays
the range of HU values present in CT images, for example, between adipose tissue and bone.

Because the attenuation through different tissues can vary significantly, the tissue
contrast and therefore anatomical distinction between soft and hard tissues such as muscle and
bone in CT images can be high. Because of these differences it is relatively easy to distinguish
between BAT and surrounding tissues such as muscle or bone, regardless of BAT’s activation
status. However, the ability to distinguish soft tissue contrast is more dependent on the signal-to-
noise ratio (SNR) and contrast-to-noise ratio CNR, and may require a high dose CT scan to
clearly distinguish between soft tissues with similar attenuation coefficients. Thus the difference
in attenuation through inactive versus active BAT is not as drastic without higher dose CT scans.

When BAT is activated over a short period of time it is characterized by an increase in
blood flow,"**"** which would raise the HU value of BAT (making it less negative). If activated
over a long period of time, activated BAT begins to deplete the lipid vacuoles, reducing the
amount of fat in the adipose tissue.**'*' This would also raise the HU value of BAT. Therefore,

causing BAT to be active for the short periods of time characteristic of typical human studies
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would result in a lower contrast between the active and inactive states as measured using CT HU

values than that as measured by PET SUV-values.

1.4.3 Magnetic Resonance Imaging

MRI was developed in the 1970s around the same time as PET, and used as early as 1989
to study BAT in laboratory rodents. This early work with rodents demonstrated the ability for
MRI to not only distinguish BAT from WAT,"**!** but also the difference between the BAT of
warm-housed and cold-acclimated rats.*® A few years later, research was performed using
magnetic resonance spectroscopy (MRS) to acquire spectra of interscapular BAT,
periepididymal WAT and leg muscle tissue of rats."’’ In these samples, the water-proton
percentage was roughly 46%, 20% and 99% in BAT, WAT and muscle respectively. This is
possibly the earliest work quantifying the water content of BAT and WAT using MRS. However,
perhaps because MRI is not as widely utilized clinically nor is the data as easy to acquire and
analyze as PET-CT, it was not until recently that MRI began taking root as a promising primary
method for detecting and quantifying human BAT.

Unlike PET and CT, MRI does not rely on ionizing radiation to produce images. Instead,
MRI relies on how nuclei respond to absorbed radio frequencies. Additionally, the image formed
by MRI is influenced by factors such as how the absorbed energy is re-emitted, called relaxation,
and the movement of the nuclei out of or into the imaged plane, called flow. In addition to the
anatomical information contained in an MR image, MRI can measure the variations in molecular
electron distribution providing chemical information as well. It is this combination of anatomical
and chemical information, along with the versatility of MRI that makes MRI such a powerful

modality.
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MRI systems utilize three types of magnetic fields to generate signal: a strong static main
magnetic field (By) with units of Tesla (T), electro-magnetic radio frequency (RF) fields, and
linear gradient fields. The main magnetic field aligns with the bore of the MRI machine, and by
convention is called the z-axis or the longitudinal axis. When placed in a strong external
magnetic field (for example, By) the hydrogen protons align along By (Figure 1.4-6) and resonate
with a precise frequency called the Larmor frequency, which is directly dependent on the

strength of By:
w = YB, [1.4-10]

Here w is the Larmor frequency (in Megahertz), y is the gyromagnetic ratio (42.57 MHz/T for

H') and By is the external magnetic field (in Tesla).

SI «069 % 61
vb*O 666

Each n}lcleus behaves B -0 Bo >0
like a tiny bar magnet.

<

Randomly oriented Highly oriented

Figure 1.4-6. 'H nuclei behave like tiny bar magnets. In the absence of an external magnetic
field (By = 0), the nuclei are randomly oriented. However, in the presence of an external
magnetic field (Bo > 0), the nuclei align themselves along By, either parallel or antiparallel. The
sum of all the individual nuclei result is called the net magnetization, M.

39



However, to detect information from the nuclei, they must be perturbed away from their

alignment with By, as seen in Figure 1.4-7. This is achieved through the use of a time-varying RF

pulse, called B_l)(t), applied perpendicular to By and matching the Larmor frequency of the nuclei

of interest:

B_l)(t) = B1 — Sin((l)RFt)

0

cos(wgpt) ]
[1.4-11]

Here wgf is the frequency of the applied RF field B_l), where the magnitude B, is typically in
fractions of a Gauss. Applying the RF pulse causes the protons to deflect away from B,

synchronizing and rotating in phase about B; towards the x-y plane. This angle of rotation about

B_l) is called the RF flip angle («), Figure 1.4-7-B, and is described by:

a= yB_l)t [1.4-12]

where t is the duration of the RF pulse.
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Figure 1.4-7. As seen in Figure 1.4-6, in the absence of other forces, the net magnetization (M)
aligns along By (A). When the RF field (B;) is applied perpendicular to By, this causes M to
rotate about B1 by an angle a (B).

After this excitation, the protons re-emit the absorbed RF energy in a process called
relaxation. Relaxation occurs in two ways: longitudinal and transverse relaxation. Longitudinal
relaxation occurs when the excited protons interact with the surrounding molecular lattice
thereby releasing energy. This causes the bulk magnetic moment of proton nuclei to return to
equilibrium in an orientation along By, characterized by the value T, as seen in Figure 1.4-8-A.
T, is the time required for the net magnetization to return to 63% of the original value, prior to
excitation. Transverse spin-spin relaxation is the result of the transfer of energy between excited
protons in different energy states. This causes the protons to gradually de-phase, characterized by
T,, the time required for the transverse magnetization to decrease to 63% of its original value, as

seen in Figure 1.4-8-B.
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Figure 1.4-8. After the application of the RF pulse, as in Figure 1.4-7-B, two forms of
relaxation occur: 1- longitudinal relaxation, governed by T;, causes M to “relax” back to
equilibrium (A), 2- transverse relaxation, governed by T, causes the spins in the transverse plane
to dephase (B).

The precessing transverse signal induces an electrical signal received by the RF coil. The
changes in the induced current correspond to changes in the transverse magnetic moment over
time, and the decay of the signal is called the free induction decay (FID). The FID decays at a
rate called T,*, a time constant related to both T, relaxation and magnetic field (By)

inhomogeneities.

1.4.3.a) Fat-Water MRI

The majority of the MRI work presented here is based on a method called fat-water MRI,
or FWMRI. FWMRI is a method that separates the MRI signal from water and fat based on
chemical shift encoding. MRI primarily detects signal generated from protons, which are either

part of water, or molecules such as proteins, carbohydrates, or fat. Nuclei of different molecules
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with different numbers of electrons experience variations in an effect called electron shielding,
which results variations in the effective magnetic field experienced by the nucleus. The electron
shielding felt by protons in water is less than that of protons in triglyceride molecules of fat. This
causes the proton resonance frequencies to be different between water and fat. Furthermore, the
protons in triglyceride molecules do not all experience the same electron shielding, and therefore
fat is better described by multiple frequencies. The chemical shift of the resonance frequency,

Af.s is related to By as:

Af,.s = yByAS[ppm] - 107° [1.4-13]

where y is the gyromagnetic ratio. At 3T, the main fat protons resonate 420 Hz more slowly than
water (Figure 1.4-9). However, the resonance frequency of water is temperature dependent,
which can cause the apparent chemical shift between fat and water to change based on

temperature. The temperature dependence will be explored further in Section 1.4.3.b).
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Figure 1.4-9. Chemical shift in frequency of fat to water at 3 Tesla.
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This difference in frequency between water and fat creates a phase shift, which can be
encoded by acquiring images at different echo times (TE). A simplistic model of the signal Y (t)

from water and fat in a voxel as a function of time t is given by:

Y(t) = W + Fe'@st [1.4-14]

where W and F are the water and fat signals respectively at time (¢ = 0), and wg = yBy —
(6 — 8y) is the difference in resonance frequency between water and fat due to the chemical
shift. This enables the signal from water and fat to be separated, resulting in an image based
primarily on water protons and another based on fat protons.

The first chemical shift based separation of water and fat images was performed by
Dixon in 1984."*® The original Dixon technique is based on the simplification that the spectral
dimension is only sampled at two key points: one where the fat and water resonances are in-
phase and one where the water and fat are 180 degrees out of phase. This generates an in-phase
(IP) image, where the voxel intensity is proportional to the addition of the transverse
magnetization of both the water and fat components, and an out-of-phase (OP) image, where the
voxel intensity is proportional to the difference between the water and fat transverse

magnetization.

Yp= W+F

Ypp = W —F [1.4-15]
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Therefore, adding the in-phase (IP) and out-of-phase (OP) images results in a water image, while

subtracting the OP image from the IP image results in a fat image'>*.

_ Yip +Yop

1.4-16
Yip —Yop 14101

Example MR fat and water images are displayed in Figure 1.4-10. Dixon imaging assumes the
image phase is only due to chemical shift, however local variations in the field can also produce
phase errors causing the water and fat signals to be confused and “leak™ into the opposing image.
A few approaches to correct for these difficulties include increasing the number and timing of
the spectral samples, using a more accurate signal model, and algorithms to correct for phase

CITors.
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Fat Water

Figure 1.4-10. Magnetic Resonance fat-water separated coronal images of a Canine.

To adjust for the off-resonance effects caused by By inhomogeneities, the signal equation

is adjusted to include an unknown frequency w that varies from voxel to voxel:

Y(t) = (W + Fe'®st) giwt [1.4-17]

In this equation W and F are the water and fat signals at (t = 0), and the frequency wp =
¥By (65 — &y) is the difference in resonance frequency between water and fat due to chemical
shift. Dixon's original 2-point method did not include the e'®t term because the absolute value of
the IP and OP images were used'’®. However, this approach only applies when the signal from
water is greater than the signal from fat. This is not always the case in a given voxel; for example

it is not the case in subcutaneous WAT, which contains more fat than water.
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Estimating w in each voxel produces a map of the inhomogeneity in the main magnetic
field (Bo),"””'* and acquiring data at additional echo times simplifies the estimation of w.'*
Additionally, Eq. [1.4-17] assumes no relaxation occurs, which can only be approximated for
t K T,. Incorporating T>* into the signal equation produces a more accurate estimation of water

and fat, while also providing a T>* map of the acquired image, and the equation becomes:
Y(t) = (W + Felwst) gliw-Rp)t [1.4-18]

1 . . .
where R; = P and here is assumed equal for water and fat. Because of the increase in the
2

number of nonlinear terms to be estimated in each voxel, T>* can only be estimated if more than
3 spectral samples are acquired.

Another approach to correct for errors in the water-fat separated images is to use a fat spectral
model with more than one peak. So far the assumption has been made that all fat can be
estimated by a chemical shift of 1.3 ppm; however, this is only valid for approximately 60% of
fat protons. An example of a 9-peak fat spectrum is illustrated in Figure 1.4-11. Because fat is
more accurately modeled with multiple peaks it is beneficial to use a signal model that accounts

for multiple fat resonances:

M
Y&)=W+F z ay ei“’Mt) e (lw=R2)t [1.4-19]

m=1

Here the fat protons are assumed known a priori to exist at M resonances with frequencies

Wy, = YBy(8,, — Oy ) and relative amplitudes a,,,.
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Figure 1.4-11. 9-peak fat spectrum model.

Using multiple fat resonances increases the accuracy of the model and results in more accurate
estimation of the water and fat signal.'"*' The research presented in this dissertation utilizes two
fat spectral models, a 6-peak'**'*’ and a 9-peak'** model. These two fat spectral models will be
explained and elaborated in Section 2.4.1.

In the work presented here, we aim to characterize two primary results from FWMRI
scans: fat-signal fraction (FSF) and the transverse signal decay rate (R,*). The first of these, FSF,
is calculated from the water and fat separated images, which result from solving Eqn. [1.4-19].
The fat-water separation method used in this work will be further described in Section 2.4.1. The

FSF image is calculated as:

Fat
FSF = —MM [1.4-20]
Water + Fat

in voxels where the signal is greater in the fat image (fat dominant), and
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Water
FSF=1—-————— [1.4-21]
Water + Fat

in voxels where the signal is greater in the water image (water dominant). FSF is calculated in
this manner to reduce the effect of noise bias.'* The resulting image pixel values are 0 < FSF <
1, which in this work has been scaled by 100 to result in units of percent [%]. This results in a
quantitative measure of the relative fraction of signal arising from fat protons.'*® An example
coronal FSF image of a human female can be seen in Figure 1.4-12.

FSF is therefore a useful method for quantifying the difference between BAT and WAT
because, as discussed earlier, brown adipocytes contain less fat and more water than white
adipocytes. Hence, we would expect the FSF of BAT to be a lower percent than the FSF of
WAT. Indeed, previous work shows that in mice interscapular BAT ranges from 40-80% FSF,
while gonadal WAT ranges from 90-93% FSF.'*" Additionally, humans aged 5-26 years also
show a FSF of 39.2-80.6% FSF in clavicular BAT and a range of 87.4-96.0% FSF in
subcutaneous WAT.'*®

The second FWMRI characteristic of interest is transverse signal decay rate, (R,*),
related to T»* relaxation time as: Ro* [s] = 1000/T,* [ms] and is also a result from solving Eqn.
[1.4-19]. An example coronal R,* image of a human female can be seen in Figure 1.4-12.
Activated BAT is associated with increased perfusion,6 and in turn, the increased blood flow
supports the increased metabolism of BAT.'* T,*-weighted signal is sensitive to perfusion due
to the blood oxygenation level-dependent (BOLD) effect. As the concentration of

deoxyhemoglobin decreases in perfused vessels, it causes an increase in signal. Previously, T»*-

0 151

weighted imaging has been used to map perfusion in the brain' and skeletal muscle.

Additionally, work in mice shows a decrease in T,*-weighted image signal intensity of the
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interscapular BAT depot after activation by injection of norepinephrine.'”” In this work Khanna
et al. associate the shortening of T>* in activated BAT to an increase in oxygen consumption.
Unlike what occurs in the brain, Khanna et al. hypothesized that activated BAT is not
sufficiently compensated by an increase in blood flow, resulting in completely deoxygenated
blood. Therefore, an increase in paramagnetic deoxyhemoglobin results in faster decay of the
MR signal. Additionally, the R,* value in BAT is of interest because previous work shows it

1537135 Because BAT has a higher iron content than WAT due to

may reflect tissue iron content.
the elevated mitochondrial presence and dense blood vessel innervation, it is possible that the
R,* could show differences between the two tissues. This has been shown to be true in infants

and adolescents, where the R,* of supraclavicular BAT ranges from 39-84 s™', and subcutaneous

WAT ranges from 22-40 ™' 14515

50



Figure 1.4-12. Coronal images showing the MRI-derived fat-signal fraction (FSF [%]) and
transverse signal decay (Ry* [s"]) in an adult female subject.

1.4.3.b) Internally-Referenced MRI PRF Temperature Mapping

One of the hallmark characteristics of BAT is that it releases heat when active.’
Therefore, while FSF and R>* may be able to distinguish between BAT and WAT, the ability to
quantify the temperature of tissue could provide a clear distinction between active and inactive
BAT. The MRI-based temperature mapping method used in this work takes advantage of the fact
that water undergoes a chemical shift due to temperature while fat does not. This is useful
because both water and fat are present in BAT, meaning that fat can be used as an internal

reference for quantifying the chemical shift of water due to temperature.
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Nuclei of different molecules with different numbers of electrons experience variations in
an effect called electron shielding, which results in variations in the effective magnetic field
experienced by the nucleus. Therefore, as discussed in the previous section, in addition to spatial
information the MR signal also contains information about the chemical environment. The units
of chemical shifts are denoted in parts per million [ppm], and the 'H nuclei of water molecules
have a chemical shift of approximately 4.7 ppm at body temperature. This chemical shift of
water is however, also dependent on temperature. The hydrogen bonds of water molecules
effectively pull the electrons away from the protons, resulting in a higher resonant frequency.
However, if the temperature increases the hydrogen bonds stretch causing the electrons to pull
closer to the protons and resulting in an increased electron shielding effect. This reduces the
effective magnetic field felt by the protons and the resonant frequency decreases. The
temperature-based shift in the frequency of water is P. = 0.01 ppm/°C, and has been shown to
be linear in the temperature range pertinent to biological application. This technique of
temperature mapping is called proton resonant frequency shift (PRF) thermometry, and typically
uses the change in phase from a series of images to calculate the temperature. However, because
protons on lipids do not experience the same shift in temperature-based shift in frequency, the
resonant frequency of fat can be used as a reference, as seen in Figure 1.4-13.

The following equation captures the employed model for the voxel-by-voxel MR signal
as a function of time:

Modifying Eqn. [1.4-19] enables solving for the temperature-dependent frequency shift

of water (Afr) in addition to the previously obtained water, fat and R,* values.
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M
Y(t) — (WeiZn'Ath +F z ay eiZn'AfMt)ei(p e(i27tAf30—R;)t [1.4-22]
m=1

Were Afr is the temperature dependent frequency shift, W and F are the water and fat

magnitudes, respectively, with complex phase ¢. Again ay and Afy, are the amplitude and

frequency of the m™ fat spectral peak, respectively, and Afg, is the background field off-

resonance term, and R; is the shared signal decay rate for both water and fat.
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Figure 1.4-13. Frequency shift of water (shifted due to ABj and AT) and fat (shifted due to ABy,
only).

Convention dictates that higher frequencies are presented to the left, and frequencies
decrease along the x-axis to the right. Each resonance corresponds to a line in the spectrum. The

lines have width due to T>* decay, giving a Lorentzian line shape to each peak, and the area

under the line is proportional to the number of nuclei with that given frequency.
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1.5 Summary

The research presented in this dissertation aim to apply the principles of imaging to
measure the biological properties of BAT, focusing on advancing the understanding of MRI-
derived characteristics of BAT in adult humans. The quantitative MRI-derived FSF measurement
is characterized, demonstrating that MRI is a promising imaging modality to provide
morphological information of BAT, and is a potential alternative to CT. By capitalizing on the
biologic properties of BAT that make MRI-derived temperature mapping possible, work which
demonstrates MRI as a promising alternative to PET for detecting the activation of BAT is also

presented.
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CHAPTER 2

STUDY DESIGN

When the study design for this research began to take shape, few prospective studies on
healthy adult subjects had been published at the time, and none that used MRI. Consequently no
consensus points existed on which to base the methods of this research. At the start of this
research only two years had passed since the scientific community accepted the indisputable
proof that the uptake of '*F-FDG seen in PET scans was due to BAT."*"'* These three studies by
Saito et al.,'* Virtanen et al.,'> and van Marken Lichtenbelt et al.'"* each used two hours of
exposure to a set temperature to either induce BAT activation or to keep BAT inactive, though
the temperatures varied in each study (16-19°C (cold), and 22-28°C (warm)). It was not until
after our research began that the idea to utilize individualized cooling methods was published.

Furthermore, there was no standardization on how to define regions of BAT in PET-CT
images, as the two studies that presented unequivocal evidence of BAT did not specify the
image-based rules (SUV and HU limits) by which they defined BAT.'*'* Over the next three
years the principally cited method for delineating BAT was published by Cypess et al. in
2009."7 In the research by Cypess et al. the PET-CT scans of 1,972 patients were retrospectively
analyzed using the following rules used to define BAT: SUV > 2.0 g/mL, and -250 to -50 HU.
Then in 2011 Ouellet et al.">® published a retrospective study on 4,842 patients, using a different
set of BAT-definition rules: SUV > 1.0 g/mL, and -100 to -10 HU. It is from these publications
that the basis for the formation of the rules used to delineate BAT as described in this

dissertation, were based. To this day there is no standardization of how to demarcate BAT based
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on SUV and HU values, with published values ranging from 1.0 to 2.5 SUV,'®"*" and -300 to -10
HU 11,160

The study design used in performing the research presented here was based on those
limited published studies. Since the start of this project tremendous volumes of research have
been published and much has been learned regarding BAT, however there is still much to be

studied with respect to BAT in humans.

2.1 Subject Enrollment
The local ethics committee of Vanderbilt University approved this study, and all subjects
provided written informed consent prior to participation. Twenty-five healthy adult human
subjects were recruited for the study. To be eligible for the study, subjects were screened for the
following exclusion criteria: have known diabetes mellitus, use beta blockers or anxiety
medication, smoke or chew tobacco products, drink more than 4 cups of coffee each day, or

more than 2 alcoholic drinks each day. Demographics for all enrolled subjects are given in Table

2.1-1.
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Table 2.1-1. Subject demographics.

Characteristic  All Subjects

N (male) 25 (10)
Age (yr)

Mean 26.7+4.6

Range 21.5-41.1
Height (cm)

Mean 169.5 +8.4

Range 153.5-190.0
Weight (kg)

Mean 148.7 £20.2

Range 115.5-189.3
BMI (kg/m?)

Mean 234427

Range 20.2-31.5
Waist (cm)

Mean 76.7+5.6

Range 69.0 —90.5

Values are presented as means = SD. BMI: Body-mass index

2.2 Study Set-up

All participants underwent four scans: two MRI and two PET-CT, each acquired on a
different day. Both scanning modalities were performed after two hours of exposure to either
thermoneutral 24°C (75.2°F) or cold 17°C (62.6°F) conditions. All scans were performed in the
morning, with each study day completed by 13:00. Subjects were required to refrain from
alcohol, caffeine, medication and exercise or any strenuous activity for 24 hours prior to entering
the temperature-controlled room, and to fast overnight (at least 8 hours). The room used as a
temperature-controlled environment measured 7° x 6’ 8” x 8’ (373.33 cu. ft.), was prepared with
warm or cold air conditioning at least 60 minutes prior to subject arrival. The room was either

cooled using a portable air-conditioning unit (Soleus Air LX-140, 14,000 BTU) and a rotating
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floor fan, or was heated using a programmable portable rotating floor heater (Lasko 5536). The
room temperature was maintained without air blowing directly on the subject.

On the PET-CT scan days the subjects first went to the PET imaging suite to have a
blood sample drawn to test their fasting glucose level, and to have an intravenous (IV) port
placed in a vein in the hand or arm. This port allowed the Radiology technician to more easily
inject the radiotracer later, when the subject was sitting in the temperature-controlled room. If the
subject was female, she also underwent a blood serum pregnancy test to ensure she was not
pregnant.

Prior to entering the temperature-controlled room, subjects changed into standardized
disposable hospital exam shorts and t-shirts ((MediChoice, Mechanicsville, VA, USA). Subjects
also removed socks and shoes, keeping on their underwear, resulting in a total clothing insulation
(clo) factor'® of 0.19 clo (female: underwear 0.03 clo, bra 0.01 clo, shorts 0.06 clo, t-shirt 0.09
clo; male: briefs 0.04 clo, shorts 0.06 clo, t-shirt 0.09 clo). Subjects’ height, weight, and waist
circumference measurements were then taken after they changed into standard clothing. The
subjects’ body temperature was measured using a sublingual thermometer at four time points:
prior to entering the temperature-controlled room, after one hour in the room, at the end of two
hours in the room and after acquiring the scan (hours 0, 1, 2 and 3, respectively). Coronal
thermal infrared (TIR) images of the clavicular skin were also acquired using a FLUKE TIR-125
camera at the same four time points (hours 0, 1, 2, 3). The TIR images covered the clavicular
region, including the upper chest and neck, and were acquired with the subject facing the camera.
On the PET-CT scan days, after the first hour in the temperature-controlled room a Radiology

technician administered the injection of '*F-FDG through the IV port. The injection dosage of
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0.14 mCi/kg was calculated based on subject specific weight, for example a dosage of 9.8 mCi
would be used for a 70 kg subject.

Once the subjects entered the temperature-controlled room they sat stationary for two
hours. In the room they were allowed to read or to watch TV but were not allowed to perform
any activity that could change their body temperature, i.e. exercise, or sleep. After two hours in
the temperature-controlled room, the subjects were transported by wheelchair to either the MRI
or PET-CT scanner. The wheelchair was used on the cold days to minimize any potential
warming due to muscular activity, and on the warm days to keep the protocol consistent. On cold
MRI scan days the subject put on a cold vest (Polar Products, with Cool58™ packets)
immediately prior to leaving the temperature-controlled room. The cold vest was necessary on
cold MRI days to keep the subject cool and maintain BAT activation, but was unnecessary on
cold PET-CT days. The cold vest during wheelchair transport was not needed on PET-CT days
because the '*F-FDG radiotracer was already taken up into the activated BAT, and the tracer
would remain present in BAT even if the subject became warm while being transported to the
scanner. On warm MRI and PET-CT scan days the subject was wrapped in a blanket to keep the

subject warm and to reduce the likelihood of BAT activation.

23 Data Acquisition
2.3.1 PET-CT Acquisition
PET-CT scans were acquired on a GE Discovery See and Treat Elite (STE) PET/CT
scanner (General Electric Medical Systems, Milwaukee, WI, USA) with a field of view (FOV)
covering from the crown of the head to mid-thigh in 7-9 bed positions, depending on subject

height (2 minutes per bed position). Scans were acquired in helical mode with a 0.8 second
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revolution time, a 1.25 mm single collimation width, and a 1.675 spiral pitch factor. The
reconstructed PET-CT voxel sizes were: PET: 5.5 mm x 5.5 mm in-plane, and 3.27 mm through-
plane, CT: 1.37 mm x 1.37 mm in-plane, and 3.27 mm through-plane.

The subject was positioned on the bed to enter the scanner head first in a supine position.
Once lying down, a small pillow was also placed under their head, and the subject placed both
arms inside a bag similar to a pillowcase, and lowered their arms to either side of their body as
seen in Figure 2.3-1. This helped ensure the shoulders were positioned in the same manner

during each scan, which assisted in better image co-registration in later image analysis steps.

& Am sling
\; (Y94 2
/ S
Figure 2.3-1. The “pillowcase,” used to keep arms and shoulders in the same position.

Placement of both arms inside the pillowcase (A); arms, inside the pillowcase, lowered to either
side of the body (B).

2.3.2  MRI Acquisition

MRI scans were acquired using a Philips Achieva 3 Tesla scanner (Philips Healthcare,
Best, Netherlands) equipped with two-channel parallel transmit capability, a 16-channel Torso-
XL surface coil (Invivo Corp., Gainesville, Florida), and an X-tend tabletop (X-tend ApS,

Hornslet, Denmark), as seen in Figure 2.3-2. The anterior portion of the Torso-XL coil hung
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from the top of the scanner bore in a fabric sling. The sling was intentionally allowed to hang
low enough to slide against the subject’s body in order to maximize the SNR. The posterior
portion of the Torso-XL coil was placed in the coil wagon between the two layers of the X-tend
table (Figure 2.3-2, B). As the X-tend table moved through the scanner bore, the coil was held

stationary at isocenter by straps attached to the scanner.

Torso-XL coil X-tend table

Torso-XL coil
in coil wagon

Coil wagon

Figure 2.3-2. MRI X-tend table setup. (A) The X-tend table is made of two layers separated by a
gap, in which the coil wagon exists. (B) The posterior portion of the Torso-XL coil is placed into
the coil wagon between the two layers of the X-tend table. The two coil wagon straps are used to
secure the coil wagon to the cover of the MR bore, thus allowing the Torso-XL coil to remain
stationary while the table moves over the coil.

The subject was positioned on the bed to enter the scanner feet first in a supine position. Once
lying down, the same small pillow used during the PET-CT scan was placed under their head,
and the subject placed both arms inside the same pillowcase (Figure 2.3-1), and lowered their
arms to either side of their body. This helped ensure that the subject was positioned in a similar
manner during both the MRI and PET-CT scans, which was critical to achieve successful image
co-registration in later analysis steps.

A total of six different MRI sequences were performed on each subject during the each

MRI scan. These sequences are listed in Table 2.3-1. The majority of the data presented in this
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work originates from the first sequence listed in Table 2.3-1, and the expanded details of this
sequence are further described here. The sequence was a multi-stack, multi-slice, multiple fast
field echo (mFFE) acquisition with 7 stacks of 20 contiguous axial slices. As described
previously, scanner software was modified to enable the sampling of 8 echoes acquired as two
interleaved sets of four echoes with TE;=1.024 ms and effective ATE = 0.779 ms. The
interleaved mFFE scans are denoted as imFFE. Preparation phases for each stack included center
frequency (Fy) optimization and first order linear shimming. Additional acquisition details
include: flip angle = 12°, repetition time (TR) = 83 ms, water fat shift = 0.323 pixels, readout
sampling bandwidth = 1346.1Hz/pixel, axial in-plane field of view = 520 mm X 408 mm,
acquired voxel size = 2 mm x 2 mm x 7.5 mm, and sensitivity encoding (SENSE) parallel
imaging factor = 3 in the anterior-posterior direction. Acquisition time was 25 s per stack, and
two breath holds were performed per station, from the neck to the pelvis. Real and imaginary
images were saved for off-line processing.

Additional MRI sequences acquired for each stack prior to this 4x2-echo imFFE
sequence, included: a dual angle B, calibration scan (acquisition time 15.1 s) acquired to enable
optimized RF shimming for the two-channel transmit capability of the scanner, and a SENSE

reference scan (acquisition time 12.1 s).
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Table 2.3-1. MRI Scan sequences acquired.

Voxel . Time
Sequence Slices SENSE Specs
(mm) (m:s)
imFFE ' o= 12°(20°)
4x2 echo 1.81x1.81x7.5 20 0:25 3 ATE = 1.51 ms
HR imFFE ' o =30°
4x3 echo 1.0x1.0x5.0 30 5:53 1.5 ATE = 2.35 ms
MFA imFFE *”
433 ech 1.48x 1.48x 7.5 20 2:53 3 [20,18,16,14,12,10,8,6,4,2]°
Xz echo ATE = 1.78 ms
B1 Map 1.48x 1.48x 7.7 20 1:16 3 o= 60°
DWI 1.25x1.25x 5.0 30 1:09 2 b =0, 200, 800
imFFE ] _ o= 12°(20°)
32 echo 1.81x1.81x7.5 3(D 0:36 (0:25) 3 ATE = 1.51 ms
PPU triggered b=0, 10, 20, 40, 80, 100,
ViM 20x2.0x5.0 3 (~17 min) 200, 600, 800, 1200

The flip angle («) value was adjusted for the 4x2-echo and 32-echo imFFE scans after the first
three subjects. The original value is listed in parentheses. The IVIM (intravoxel incoherent
motion) sequence was added late in the study and was only acquired on the last 5 subjects.

2.4  Image Processing
2.4.1 MRI Fat-Water Separation Methods
After acquiring the scans, the 4x2-echo imFFE scan was processed, resulting in
magnitude images of water, fat, R,*, and ABy map. Prior to analysis, the first echo of each 4-
echo train was discarded to avoid potential contamination by eddy currents in the complex water-

162
1.

fat signal mode The echoes included for processing are illustrated in Figure 2.4-1.
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Echo Train:

._.
U9

5 7
echo train interleaf #1

Figure 2.4-1. Echo train interleaves. Echoes shaded with the gray box are included during image
analysis.

After discarding the first echo of each TR train the data were reconstructed and fat-water
image separation was performed using one of two methods. The first, a complex-based
method,'®® was used early in the research. This was later modified to incorporate a more robust
hybrid complex- and magnitude-based method.'®* Both methods began by performing fat-water
separation using a three-dimensional water/fat separation and R,* estimation based on a multi-
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scale whole-image optimization algorithm. > The fat spectrum was modeled using either 9-

peak'** spectral model estimated from human liver or 6-peak model previously applied to

142143165 The frequencies and relative amplitudes of the 6-

multiple anatomies and field-strengths.
peak and 9-peak fat spectral models are listed in Table 2.4-1. The frequency and amplitude

values are given assuming water is at 4.7 ppm with a relative amplitude of 1000.
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Table 2.4-1. Fat-spectral information for the 6- and 9-peak models.

6-peak 9-peak

Frequency Relative  Frequency  Relative
[ppm] Amplitude [ppm] Amplitude

0.90 87 0.90 8
1.30 693 1.30 642
2.10 128 1.60 58
2.76 4 2.02 62
431 39 2.24 58
5.30 48 2.75 6
4.20 39
5.19 10
5.29 37

The fat spectral models listed here assume water has a frequency of 4.7 ppm and relative
amplitude of 1000. The relative amplitudes for both the 6- and 9-peak models all sum to 1000.

In addition to better modelling of fat, a multipeak fat spectrum model was used because in the

166 Bor the first

presence of fat, multipeak fat modeling is necessary for robust R,* mapping.
complex-based method, these images concluded the steps necessary to produce the magnitude
images of water, fat and R,*. For the second hybrid complex- and magnitude-based method,
these three images (water, fat and R,*) were then fed back into a second processing step along
with the original complex data. This resulted in final magnitude images of water and fat. These
final water and fat images were then used to calculate a FSF image using Equations [1.4-20] and
[1.4-21] in Section 1.4.3.a). The main difference between the two fat-water separation methods
performed occurs in the voxels with low and high fat content. This is because the complex-based
methods are susceptible to phase errors, while magnitude-based methods are insensitive to phase
errors. In the presence of phase errors, complex fat-water separation may have significant bias
estimating FSF at locations with either very low (near 0%) or very high (near 100%) FSF. On the

other hand, magnitude-based methods have difficulty correctly separating fat and water when

they exist in similar proportions in a voxel (near 50% FSF). Therefore, by combining the
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complex and magnitude methods it is possible to take advantage of the strengths of each method.
The result is a fat-water separation approach that is robust to phase errors at low and high fat
concentrations, while correctly distinguishing between water and fat in the mid-range of fat-
fraction. Differences between the two methods are illustrated in low and high fat-fraction tissues,
in Figure 2.4-2. In the liver (top panel), the complex method results in high (>10%) FSF values
with clear shading across the liver. The hybrid method reduces the shading effect and lowers the
FSF value to under 10% FSF. In the subcutaneous WAT (lower panel) it is also possible to see
the shading present in the upper right corner of the complex method, resulting in a region of
subcutaneous WAT with low FSF (~80%), which is corrected with the hybrid method. This
demonstrates the importance of using the hybrid method, especially in quantifying the FSF of

tissues with both low and high fat content.
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Figure 2.4-2. FSF comparison images resulting from the two fat-water separation methods
employed in this research: complex and hybrid (magnitude and complex). The hybrid method is
more robust to phase errors at low and high FSF values, as seen in the liver (top panel) and
subcutaneous WAT (bottom panel).
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Also, it is important to note that although T; weighting is possible given the scan
parameters used, T; bias is worst near 50% FSF. Since this work is focused on FSF of white
adipose tissue, T bias is less of a concern. Specifically, given commonly accepted T, relaxation
values for water and fat signals along with the sequence parameters used in this work, the
estimated maximum absolute and mean absolute bias for FSF greater than 90% are 0.46% and

0.26% respectively.

2.4.2 Image Registration

To allow for analyzing the same anatomical region of interest in each of the four images
for a given subject, all image volumes were co-registered for each subject individually.
Registration was performed using a semi-automated method with in-house developed 3-plane-
view software using a rigid body registration algorithm.'®” This registration method ensured
registration in all three dimensions. Due to difficulties with registering the entire image volume
across all four time-points, focus was placed on registering the anatomy of interest (either the
supraclavicular region or the mid-abdominal region) for the study being performed. During
registration, the MRI and PET data underwent partial volume interpolation resulting in the same

voxel dimensions as the CT data.

2.5 Summary
The study design, data acquisition and image processing methods described in this
chapter forms the basis for all the research presented in this dissertation. The work and results

presented in each subsequent chapter are derived from the images obtained on these subjects.
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CHAPTER 3

WAT - SEGMENTATION AND MRI VERSUS CT CORRELATION

3.1 Introduction

Quantifying imaging-derived properties of adipose tissue (AT) is an important field of
research that has received much attention in recent years. The presence of AT can be a factor in
many health conditions such as hypertension, diabetes, cardiovascular disease, liver disease,
gallbladder disease, musculoskeletal disorders, and several types of cancer.'®® A recent review
article by Wang et al.'® expounds upon the importance of imaging AT depots throughout the
body to better understand the relationship between obesity and health. His review concludes that
the measurements obtained through imaging AT may have the most predictive capability in
stratifying health risks. This is partly because of the variation in AT properties both spatially
within subject, as well as inter-subject variability. Imaging with CT yields a quantitative measure
of tissue radiodensity (HU), which can detect gradations in AT properties. This is demonstrated
in one study that compares HU values to tissue lipid content in the BAT of rats.'”® This work
showed that the HU values are less negative in cold-activated BAT than in controls,
corresponding to a lower relative lipid content in histology. Another study measured the HU
values of AT in growing pigs.'”' Their results showed that the HU values decrease for both
adipose and non-adipose soft tissue as the pigs age. MRI can also be used to generate a
quantitative measure of AT called FSF, (described in detail in section 1.4.3.a). Fat-water MRI

147,172-175
d

has been extensively studie and is accepted as a reliable quantitative method. MRI-

derived FSF values are also sensitive to gradations in AT quality. The MRI-derived FSF values
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quantified in this work are particularly reliable because specific steps are taken to ensure that the
computed FSF is accurate. Specifically, this work employs time-interleaved gradient-echo scans
with short echo time (TE) and high echo count for FWMRI. The robustness of FWMRI results
are further strengthened by discarding the first echo of each readout train that may be
contaminated by eddy-currents, by using a 9-peak fat model, and by performing a hybrid
complex- and magnitude-based fitting of the data.

Several previous AT imaging studies aimed only to separate fatty tissue from lean tissue
in order to estimate area and/or volume of visceral and subcutaneous adipose tissue (SAT), often
correlating tissue volumes to subject height and weight.'”*'”7 Work has also been performed
showing the high degree of reproducibility in measuring tissue area and volume using CT.'”®
Additionally, it has been well studied that various fat depots are associated with metabolic risks.
For example, both dual-energy x-ray absorptiometry (DXA) and CT measures of fat have been
shown to correlate with measures of metabolic syndrome such as fasting insulin level and blood
pressure,'”” and to waist circumference.'™ Other studies have used CT to measure abdominal

' and to

visceral adipose tissue (VAT) and SAT areas as they correlate to hepatic steatosis,*
measure epicardial fat volume and its relationship to coronary artery disease.'*

While earlier studies that quantified AT volume are important, few studies measured the
quantitative characteristics of these adipose depots. Recent work reported that the stratification
of AT quality using both HU and FSF values had a stronger correlation to disease metrics. One
such study showed that the properties of abdominal VAT and SAT as assessed using HU had a
stronger correlation with higher body mass index (BMI) levels and cardiometabolic risk than
184

total AT volume,'® and correlated with coronary aortic calcium and abdominal calcium levels.
ry

Similar to the research performed with CT to measure in vivo quantitative characteristics of AT
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as it relates to health issues, MRI was recently used to quantify fat in diseased states, for example
to measure the fat content of nonalcoholic fatty livers,'*!-'%>!%

Although most of the reported research to quantify AT characteristics was performed
using CT, it is beneficial to use MRI to study AT for several reasons. Most importantly, MRI
does not require any ionizing radiation, and therefore it can be more easily employed in
longitudinal studies as well as in pediatric studies. The research performed to measure AT
quantitative properties often uses either CT or MRI, and few studies have compared the
properties measured by the two imaging modalities. One comparative study published in 1990 by

1."87 used both CT and 1.5 Tesla MRI to calculate visceral and subcutaneous AT area.

Seidell ef a
Another study from 2009 by Kullberg et al.'™ used CT, DXA and 3.0 Tesla MRI to calculate AT
volume. While both of these studies compared imaging modalities, neither study correlated the
CT quantitative values to MRI quantitative values. If such a correlation exists, it could support
further investigation of adipose properties, which may have a stronger correlation to disease than
adipose volume alone. Additionally, using MRI to quantify AT metrics would open up the
possibility of performing longitudinal studies without the risk of exposing subjects to the
ionizing radiation associated with CT.

Therefore, given that both CT HU and MRI-derived FSF are accepted methods for

quantifying the properties of AT,'®'®

the research presented here aims to explore how the
properties of lower abdominal subcutaneous WAT measured using CT HU correlate to MRI-
derived FSF. Data presented here were part of an existing study'”° in which subjects underwent
two MRI and two PET-CT scans after being exposed to both warm and cold temperatures. The

first aim of this work is to determine if the quantitative properties of WAT measured with MRI

and CT are self-consistent (intra-modality). The second aim assesses intermodality correlation of
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the quantitative properties of WAT measured by MRI properties to those measured by CT, and

investigates if this correlation is affected by BMI or temperature.

3.2 Materials and methods

3.2.1 Subjects

From the enrolled subject cohort described in Section 2.1, twenty-one were included for
this project (age range: 21.5 to 34.5 years old, BMI range: 20.2 to 31.5 kg/m*, 8 males, 13
females). Of these twenty-one, eighteen subjects have a complete dataset consisting of all four
scans, two subjects have only cold scan data (PET-CT and MRI), and one subject has only warm
scan data (PET-CT and MRI). The three remaining subjects were excluded because their MRI
data were acquired with different scan parameters, and the last subject was excluded because no

CT scans were acquired.

3.2.2 Sequences Applied

The MRI data processed for this project are taken from the 4x2-interleaved echo imFFE
scan previously described in Section 2.3.2. The fat, water, and R,* maps were reconstructed
using the hybrid complex- and magnitude-based method previously described in Section 2.4.1,

along with the 6-peak fat model outlined in section 2.4.1.

3.2.3 Mask Generation Method
A depot of subcutaneous WAT large enough to obtain measurements without partial
volume effects was distinguishable in the posterior lower abdomen of all subjects, even in

subjects with the lowest BMI. Therefore, focus was placed on accurate registration of only the
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lower abdomen to ensure the best registration of the subcutaneous WAT depot. By registering
the images prior to further analysis, this not only ensured that the same tissue was being analyzed
across scans, but also allowed a single mask to be used to extract the subcutaneous WAT region
of interest. Registration was performed using the method described in Section 2.4.2.

Image processing was performed using in-house developed MATLAB scripts. After
registration, ten slices at the umbilicus level were selected for further processing and analysis.
Once the ten slices were selected, a mask of the subcutaneous WAT depot was created for each
subject based on the accepted ranges of HU and FSF values for WAT. For CT, the accepted HU
values for WAT ranges from -150 HU to -50 HU,"®'"! while the accepted MRI FSF value for

147,192

WAT is greater than 85% fat, as shown by work in mice, postmortem infants and in vivo

children.'*®

Therefore, to generate the subject-specific subcutaneous WAT mask, the voxels on
all coregistered scans had to fulfill all of the following requirements:
* MRI FSF values in the range of 85% to 100%, a range set to exclude fascia,
(example FSF images seen in Figure 3.2-1a & d);
* CT HU values in the range of -200 HU to 0 HU, a range known to include WAT,
(example CT images seen in Figure 3.2-1b & e);
e MRI R,* values less than 200 s,'**!*? to exclude the skin/air interface.
These three rules resulted in an initial AT mask from which the subcutaneous WAT depot was
manually selected for each of the ten slices for every subject. If any VAT was still included in
the subcutaneous WAT mask, it was manually identified and removed, using the MRI FSF and
CT HU images as guides. This manual exclusion of VAT was only necessary on a few subjects,

and was typically an issue only for subjects with a larger BMI, although it also occurred in a few

lean subjects having large amounts of VAT.
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The resulting subcutaneous WAT mask was then further refined on a slice-by-slice basis
through a single binary erosion of boundary pixels using the MATLAB function bwperim with
an 8-connected neighborhood rule to define the perimeter to erode. This perimeter erosion both
removed small clusters of pixels and contracted the boundary of large ROIs, thereby reducing
any partial volume effects. Once the final WAT mask was created, statistical comparison showed
the means of the edge voxels and core voxels of each WAT mask were not statistically different
for either the FSF or HU values for any subject. This indicated that partial volume effects were
absent. These steps resulted in a subject-specific conservative subcutaneous WAT mask. An

example slice of the final WAT mask for two subjects is shown in Figure 3.2-1¢ & f).
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Figure 3.2-1. Axial slices at the umbilicus level of two female subjects, one with normal BMI
(a-c) and one with an overweight BMI (d-f). Panels (a) and (d) show the fat-water MRI derived
fat signal fraction (FSF) in percent. The coregistered CT Hounsfield Unit [HU] images for each
subject are shown in panels (b) and (e). The corresponding subcutaneous white adipose tissue
masks are shown in panels (c) and (f). The rules used to generate the WAT masks are based on
FSF and HU values, may exclude fascia and use boundary erosion to reduce partial volume
effects, thereby resulting in a conservative estimate of WAT.

After creating the subject-specific WAT mask, the mask was applied to the coregistered
MRI FSF and CT HU images to obtain the FSF and HU values for each voxel in the masked
regions. For each subject, the ten slices of data were averaged to obtain a single MRI FSF and
CT HU value for both the warm and cold conditions. All statistical analyses were performed

using RStudio (v0.98.1091; RStudio, Inc, Boston, MA). The FSF and HU values obtained were
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plotted, and linear regression was performed to determine the correlation (R?), slope and

intercept. For all significance tests a P-value lower than 0.05 was considered significant.

3.3 Results

The subjects were divided into groups based on BMI: All BMI (n = 21, 8 male), BMI <
25 kg/m* (n = 15, 5 male, BMI range: 20.2 — 24.7 kg/m?), and BMI > 25 kg/m” (n = 6, 3 male,
BMI range: 25.3 — 31.5 kg/m?). The normal BMI and overweight BMI groups are statistically
different from each other (p < 0.0001), while the age distributions of the two groups are not
statistically significantly different. Dividing the subjects by BMI allows a comparison of data for
different BMI levels, as previous groups have shown a correlation of HU values to BMI
level,!76:183 Figure 3.2-1 shows images from two subjects, one with a low BMI (Female, 23 y.o.,
BMI = 21.1) and one with a high BMI (Female, 34 y.o., BMI = 27.5). This figure shows for each
subject an axial slice of the registered MRI FSF (Figure 3.2-1a & d), and CT HU (Figure 3.2-1b

& e), and the generated WAT mask (Figure 3.2-1c & f).

3.3.1 Intra-Modality Correlation

To assess the level of correlation using the same imaging modality, the cold values are
plotted against the warm values for the same modality. Comparisons of FSF values are shown in
Figure 3.3-1, and HU values are shown in Figure 3.3-2. In Figure 3.3-1, the plots show the FSF
values are strongly correlated with each other when all subjects are considered as a group (R* =
0.92, p<0.0001 Figure 3.3-1a), with a slope and 95% Confidence Interval (95% CI) of 0.9 [0.7,
1.0], and y-intercept and 95% CI of 11.5 [-1.6, 24.5]. Plotting only those subjects with BMI < 25

also shows strong correlation (R* = 0.91, p<0.0001 Figure 3.3-1b). However when considering
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the higher BMI subjects alone (Figure 3.3-1c), the correlation is weakly significant (R* = 0.92, p
= 0.04). Figure 3.3-2 shows the comparison of cold HU to warm HU values. Plotting all subjects
as a single group shows strong correlation between HU temperatures (R*> = 0.70, p<0.0001
Figure 3.3-2a), with a slope and 95% CI of 0.9 [0.6, 1.3] and y-intercept with 95% CI of -5.0 [-
38.3 28.3]. Additionally, separating the subjects by BMI results in strong correlation between
HU values for the low BMI group (R* = 0.67, p<0.001 Figure 3.3-2b), and no significant
correlation for the high BMI (R* = 0.54, p>0.05 Figure 3.3-2¢) group. A full listing of the

regression slope and y-intercept values and corresponding 95% CI values are in Table 3.3-1.
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Figure 3.3-1. Plots of the cold and warm fat-water MRI derived fat signal fraction (FSF) values
plotted against each other to investigate the intra-modality correlation. Panel (a) shows the result
of plotting all subjects together, panel (b) is the values for the subjects with BMI < 25, and panel
(c) is the plot of subjects with a BMI > 25. FSF values are generally self-consistent for all the
subjects, showing that for a given value of warm FSF, the corresponding cold FSF is slightly
lower. Note that some symbols appear darker because of the overlap of multiple symbols.
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Figure 3.3-2. Plots of the cold and warm CT Hounsfield Units (HU) values plotted against each
other to investigate the intra-modality correlation. Panel (a) shows the result of plotting all
subjects together, panel (b) is the values for the subjects with BMI < 25, and panel (c) is the plot
of subjects with a BMI > 25. The HU values of both the plot of all subjects and the subjects with
BMI < 25 are self-consistent, whereas for the subjects with BMI > 25 the cold HU values are
lower than the warm HU values. Note that some symbols appear darker because of the overlap of
multiple symbols.
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3.3.2 Inter-Modality Correlation

Assessments of the correlation between the properties of adipose tissue as measured by
CT HU and MRI FSF values are presented in Figure 3.3-3 - Figure 3.3-5. Initial analysis was
performed on both the cold and warm data keeping all the subjects as one group, as plotted in
Figure 3.3-3. In this plot, a single subject has two data points, one for the cold data and one for
the warm data. This plot shows a significant correlation between the CT HU and MRI FSF
values (R* = 0.54, p < 0.0001), with a slope and 95% CI of -2.6 [-3.3, -1.8], indicating that a
change of 1 HU corresponds to a change of 0.38% [0.30%, 0.56%] FSF. Additionally the y-
intercept value and 95% CI of 136.9 [64.1, 209.6], is representative of the HU value expected
when the fat content is zero. Comparing the y-intercept value to muscle tissue values (healthy
muscle being a tissue with very low fat content) the value of 136.9 is contained within the range

193

of normal muscle attenuation of 30 to 150 HU, ™ and falls far below that of bone.
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Figure 3.3-3. Plot of CT HU versus fat-water MRI FSF of both the warm and cold data for all 21
subjects. This shows a strong correlation between the HU and FSF measures of abdominal
subcutaneous white adipose tissue quality. Note: the same color marker represents the same
subject under warm and cold conditions.
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To investigate any effects of temperature and BMI, the data were split two ways. First the
data were split by BMI, as seen in Figure 3.3-4a & b), and then the data were split by
temperature, as seen in Figure 3.3-4c & d). Grouping the warm and cold data together, but
separating the subjects by BMI level shows that the low BMI data are significantly correlated (R
= 0.52, p<0.0001 Figure 3.3-4a), while the high BMI data are not significantly correlated (R* =
0.32, p = 0.09 Figure 3.3-4b). The results from dividing the data by temperature while keeping
all the subjects as one group are plotted in Figure 3.3-4c & d. These plots show that both the cold
and warm data show significant correlation between the CT HU and the MRI FSF values (R* =

0.54, p < 0.001 Figure 3.3-4 d) than the warm data (R* = 0.54, p < 0.001 Figure 3.3-4c).
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Figure 3.3-4. Separating the entire dataset either by BMI level as seen in panels (a) and (b), or
by temperature (c) and (d). Plotting the warm and cold data together shows a strong correlation
between CT HU and MRI FSF for the subjects with BMI < 25 (a), but not for subjects with BMI
> 25 (b). Splitting all the subjects by temperature results in a correlation between the HU and
FSF measures of adipose tissue quality for both warm (c) and cold (d) data. Note that within
panels (a) and (b) the same color marker represents the warm and cold data for one subject.
However, the color of the markers is self-contained to each plot.
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To further explore how the measure of adipose tissue properties compare between CT
HU and MRI FSF, the data were split by both temperature and BMI level, as shown in Figure
3.3-5. Here the data for the low BMI group show significant correlation both under warm (R* =
0.45, p < 0.01 Figure 3.3-5a) and cold, (R* = 0.62, p < 0.001 Figure 3.3-5b) conditions. The data
for the high BMI group do not show significant correlation for either warm (R* = 0.71, p > 0.05
Figure 3.3-5¢) or cold (R* = 0.20, p > 0.05 Figure 3.3-5d) temperatures. The data for the cold
low BMI group have the highest R* value of 0.62 out of all the groups comparing CT HU and
MRI FSF, with a mean slope and 95% CI of -2.7 [-4.1, -1.4] and mean y-intercept and 95% CI of
154.8 [30.8, 278.7]. A full listing of the regression slope and y-intercept values and

corresponding 95% CI values for all plots are in Table 3.3-1.
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Figure 3.3-5. Plots of the dataset split by both BMI level and scan temperature. This split reveals
the strongest correlation between the two measures of adipose tissue quality for the subjects with
BMI < 25 exposed to cold (b). The warm data for subjects with BMI < 25 (a) is also significant,
though the correlation is slightly weaker. However, neither the warm (c) nor cold (d) plots are
significantly correlated for subjects with BMI > 25.
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Table 3.3-1. The slope and y-intercept values including 95% Confidence Intervals (CI displayed
as [2.5%, 97.5%]) for each plot in Figure 3.3-3 - Figure 3.3-5.

Slope Y-Intercept
FSF v FSF: All BMI 09 [0.7 1.0] 115 [-1.6  245]
FSF v FSF: BMI < 25 09 [0.7 1.1] 107 [5.9  274]
FSF v FSF: BMI > 25 1.1 [0.1 2.0] -4.4  [-94.2 85.4]
HU v HU: All BMI 09 [0.6 13] 5.0 [-383  28.3]
HU v HU: BMI < 25 1.0 [0.5 1.4] 2.7 [-450  39.5]
HU v HU: BMI > 25 05 [-09 1.9] -52.5 [-2003  95.3]
HU v FSF: All temp & All BMI 2.6 [-33 -1.8] 136.9  [64.1  209.6]
HU v FSF: All temp & BMI < 25 25 [-34 -1.5] 127.4  [42.1  212.7]
HU v FSF: All temp & BMI > 25 29  [-6.2 0.5] 164.8 [-152.2  481.8]
HU v FSF: Warm & All BMI 25 [-3.6 -1.3] 129.5 [21.9  237.1]
HU v FSF: Cold & All BMI 27 [-39 -1.5] 147.1 [35.1  259.1]
HU v FSF: Warm & BMI <25 22 [-3.7 -0.7] 1054 [-31.2  242.1]
HU v FSF: Warm & BMI > 25 -39 [-11.4 -3.6] 262.5 [-447.6  972.7]
HU v FSF: Cold & BMI < 25 27 [-41 -14] 154.8  [30.8 278.7]
HU v FSF: Cold & BMI > 25 23 [-8.6 4.1] 111.0 [-484.4  707.8]

3.3.3 Testing Additional Fat-Water Separation Models

To demonstrate that the fat-water separation parameters are important to producing a
reliable quantification of the FSF of tissue, the MRI data was reprocessed three additional times
using alternative parameters. The parameters used in the three models are listed in Table 3.3-2.
Each of the three models was processed using the complex fat-water separation method

described in Section 2.4.1.
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Table 3.3-2. Parameters for three fat-water MRI separation models.

Total Echo train interleaf #1 Fat-peak R,*

Echoes Echo train interleaf #2 model Correction
Model A 6 1 2 3 4 5 6 7 8 9-peak Yes
Model B 8 1 2 3 4 5 6 7 8 9-peak Yes
Model C 3 1 2 3 4 5 6 7 8 3-peak No

The echoes used in the fat-water separation for each model are highlighted with a gray box.

The results from each of these three models were plotted versus the CT HU values to
assess how the model affected the correlation between the CT HU and MRI FSF values, as seen

in Figure 3.3-6.
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Figure 3.3-6. CT HU versus fat-water MRI FSF of both warm and cold data for all 21 subjects,
plotted for models A, B and C, as described in Table 3.3-2.

From these plots it is clear that the fat-water separation approach affects quantification of

FSF. Model A, which differs from the original method in fat-peak spectral model and fat-water
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separation method, is the only model comparable to the original method (Figure 3.3-3). The plot
of Model A also shows a significant correlation between the CT HU and MRI FSF values (R* =
0.49, p <0.0001), with a slope of -2.9, indicating that a change of 1 HU corresponds to a change
of 0.34% FSF. However, perhaps of more significance than the lack of correlation to CT HU
values, is that the FSF values resulting from Models B and C range from 40-95% FSF, whereas
both the original method and Model A only range from 88%-95% FSF. Because the tissue
analyzed in this work is subcutaneous WAT, these values are not physiologically plausible. The
main difference affecting the drastic differences seen in Models B and C is likely the inclusion of
the first echoes from each echo-train, which contain eddy-current contamination. From these
results it is possible to conclude that the parameters used when performing fat-water separation

matter, particularly excluding the first echoes.

3.4  Discussion

In this study we measured the properties of abdominal subcutaneous WAT in 21 healthy
adults with a range of BMI levels using both CT Hounsfield Units and fat-water MRI-derived fat
signal fraction. Both the CT and MRI scans were performed twice for each subject, once after
exposing the subject to warm temperatures, and once after exposure to cold temperatures. This
enabled the values to be compared both intra-modality, as well as correlating the two modalities
to each other. When comparing intra-modality data, both the FSF and HU values demonstrated
strong consistency between scans. It is possible that one reason for disagreement is a result of a
resonant frequency shift of the water peak due to temperature. This is not accounted for in the
FWMRI reconstruction in this study because of insufficient spectral resolution (too few echoes)

in the acquired data. Another possibility is that there may be a physiological factor occurring that

85



accounts for the difference in fat measured at the two temperatures. Despite the possibility for
physiological differences at the different temperatures, the difference in values for both FSF and
HU data is only very slight. Because this dataset does not include two scans at the same
temperature, an intra-modality comparison could not be made within temperature.

After determining that the HU and FSF measures were self-consistent, the two values
were correlated to each other. This correlation was first performed disregarding the potential
influence of either subject BMI or scan temperature on the measured properties, followed by
separating the data by BMI and temperature independently, and finally separating the data by
both BMI and temperature. The data were separated by BMI to determine if there was a
difference in the subcutaneous WAT quantitative properties based on BMI as has been
previously reported. Interestingly, the correlation between the FSF and HU values is strongest
for subjects with lower BMI who have been exposed to cold temperatures immediately prior to
scanning (Figure 3.3-5b). There are several factors that may explain this connection.

First, it is possible that there is a difference in physiologic response after exposure to cold
between the leaner and heavier subjects. The subjects with lower BMI may be more susceptible
to cold, while those with higher BMI may have less of a response to the cold and therefore the
data will not differ as greatly from their warm data. Cold-induced vasoconstriction causes a

194 Therefore

redistribution of blood from the periphery to the core, particularly in leaner subjects.
the SAT may become less perfused with flowing blood in the leaner subjects. Because flowing
blood may not be detected fully by fat-water MRI FSF while still affecting radiodensity
measured by CT HU, the cold condition with less blood perfusion is likely a more direct

comparison of tissue adiposity between FSF and HU. It is interesting to note that previous work

by Kern et al.'” showed an increase in UCP1 and PGClo. mRNA in the winter compared to the
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summer from biopsies of subcutaneous abdominal WAT. Although it is likely not the case that
the FSF and HU values are detecting these changes, it is noteworthy that other research also
shows differences in the subcutaneous WAT depot due to exposure to cold temperatures.
Because these data were acquired as part of a separate study where biopsies were not acquired,
histological confirmation of the changes in tissue composition cannot be assessed in this report.
Second, the range of both HU and FSF values is reduced for high BMI subjects compared
to subjects with low BMI. The subjects with higher BMI have reduced variability in both HU
and FSF values, which can result in weaker correlations because the data is tightly clustered. As
seen in Figure 3.3-1, the FSF range for subjects with low BMI is 5.7%, ranging from 89.0% to
94.7% fat, whereas for subjects with high BMI, the FSF range is much smaller at only 2.3%,
ranging from 92.6% to 94.9% fat. Similar to the trend of values seen in FSF, the HU range for
subjects with low BMI spans a wider range than the HU values of the higher BMI subjects. The
low BMI subjects show a range of 20.6 HU (from -108.6 to -88.0 HU), while the subjects with
high BMI span only 11.3 HU (from -110.2 to -98.9 HU). The variation in the range of adipose
tissue property values for the different levels of BMI is in agreement with previous research
showing a correlation between high BMI and lower (more negative) CT HU values.'® Though it
is possible the this broader range of FSF values in the WAT of leaner subjects is due to factors

: 196-198
such as cell size,

without tissue biopsy to confirm we currently do not have an explanation

of this observation. This finding warrants further investigation, especially in regards to the

connection between FSF and BMI, as this appears to be unexplored in the current literature.
While this study reports promising initial findings in the correlation between MRI FSF

and CT HU values, this work suffers from a few limitations. Due to the limited enrollment of

overweight subjects in this study, there is low power for detecting the correlation between high
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BMI versus either FSF or HU values. However, because of the connection between BMI and the
properties of adipose tissue, this study could be improved by including a wider range of BMI
values in a larger cohort. There is also the weakness that this study does not include repeated
(a.k.a. test-retest) scans from the same imaging modality under the same temperature. Therefore,
intra-subject variability within imaging modality cannot be estimated for this study. However,
this study does begin to explore the correlation of MRI-derived FSF of adipose tissue to CT HU
values, and uncovers temperature as a potential factor affecting quantitative measurements of
subcutaneous WAT in the lower back. Our findings could also be enhanced by future
comparison of FSF to HU values from a multi-spectral CT unit. This is because measurements
from more than one energy level provide additional information about tissue composition that is

not available using a single energy source.

3.5  Conclusion

This work demonstrates that fat signal fraction obtained using quantitative fat-water MRI
at 3.0 Tesla is significantly correlated with CT HU. Additionally, the finding that HU values of
subcutaneous adipose tissue are inversely related to BMI is supported by the current literature,'®
serving to verify in part, our results. Though the finding of a correlation between CT HU and
MRI-derived FSF values is perhaps not a surprise, little work currently exists in the literature to
demonstrate this correlation. The work here shows that given the correlation of MRI FSF to CT
HU, FSF could be used as an alternative to CT HU for assessing metabolic risk factors via the
impact on adipose tissue quality. Furthermore, spatial mapping of quantitative adipose tissue
properties, in addition to the assessment of adipose distribution and volume, could enhance

understanding of health factors affected by adipose tissue.
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CHAPTER 4

BAT - SEGMENTATION AND CHARACTERIZATION

4.1 Introduction

Partly due to the role BAT plays in energy expenditure, as well as other potential areas of

11,199 83,200-202

impact such as maintenance of insulin levels, and countering obesity, interest in
studying and understanding BAT has increased greatly in the past few years. However, the study
of BAT in humans is limited because apart from biopsy and histological staining, the currently
accepted unequivocal method for detecting BAT is through '*F-FDG PET-CT scans. When
activated by cold exposure BAT takes up the '"F-FDG radiotracer, a metabolic analogue of
glucose, and becomes visible on PET images, in comparison to the much lower level of '"*F-FDG

12714157 Although a useful technique for detecting the glucose

uptake in inactive BAT.
metabolism of active BAT, '*F-FDG PET does not reveal the primary substrate fuel, fatty
acids."'® Additionally, CT images acquired during a PET exam on a PET-CT scanner help to
differentiate between tissues with high '*F-FDG uptake by providing anatomical information.
This use of PET-CT imaging exposes the subject to ionizing radiation (predominately from PET,
though the dose from the CT scan is not negligible), and is therefore an undesirable method for
BAT detection.

One difficulty of using imaging methods to study BAT is related to performing image
segmentation to define the boundaries of tissue depots. Currently, segmentation of BAT in

human studies often relies on some degree of manual image segmentation and is therefore

vulnerable to misidentification of BAT depots, as well as inter-rater variability. Reliable spatial
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mapping techniques that can distinguish BAT from WAT distributions, along with automated
segmentation methods, would provide investigators with a powerful new tool with which to
study BAT. MRI has already been proposed as an alternative BAT imaging technique.'” MRI is
useful partly because it is nonionizing and therefore longitudinal studies are possible.
Additionally, unlike PET, MRI can detect BAT under thermoneutral (non-activated) conditions,

and has been used to measure BAT volume and activity.”” "

Using MRI to detect the
differences between BAT and WAT is possible because BAT and WAT have unique
characteristics, as outlined in Section 1.2.1.

One aim of our research is to develop a method for automated classification of BAT
using statistical analysis of biomedical imaging properties of known BAT and non-BAT voxels.
Many previous studies have investigated BAT, but often each study uses a different method for
determining what constitutes BAT.'"'*#2%02%7 The second aim of this research is to quantify the
PET-CT and MRI characteristics of active and inactive clavicular BAT in normal weight and
overweight adult subjects, and to compare these to the values in subcutaneous WAT.
Additionally, this work aims to determine if MRI is capable of detecting a difference between
active and inactive BAT. This would prove useful as '*F-FDG PET can only detect activated
BAT. Finally, this work quantifies image-based adipose tissue metrics in both PET-positive and
PET-negative subjects. Here “PET-positive” indicates subjects whose clavicular BAT had
increased '*F-FDG levels after exposure to cold, and “PET-negative” indicates subjects who did
not.

We hypothesize that these quantitative FWMRI metrics, in conjunction with other

quantitative MRI metrics, can reliably visualize and quantify BAT depots in humans. This would
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provide the research community with a powerful tool with which to study BAT’s influence on

metabolism and energy expenditure without the use of ionizing radiation.

4.2 Subjects and Image Acquisition
Out of the enrolled subjects described in Section 2.1, twenty-four are included for this
investigation. The only subject excluded was the subject who withdrew from the study prior to
completing any PET-CT scans. A complete flow chart explaining the breakdown of all 25

subjects is given in Figure 4.2-1.

25 Subjects

Enrolled
4 Subjects 20 Subjects 1 Subject
PET-negative PET-positive Only MRI data
2 Subjects 1 Subject 1 Subject PET : S‘?:?J“t ;
PET-CT data only No thermoneutral PET-CT data only th_p Ostve tunl e
(Different MRI acq.) PET-CT (Different MRI acq.) ermoneutral,
not cold
2 Subjects 17
Full dataset .
PET-Positive

Full dataset

Figure 4.2-1. Flow chart of subject recruitment.

Of the 25 subjects enrolled, 19 showed increased '“F-FDG uptake in the clavicular
adipose tissue after exposure to cold, and low '*F-FDG uptake after thermoneutral exposure. In

this work we refer to these subjects as PET-positive for BAT, corresponding with previously
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published findings.'*'* Of these, seventeen PET-positive subjects are included in this study (6
male), mean + SD: age: 25.1 + 2.9 years, and BMI: 23.9 + 2.9 kg/m® (Table 4.2-1).

The MRI data processed for this project is taken from the 4x2-interleaved echo imFFE
scan previously described in Section 2.3.2. The fat, water, and R,* maps were reconstructed
using the hybrid complex- and magnitude-based method previously described in Section 2.4.1,
using the 6-peak fat model outlined in section 2.4.1. From these fat and water maps, the FSF

images were calculated using Eqns. [1.4-17] and [1.4-21].

Table 4.2-1. PET-positive subject characteristics.

. .. Normal Overweight
Characteristic BMI < 24.9 BMI > 25
N (male) 12 (4) 5(12)
Age (yr.)
Mean 245+ 1.8 26.5+t4.1
Range 21.6-27.9 23.1-34.5
Height (cm)
Mean 167.7+6.2 166.1 + 8.9
Range 157.0 - 176.5 153.5-176.5
Weight (kg)
Mean 63.2+6.6 75.9 £ 8.4%*
Range 52.4-74.7 64.9-85.9
BMI (kg/m?)
Mean 224+ 1.4 27.5+2.1%*
Range 20.2-24.7 253 -31.5
Waist (cm)
Mean 73.8+2.3 82.0+6.6*
Range 69.0 — 78.8 73.0 - 89.3

Values are means + SD. * p-value < 0.05, ** p-value <0.001, using the Mann-Whitney U test to
compare normal to overweight subjects. BMI: body-mass index; Waist: waist circumference
measured at umbilicus. This shows that the age and height are not different between the normal
and overweight subjects. Therefore age is not a confounding factor in considering which
properties may affect brown adipose tissue characteristics between subjects. However, the
population distribution of weight, BMI, and waist circumference are right-shifted (larger valued)
in overweight subjects compared to normal weight subjects.
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4.3 BAT Mask Generation Method

Though BAT depots exist in several locations throughout the human body,> the largest
depot is found in the clavicular region. Therefore, the research performed in this study aims to
focus on identifying, segmenting and defining the characteristics of only the clavicular BAT
depot. This region of interest is highlighted in Figure 4.3-1, which shows a coronal PET MIP of a
subject after exposure to cold. In addition to the increased '*F-FDG uptake in the brain, heart and
kidneys, as indicated by the solid black regions, there are symmetrical regions of uptake in the
shoulders and along the vertebral column. The clavicular BAT depots are circled in red in Figure

4.3-1.

~
-

"

1‘

Figure 4.3-1. Coronal PET maximum intensity projection (MIP) image from a cold PET scan
displayed in reverse gray scale. The clavicular BAT depot, which is of interest for this work, is
highlighted with a red circle.

““ ‘uD..

Generating a mask of the clavicular BAT depot enables analysis of the same anatomical
region of interest in each image for a given subject. Therefore, all image volumes were co-
registered for each subject individually using the method described in Section 2.4.2. The image

registration workflow is depicted in Figure 4.3-2 a). Due to difficulties with registering the entire
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image volume across all four scans, emphasis was placed on registering the region covering the
chin to heart. During registration, the MRI and PET data underwent interpolation resulting in the

same voxel dimensions as the CT data.

PET/CT

Registration

Process
- R PET/CT

b)

Reg. MRl Reg. MRI [ ithuss Eeg'
(warm) (cold) e
J

1
Binary Morphology

| > BAT
Mask

Figure 4.3-2. Flow charts showing the registration step (A), in which the images are all
registered to the same image space. Following the registration, all four images are used in the
BAT mask creation (B).

Example clavicular level axial slices of the registered thermoneutral (TN) and cold (CA) CT HU,

PET SUV and MRI FSF images are displayed in Figure 4.3-3.
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Figure 4.3-3. Clavicular-level axial slices, post-registration. The increased '*F-FDG uptake seen
in the CA PET scan (white arrows), occurs in the supraclavicular region of adipose tissue as
determined by the CT Hounsfield Unit values. The MRI fat signal fraction (FSF) in this region
falls in the 50-80% range, similar to that of previous research.

Following image registration, a subject-specific binary mask of the clavicular BAT depot
in PET-positive subjects was created using the quantitative properties of the images. To be
included in the mask, a voxel had to fulfill all the following requirements:

* CT HU values between -200 and -1 HU
* Cold PET SUV > 2.0
* SUV signal fraction > 55%

*  MRIFSF > 20% fat

Cold SUV
Cold SUV + Warm SUV'

SUV signal fraction is defined as: This SUV signal fraction (seen in Figure

4.3-4) rule was added in place of the rule that the warm SUV must be < 2.0, as is the common
rule used in other human BAT PET imaging studies. This rule was necessary because the BAT in
one subject activated under thermoneutral conditions, which would have eliminated this subject

from analysis. The CT HU and MRI FSF rules must hold true for both the cold and
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thermoneutral data. Example axial slices from the cold and thermoneutral scans can be seen in
Figure 4.3-3.

The BAT ROI was further refined by requiring that more than 15 immediately
neighboring voxels (in 3D) must be part of the initial rule-based ROI. This 15-voxel-
neighborhood rule both removed small clusters of voxels and contracted the boundary of large
ROIs, ensuring that the resulting ROIs focused primarily on the center of BAT depots, thereby
reducing partial volume and edge effects. The resulting ROIs formed subject-specific “BAT

masks”, as seen in Figure 4.3-4.

CT [HU]: Cold PET [SUV] SUV Sig. Fraction =~ MRI FSF:
-200 < pixel <-1 pixel > 2.0 pixel > 55% pixel > 20 %

- a
- \\ ‘// o
Restricted by: Conservative
15-voxel » » estimate of
neighborhood (3D) Clavicular BAT

BAT Mask (green)

Figure 4.3-4. Pictorial depiction of the rules used to generate a BAT mask, based on the
quantitative properties of the CT, PET, and MRI scans. To be considered part of the BAT mask
each voxel in the image must satisfy these four rules, as determined on a slice-by-slice basis. If a
voxel fulfills all these criteria, it is included in the binary mask of BAT identity.
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The mask was limited for each subject to only include slices that covered, at most, from
the C3 vertebrae to the aortic arch. The cropped BAT mask was then applied to all the co-
registered images to evaluate the HU, SUV, FSF, and R,* values in the BAT depots for both the
thermoneutral and cold scan. Using this automated method minimized the effect of rater
subjectivity and boundary ambiguity thus enabling objective analysis of the same region of tissue

in all co-registered images for a given subject.

44  Results

4.4.1 Data Analysis

Except where noted, image analysis was performed using in-house developed MATLAB
2014a (Mathworks, Natick, MA, USA) scripts, and statistical analysis was performed in RStudio
v0.98.1091 (RStudio, Boston, MA, USA). Analysis was conducted two ways: keeping the 17
subjects as one group, and dividing the subjects into two groups based on BMI: normal (BMI <
24.9) and overweight (BMI > 25.0). Prior to comparing thermoneutral and cold data for the
whole group, the data were first tested for normalcy to determine if a parametric or
nonparametric statistical test should be used. Testing for normalcy was performed using three
methods. First a histogram of the data was plotted and visually inspected to determine if the
histogram appeared normally distributed. Second, a Quantile-Quantile (QQ) plot of the data was
visually inspected for linearity, and third, the Shapiro-Wilk test was used to test for normalcy,
given the null hypothesis that the data are normal and a p-value > 0.05 indicating that the null
hypothesis cannot be rejected. When comparing thermoneutral and cold data for the normal and
overweight BMI groups, nonparametric tests are used because it is not meaningful to test for
normalcy in groups with small numbers. Data are presented as mean + SD, unless otherwise

noted.
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4.4.2 BAT Properties

Analysis of the PET-positive subject characteristics revealed that neither age nor height is
different between the normal and overweight groups. This removes both age and height as
confounding factors when determining which characteristics may affect the differences in BAT
between these two groups. However, weight, BMI and waist circumference are significantly
higher in the overweight subjects (Table 4.2-1). Other potential contributors to BAT activation
were also analyzed for differences between the subjects. These potential contributors are: fasting

glucose level, body temperature and outdoor temperature.ls&208

Fasting blood glucose levels
were not significantly different between the thermoneutral and cold PET-CT scans for all 17
subjects (89.6 + 6.1 mg/dL (thermoneutral) and 86.5 = 8.4 mg/dL (cold), p-value = 0.52), or for
the normal weight (90.8 £ 5.4 mg/dL (thermoneutral) and 85.8 + 7.5 mg/dL (cold), p-value =
0.19) and overweight (85.8 + 7.1 mg/dL (thermoneutral) and 88.4 = 11.1 mg/dL (cold), p-value =
0.27) groups. However the subjects’ body temperature after two hours in the temperature
controlled room (AT = Thour-2 — Thour-0) increased significantly in the thermoneutral room (mean +
SD): (AT = 0.29 + 0.68 °F, p-value = 0.02), and decreased significantly in the cold room: (AT = -
0.15 £+ 0.53°F, p-value = 0.02). Outdoor temperature was not significantly different for the week
prior to thermoneutral scans versus the week prior to cold scans (thermoneutral scan week: 34.6
+ 16.0°F vs. cold scan week: 34.4 + 15.5°F, p-value = 0.9).

Coronal PET-CT and MRI images from a representative normal weight and overweight
subject are shown in Figure 4.4-1 and Figure 4.4-2, respectively. The normal weight subject

shows areas of increased SUV on the cold PET MIP image (Figure 4.4-1 E, red arrows)

compared to the warm PET MIP (Figure 4.4-1 A). While not as intense as the normal weight
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subject, the overweight subject also shows increased SUV on the cold PET MIP (Figure 4.4-2 E,
red arrows). The regions also appear smaller with no accompanying paraspinal depots, which are
visible on the normal weight subject. Single coronal slices of CT HU, PET SUV, and MRI FSF
(Figure 4.4-1 & Figure 4.4-2: B&F, C&G, and D&H, respectively) are also displayed. The
clavicular regions of elevated SUV during the cold scan (Figure 4.4-1 & Figure 4.4-2: G)
correspond to regions with the radiodensity of adipose tissue on the CT images (Figure 4.4-1 &
Figure 4.4-2: B&F). The same region of adipose tissue is clearly visible on the corresponding
MRI FSF images (Figure 4.4-1 & Figure 4.4-2: D&H, white ovals), with FSF values in the range
of 50-70% fat. Unlike the uptake of '*F-FDG in the PET images, this region of tissue is visible

under both thermoneutral and cold conditions.
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Figure 4.4-1. Example images from the thermoneutral (4-D) and cold (E-H) scans of a subject
from the normal weight group: male, 22 years old, BMI = 20.2 kg/m’. Uptake of '*F-FDG
characteristic of brown adipose tissue is visible in the clavicular area in the cold PET maximum
intensity projection (MIP) (red arrows, E) and is distinctly absent from the warm PET MIP (4).
Coronal CT slice shows the region of clavicular tissue with adipose Hounsfield Units (HU) in
both the warm and cold scans (B;F). The corresponding coronal PET slices (C;G) shows the
increased standardized uptake value (SUV) in the clavicular adipose tissue after exposure to
cold. Coronal slices of the MRI derived fat-signal fraction [%] maps (D,;H) show clavicular
depots with FSF in the range of 60-70% corresponding to the clavicular regions with high SUV
on the cold PET scan. This FSF range corresponds to previously published values of BAT.
Unlike in the PET scan, this region of tissue is visible on MRI regardless of temperature.
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Warm

Cold

Figure 4.4-2. Example images from the thermoneutral (4-D) and cold (E-H) scans of a subject
from the overweight group: female; 34 years old; BMI = 27.5 kg/m’. Characteristic uptake of
F-FDG in brown adipose tissue is visible in the clavicular area in the cold PET maximum
intensity projection (MIP) (red arrows, E) and is distinctly absent from the warm PET MIP (4).
Coronal CT slice shows the region of clavicular tissue with adipose Hounsfield Units (HU) in
both the warm and cold scans (B;F). The corresponding coronal PET slices (C;G) shows the
increased standardized uptake value (SUV) in the clavicular adipose tissue after exposure to
cold. Coronal slices of the MRI derived fat-signal fraction [%] maps (D,;H) show clavicular
depots with FSF in the range of 60-70% corresponding to the clavicular regions with high SUV
on the cold PET scan. This FSF range corresponds to previously published values of BAT.
Unlike in the PET scan, this region of tissue is visible on MRI regardless of temperature.

Axial slices from the cold scan of the subjects depicted in Figure 4.4-1 and Figure 4.4-2
can be seen in Figure 4.4-3. Though the clavicular BAT volume in the normal and overweight
subject are very similar, 25.4 cm’, and 20.8 cm’ respectively, the average and maximum BAT

SUV for the normal subject is much higher than the overweight subject: normal weight mean
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SUV: 7.1 + 2.8 g/ml, and max SUV: 14.3 g/ml, versus overweight mean SUV: 3.9 + 1.3 g/ml,
and max SUV: 9.32 g/ml. Additionally, the HU values of the normal weight subject are less
negative after cold exposure (-59.9 + 26.9 HU) than after the thermoneutral exposure: (-74.4 +
31.5 HU). However, this difference in HU values between the two temperatures is not apparent
for the overweight subject: cold (-76.1 + 26.3 HU) versus thermoneutral (-74.6 = 28.2 HU).

Clavicular BAT Volume = 25.4 cm?

Male 21.9y.0., BMI=20.2 kg/m?,

250 0 SUV [g/ml] 50

Female 34.5y.0., BMI=27.5kg/m? Clavicular BAT Volume = 20.8 cm?
Figure 4.4-3. Clavicular level axial slices from the cold scan of the subjects in Figure 4.4-1 (top
row) and Figure 4.4-2 (bottom row). The dashed red line on the PET maximum intensity
projection (MIP) (left column) indicates the slice of interest. The following four axial images are,
in order: CT Hounsfield Unit (HU), PET standardized uptake value (SUV) [g/ml] overlaid on the
HU image, MRI derived fat-signal fraction (FSF) map [%], and MRI derived R,* map [s™']. Note
that while the region of clavicular adipose tissue is of comparable size on the CT HU image for
both the normal (top row) and overweight (bottom row) subject, the clavicular adipose tissue in
the normal subject has higher SUV over the entire region compared to the lower SUV in the
overweight subject. Additionally, the region of tissue on the MRI FSF map corresponding to the
adipose tissue on the HU image with increased SUV has a slightly lower FSF in the normal
compared to the overweight subject.

The thermoneutral and cold MRI FSF and R,*, CT HU, and PET SUV values of
clavicular BAT from the 17 PET-positive subjects are plotted in Figure 4.4-4. The data are
plotted keeping all subjects as a group, as well as for the normal weight and overweight groups.
These results show that the FSF, HU, and SUV values are distinct between the thermoneutral and

cold scans for the whole group. Specifically, the FSF of clavicular BAT is higher in the
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thermoneutral compared to the cold scan for all subjects: thermoneutral: 62.4 + 6.8% and cold:
60.2 + 7.6% (p-value < 0.05). Additionally, the mean FSF for normal weight subjects is slightly
lower than overweight subjects in both the thermoneutral and cold scans: thermoneutral: 61.0 +
5.9% vs. 65.7 £ 8.5%, and cold: 59.2 + 7.0% vs. 62.6 + 9.4%, respectively. In a similar manner,
the mean HU of clavicular BAT for normal weight subjects is slightly less negative than that of
overweight subjects in both the thermoneutral and cold scans: thermoneutral: -71.2 £ 10.6 HU
vs. -76.7 £ 4.7 HU, and cold: -66.6 = 10.9 HU vs. -71.5 + 14.4 HU respectively. Additionally, as
expected since it is the currently used definition of BAT, the mean clavicular BAT SUV was
significantly higher in all subjects after exposure to cold (5.0 = 2.0 g/ml) compared to after
thermoneutral exposure (0.6 £ 0.5 g/ml, p-value < le”). Although it tends to be higher, the SUV
was not significantly greater in normal weight subjects (5.4 £ 2.1 g/ml) compared to overweight

subjects (4.1 £ 1.4 g/ml) after cold exposure (p-value = 0.16).
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Figure 4.4-4. Box and whisker plots showing the spread of the CT Hounsfield Units [HU], PET
Standardized Uptake Value (SUV) [g/ml], Fat-Water MRI derived fat-signal fraction (FSF) [%]
and MRI R,* values from both warm and cold scans. Data values more than 1.5 times the
interquartile range are displayed as individual data points either above or below the box and
whisker plot. Statistical comparison performed using Wilcoxon signed rank test, * p-value <
0.05, # p-value < 0.01. However, after Bonferroni correction only the comparison of cold PET
SUV to warm PET SUV remains significantly different.

The volume of clavicular BAT in the PET-positive subjects was also calculated, and
ranged from 1.4 to 57.5 cm’. Figure 4.4-5 shows the BAT volume plotted versus both age and
BMI. Although not significantly different, the volume is slightly greater in normal weight

females (32.3 + 15.6 cm’) than in normal weight males (21.6 + 12.5 cm’), p-value = 0.09.
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Multiple linear regression of BAT volume using BMI, sex and waist circumference as predictors,
indicates that BMI and sex are significantly correlated to BAT volume (BMI: p-value = 0.04,
slope = -5.2; sex: p-value = 0.03, slope = -21.9), but waist circumference and age are not (waist
circumference: p-value = 0.07, slope = 6.0; age: p-value = 0.57, slope = 0.8). These results

indicate that for example, if all else were held constant, then in males one could expect a 21.9

3 .
cm” decrease in BAT volume.
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Figure 4.4-5. Clavicular BAT volume versus age (left panel) and BMI (right panel) for all 17
PET-positive subjects. Though there is no statistically significant difference between the volume
of BAT in males and females, it appears that females tend to have a larger volume of BAT than

men, especially when delineated by BMI.

4.4.3 BAT Compared to WAT

The clavicular BAT values from the 17 PET-positive subjects are plotted in comparison
to their subcutaneous WAT values for both the thermoneutral and cold scans in Figure 4.4-6. The
work to generate the subcutaneous WAT values is described in CHAPTER 3.

The HU, FSF and R,* values are all significantly different between the two adipose
tissues: the HU values are significantly higher (less negative), the FSF values are significantly

lower, and the R,* values are significantly higher in BAT than WAT. Additionally, the range of
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FSF values in BAT is much greater than WAT in both the thermoneutral and cold scans. For
example thermoneutral BAT ranges from 51.6% to 78.7% FSF, while thermoneutral WAT
ranges from 89.0 to 95.1% FSF.

These results confirm previously published work. For example, the difference in HU
values between BAT and WAT was demonstrated in a retrospective study of pediatric patients
admitted for PET-CT scans.”” The results show that in all patients the WAT was more negative
than the supraclavicular BAT, specifically in those patients who showed elevated '*F-FDG levels
in the clavicular BAT (n=48), the values were -86.7 = 7.0 HU in WAT, and -62.4 = 5.3 HU in

BAT.

4.4.4 Clavicular Adipose Tissue in PET-Negative Subjects

Also plotted in Figure 4.4-6 are the values of the supraclavicular adipose tissue and
subcutaneous WAT from the PET-negative subjects. Their results are plotted next to the BAT
and WAT of all 17 PET-positive subjects for comparison. Interestingly, the PET-negative
subjects’ HU values of both the supraclavicular adipose tissue and subcutaneous WAT are
spread across the full range of values seen in the PET-positive subjects (Figure 4.4-6 A).
However, both the FSF and R,* values of the two tissue regions are more tightly clustered and
distinguishable for the PET-negative subjects (Figure 4.4-6 B&C). The FSF values of the PET-
negative supraclavicular adipose tissue are in the upper quartile of the PET-positive BAT values,
indicating a trend towards the WAT values. The R,* values also reflect this trend, where the
PET-negative supraclavicular adipose tissue R,* values occupy the lower quartile of the PET-
positive BAT values, trending towards the lower values seen in WAT. This trend is consistent

for both thermoneutral and cold conditions of the FSF and R,* values.
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Figure 4.4-6. Comparison of clavicular adipose tissue to umbilicus level subcutaneous white
adipose tissue (WAT) in both PET-positive and PET-negative subjects. Data from the clavicular
brown adipose tissue (BAT) and subcutaneous WAT of the 17 PET-positive subjects are
displayed in box and whisker plots showing the spread of (A) CT Hounsfield Units [HU], (B)
MRI derived fat-signal fraction (FSF) [%] and (C) MRI Ry* [s"'] values from both thermoneutral
and cold scans. Data values more than 1.5 times the interquartile range are displayed as
individual data points either above or below the box and whisker plot. Statistical comparison of
BAT to WAT for the 17 PET-positive subjects was performed using Wilcoxon rank sum test: #
p-value < 0.001. Data from the PET-negative subjects’ clavicular adipose tissue and umbilicus
level subcutaneous WAT are plotted to the right of each corresponding box and whisker plot, as

black circles and x’s, respectively.

4.5  Discussion
Our data suggest that MRI FSF can be used to detect brown adipose regardless of

activation status. Furthermore small but significant reductions in the FSF of BAT can be detected
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following activation. These findings support MRI as a viable option for studying BAT in adult
humans. Additionally, this study extends previous MRI research to quantitatively measure
differences in FSF and R,* values in supraclavicular and subcutaneous adipose tissue

14821976 the best of our knowledge, this work represents the first study to obtain PET-CT

depots.
and MRI scans of the same healthy adults after exposure to both thermoneutral and cold
temperatures. Our findings support the use of these metrics to characterize and distinguish
between BAT and WAT, and lay the foundation for future MRI analysis with the hope that
someday MRI-based delineation of BAT can stand on its own. For example, an MRI profile of
BAT could be compiled by combining the FSF and R,* values here described with other
previously described metrics such as T; (longitudinal relaxation)*'! triglyceride saturation®'* and
blood perfusion.?"

MRI-based detection and delineation of BAT from WAT is advantageous because MRI
can detect BAT under thermoneutral conditions, which is not feasible with '"*F-FDG PET. MRI-
based detection of inactive BAT is possible because the morphological characteristics such as a
lower fat fraction and greater mitochondrial content are present even when not active. Our results
support this, as both the FSF and R,* values are statistically different between BAT and WAT
even under thermoneutral conditions. Additionally, MRI is capable of distinguishing between
active and inactive BAT. For example, the consumption of fatty acids by active BAT may be
detected as a decrease in FSF value. This decrease in FSF is seen in our results, where the FSF is
on average 2.2% lower after exposure to cold than to warm temperatures, similar to previously
published results.*'’

This decrease in FSF is also reflected as a statistically significant increase in the HU

values after exposure to cold, as has been previously reported.'’**” These FSF and HU results
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are consistent because as adipose tissue reduces in fat content the HU values become less
negative. Additionally, it is interesting to note that the average HU of BAT in overweight
subjects are more negative, i.e. more fat-like, than in normal weight subjects, though not
significantly different. This difference is again reflected in the FSF values, where the FSF of
BAT in overweight subjects is on average higher than that of normal weight subjects. Although
many studies report differences in BAT glucose uptake, to our knowledge this is the first report
comparing FSF and HU values of clavicular BAT in normal weight to overweight adults.

Additionally, as expected given that increased SUV is the currently accepted biomedical-
imaging indicator for activated BAT, the SUV in clavicular BAT is significantly higher after
exposure to cold temperatures. Also, though not significantly different, the normal weight
subjects show higher mean SUV than the overweight subjects. This may indicate that the BAT in
overweight subjects is less responsive to cold stimulus, or that the overweight subjects did not
get cold enough to show increased SUV, as has been previously shown.”*>%

Although we measured a significant decrease in the FSF values, the difference was slight.
Therefore we note that for future research calculating MRI FSF it is important to reduce the
degree to which other factors may contribute to the change in FSF. This can be accomplished in
several ways. First, reducing partial volume effects is beneficial. Partial volume effects occur
when the tissue of interest (BAT) is averaged with other tissues due to limited imaging
resolution. The clavicular adipose depot is very heterogeneous, containing blood vessels, fascia
and other tissues. This may contribute to partial volume effects, which can be reduced in part
with smaller voxels. The BAT mask applied here was eroded at the outer boundary, helping to
mitigate any partial volume effect at the boundary of the adipose depot. Second, to obtain a more

accurate fat-water separation, the chemical shift of water due to temperature must be taken into
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account. Because BAT releases heat when activated, the tissue becomes warmer than standard
body temperature, and the magnetic resonance frequency of water shifts accordingly. Accounting
for this chemical shift is not possible with this dataset due to insufficient spectral resolution, i.e.,
low number of acquired echoes. Third, recent publications indicate the importance of
individualized cooling protocols, especially for subjects with higher BML'™*'* The cold
temperature and cold exposure time duration used here was consistent for all subjects regardless
of BMI, and may not have been low enough or long enough to sufficiently cool the overweight
subjects. Therefore the BAT in overweight subjects may not have activated, or was not activated
for long enough to detect significant lipid oxidation. This is supported in the measurement of the
subjects’ change in body temperature (AT). After two hours of exposure to cold, the body
temperature decreased in normal weight subjects (-0.19 £ 0.57, p-value = 0.03) but not in
overweight subjects (-0.06 = 0.40, p-value = 0.34). Taking these three factors into account would
help ensure that the measured difference between the thermoneutral and cold FSF values is a
result of a true metabolic change in the tissue.

The results of this research show that the MRI properties of FSF and R,* are capable of
distinguishing between clavicular BAT and subcutaneous WAT in adults. Additionally, the
separation between the MRI values of BAT and WAT are more clearly distinguishable than the
HU values. The Ry* could be detecting blood perfusion in the tissue, or iron content due to
higher levels of mitochondria, both of which are significantly higher in BAT compared to
WAT."? These findings support the potential ability of MRI to distinguish BAT from WAT
without the use of PET or CT.

In this research, the prevalence of clavicular BAT as determined using the elevated '*F-

FDG levels is 20/24 = 83%. This is derived from the 20 PET-activators out of a total of 24
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subjects (PET-CT data was not acquired in one subject). Analyzing the clavicular adipose tissue
from the PET-negative subjects shows the values in their clavicular adipose depots are more
similar to the values seen in the PET-positive subjects. Therefore, if we instead use the FSF and
R,* values to determine the presence of suspected BAT, the prevalence could be closer to 100%.
Without biopsy samples of the tissue it is not possible to determine the true prevalence of BAT
in this cohort. This illustrates one of the main issues with using PET-CT imaging to detect BAT:
it relies on the uptake of "*F-FDG by active brown adipocytes to determine the presence of BAT.
Therefore, if no uptake occurs, it is assumed that BAT does not exist in that subject. Previous
research shows this is untrue, and that brown adipocytes are present in the supraclavicular
adipose depot of subjects who are PET-negative.''’ Biopsy samples of the clavicular adipose
depot in these subjects mainly contained unilocular adipocytes, but there existed a scattering of
multilocular cells, which stained positive for BAT specific markers such as UCP1.'"°
Furthermore, other work shows that the supraclavicular adipose tissue of PET-negative subjects
is capable of differentiating in vitro into brown adipocytes.''' These two findings demonstrate
that the prevalence of BAT in adults may be higher than PET scans indicate, which is exciting
when considering the possible role BAT may play in mitigating the metabolic syndromes.

In conclusion, the present study extends the application of MRI to quantifying the MRI
FSF and R,* properties of BAT in adults. Building on these results with additional MRI-derived
properties such as temperature, diffusion, perfusion, and T;, MRI will likely be able to
distinguish BAT without human subjectivity, even if the tissue is not active. Because some
subjects that are PET-negative do have BAT, it is important to develop a technique for detecting
BAT that does not rely solely on the rate of glucose metabolism. Additionally, the ability to

distinguish BAT without ionizing radiation would enable BAT to be studied in larger cohorts, in
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longitudinal studies, and in difficult populations such as pediatrics, which could further our

understanding of the role BAT plays in humans.
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CHAPTER 5

PROGRESS TOWARDS AUTOMATIC CLASSIFICATION

5.1 Introduction

One aim of our research is to develop a method for automated classification of BAT
using statistical analysis of biomedical imaging properties of known BAT and non-BAT voxels.
Many previous studies have investigated BAT, but often each study uses a different method for
determining what constitutes BAT.'"'*82%2%7 [ this study we acquire four quantitative
measurements for each subject: Fat-water MRI derived FSF and R,* relaxation rate, CT HU, and
PET SUV, with the purpose of determining what combination of these four quantitative
measurements can be used to reliably and automatically classify BAT. While uptake of the
radiotracer '*F-FDG is accepted as an indication of BAT there are several drawbacks'’ of using
this as a sole indicator of BAT. One reason is due to elevated '*F-FDG uptake in tissues other
than BAT, such as the heart, salivary glands, and muscles. Furthermore, exploring the ability of
quantitative MR properties to classify BAT could reduce radiation exposure in future studies

using only MRI, as well as support investigations using emerging PET-MR systems.

5.2 Subjects and Image Acquisition
Out of the enrolled subjects described in Section 2.1, ten PET-positive subjects were
included for this study (2 males, 8 females, aged 22 to 41 years, with a BMI of 20.24 to 27.52

kg/m?).
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The MRI data processed for this project are taken from the 4x2-interleaved echo imFFE
scan previously described in Section 2.3.2. The fat, water, and R,* maps were reconstructed
using the complex method previously described in Section 2.4.1, using the 9-peak fat model
outlined in section 2.4.1. Image registration was performed using the method described in

Section 2.4.2.

5.3  Random Forest Machine Learning

5.3.1 Random Forest Algorithm

The training algorithm for the random forest was performed using the MATLAB function
TreeBagger. This function creates an ensemble of bagged decision trees, in this case using 100
trees, for predicting the “BAT” and “not-BAT” classification using the four values (FSF, Ry*,
HU, SUV) from images of the three training subjects. This training ensemble was calculated for
all 15 combinations of the four predictors (FSF, R,*, HU and SUV). The list of these 15
combinations is presented in Table 5.3-1. Results from training with these 15 combinations of
data were then applied to the unclassified data from the remaining seven subjects to predict the

probability of voxels being classified as either BAT or not-BAT.
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Table 5.3-1. Random forest data combinations.

Image Type |\ ip Kmax  AUC
Combination

R 0.033 0.632
FR 0.094 0.705
H 0.096 0.882
RH 0.103 0.785
F 0.109 0.842
FH 0.181 0.860
FRH 0.188 0.900
S 0.491 0.972
RS 0.555 0.977
FS 0.701 0.984
FRS 0.704 0.985
HS 0.760 0.994
RHS 0.774 0.994
FRHS 0.796 0.995
FHS 0.832 0.996

The 15 combinations of data (F = FSF, R = R,*, H = HU and S = SUV) and the corresponding
results acquired by applying the random forest regression analysis for each image type
combination to the unclassified data for all seven subjects. For each image type combination the
mean precision at Kmax (MPatKmax), where Kmax is the total number of true voxels in the
BAT mask, and the corresponding area under the curve (AUC) is reported, showing the varying
degrees of reliability in predicting BAT. The data combinations are sorted by increasing values
of MPatKmax.

5.3.2 Training Data

The resulting ROIs formed subject-specific “BAT masks”. After creating the BAT
masks, a range of seven slices was selected at the clavicular level for each subject, covering the
main site of supraclavicular BAT. All data presented here comes from these seven slices for each
subject. After using all four scans to create the BAT mask for each subject, the data used for all
further analysis reported here comes from the cold PET-CT and cold MRI scans only.

The second step was to select three of the ten subjects to form the training dataset for use

with a random forest machine-learning algorithm.>"> For each of these three subjects a second
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mask of “not-BAT” voxels was created for the selected range of seven slices per subject. This
mask was formed by taking the union of all voxels containing signal on both the coregistered
FWMRI and PET-CT scans, creating a “foreground” image. Then using binary morphology, the
previously created BAT mask was dilated by 5 voxels and subtracted from this “foreground”
image. This generated a mask that did not include the original BAT-mask voxels, i.e. the “not-

BAT” mask, as seen in Figure 5.3-1.

BAT — Single slice

not-BAT — Single slice
Figure 5.3-1. Random forest training masks of the “BAT” (top row) and “not-BAT” (bottom
row) regions from three example subjects. These show single axial slices of the BAT masks and
corresponding “not-BAT” masks for three subjects.
The BAT and not-BAT masks were then applied to the coregistered images of the three selected
subjects to obtain the FSF, R,* relaxation rate, HU and SUV values for each voxel within the

BAT and not-BAT regions. These four quantitative values of BAT and not-BAT voxels were

then used as the training data in a random forest analysis.

54  Results
All data presented here are the result of processing all seven subjects as a unit. To
analyze this unclassified data, only the union of all voxels that contain signal on both the

coregistered FWMRI and PET-CT scans were considered. This mask, which was formed from a
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union of foreground voxels, was applied to the coregistered data to obtain the FSF, R,*, HU and
SUV in an unclassified state. These four values were combined in 15 ways (as listed in Table
5.3-1) and predictions were calculated based on the corresponding tree bagging ensemble results
from the training data. This calculated the predicted probability (from 0 to 1) for each voxel to be
BAT. The resulting mean precision at K (MPatK), where K is the total number of voxels in the
BAT mask, and area under the curve (AUC) were calculated for the seven slices from all 10

subjects combined (Kmax = 18,902 voxels).

5.4.1 Predictions

Table 5.3-1 shows the list of data pairings (F = FSF, R = Ry*, S = SUV, H = HU), with
each corresponding MPatK and AUC. From these results the combination of FHS produces the
best MPatK (0.832) with a corresponding AUC of 0.996. While relying on either R,*, HU or
FSF alone results in a low probability of correctly predicting BAT voxels (MPatK of 0.033,
0.096, and 0.109 respectively), combining any one of these values to SUV results in a higher
MPatK (0.555, 0.760, and 0.701 respectively) than using SUV alone which results in a MPatK of
0.491. Example plots of the MPatK for increasing values of K for the SUV and HU-SUV, and

FSF-HU-SUV combinations are shown in Figure 5.4-1.
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Figure 5.4-1. Plots of the mean precision at K (MPatK) for increasing values of K up to Kmax =
18,902, where Kmax is the total number of voxels in the supraclavicular BAT masks for all 7
subjects processed together. The lowest calculated precision plotted here results from processing
SUV data alone. Adding HU data to SUV (the HS line) increases the precision, with the highest
precision coming from combining the FSF, HU and SUV (FHS) data.

5.4.2  Anatomically Difficult Regions

Due to the lack of elevated '*F-FDG uptake in tissue other than BAT, this classification
method may be expected to perform well in the limited clavicular region analyzed here.
However, BAT depots can extend both up into the neck and down into the torso. Both of these
regions are potentially more difficult to classify due to additional elevated '*F-FDG uptake in
tissues besides BAT, such as the heart and salivary glands. Therefore, in order to test the
robustness of this analysis method, the same random forest predictor applied in the clavicular
region was also applied to a challenging slice in both the neck and upper torso of one subject.
Figure 5.4-2 shows the axial slice through the neck of one subject, showing regions of elevated
SUV in both the jaw and back of the neck. None of the regions of elevated SUV seen in Figure

5.4-2c) are considered BAT using the same rules that created the BAT mask in the clavicular
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region. However, processing these data using SUV alone falsely calculates a high probability
that this is BAT, as seen in Figure 5.4-2d). By adding FSF to SUV in the analysis lowers the
probability (Figure 5.4-2¢), and adding R,* to FSF and SUV lowers the probability even further
(Figure 5.4-2f). These promising results demonstrate that adding FWMRI-derived metrics to the
analysis gives additional information to correctly lower the probability of classifying this region

as BAT in a difficult anatomical slice.
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BAT Probability Maps

Figure 5.4-2. Axial images and BAT probability maps in the neck of one subject. The axial
images are a) MRI [FSF], b) CT [HU] and c) PET [SUV] from the coregistered cold scans. The
regions of increased SUV in both the jaw (solid white arrows) and back of the neck (dashed
white arrow) are not included in the originally created BAT mask. However, after application of
the random forest predictor, these regions have a high probability of being BAT as determined
by SUV alone (d). Analysis using FSF and SUV combined lowers the probability greatly (e), and
analysis using FSF, R,* and SUV together lowers the probability even further. Note the
differences in scale on the probability maps.
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Analysis of the slice in the upper torso shows similarly encouraging results, as seen in
Figure 5.4-3. The BAT and not-BAT masks generated for this slice using the rules described
above are shown in Figure 5.4-3a) and 3b) respectively. The regions of increased SUV in the
axilla seen in Figure 5.4-3f) (white arrows) are identified as BAT in the BAT mask. These
correspond to areas of FSF in the 60-80% range as seen in the MRI FSF image in Figure 5.4-3c),
which matches known BAT values. Additionally, the region of increased SUV near the spinal
column marked by the dashed white arrow in Figure 5.4-3e) could be BAT, as it has both
elevated SUV and adipose tissue HU values, and this is a known location for BAT to exist. This
region near the spinal cord was likely not included in the BAT mask in Figure 5.4-3a) because it
was eliminated from the mask due to the 15-voxel-neighborhood rule. Analyzing this slice using
the same random forest predictor used in the supraclavicular BAT depots shows promising
results. Using SUV alone in the analysis correctly predicts the two BAT depots with a relatively
high degree of certainty as seen in the probability map in Figure 5.4-3f). Analysis of FSF and
SUV together (Figure 5.4-3g) and FSF, R,* and SUV (Figure 5.4-3h) shows an increase in the
probability that these axilla regions are BAT compared to analysis with SUV alone.
Additionally, the region of increased SUV located next to the spinal column is detected in all
cases, however with a lower probability. Note that all three probability maps in Figure 5.4-3 are

displayed using the same scale.
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Figure 5.4-3. Axial images and BAT probability maps in the chest of one subject. The axial
images are ¢) MRI [FSF], d) CT [HU] and e) PET [SUV] maps. Panels a) and b) show the
corresponding slice of the automatically generated BAT and “not-BAT’ masks respectively.
When the random forest predictor is applied, the regions of increased SUV in the axilla region
(solid white arrows) should be categorized as BAT as seen in the BAT mask (a). The depots
indicated by the white arrows are successfully determined to be BAT by f) SUV alone, but the
probability is increased by analyzing either ) FSF and SUV together, or f) FSF, R,* and SUV.
The smaller nodule (dashed white arrow) along the spine is also classified as BAT, although with
a lower probability. Note that all three probability maps have the same scale.

5.5  Conclusion
In this study we developed a prototype automated segmentation method based on
properties obtained from fat-water MRI and PET-CT scans acquired on ten healthy adult
subjects. A random forest machine-learning algorithm using combinations of metrics from Fat-
Water MRI and PET-CT was able to successfully classify voxels as BAT. When applied to
unclassified data in the supraclavicular region, these ensembles successfully predict the same

regions that are previously determined to be BAT. Additionally, analysis in more challenging
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anatomical regions also produce promising results, both successfully predicting low probabilities
for regions which are not BAT as well as predicting regions which are BAT with high
probability. Hence, given various combinations of FSF, R,*, HU and SUV data it is possible to
segment BAT in a purely automated fashion with varying degrees of precision.

These preliminary results demonstrate the potential for successful automatic
segmentation of human brown adipose tissue using MRI and PET-CT properties. Although this
method relies heavily on accurate registration between datasets, it shows promise for the ability
to segment BAT from other tissues without manual intervention. Furthermore, results indicate
the possible utility of emerging PET-MR systems. Given that the regression analysis performed
here was on cold scans only, future work should include determining the ability to segment BAT
using only thermoneutral data. This is a more challenging problem, as the BAT depots are not as
easily determined because the SUV is not elevated in the BAT depots when they are not exposed
to cold. Therefore, it may be useful to include additional quantitative MRI measurements such as
diffusion, temperature, and T; values to enhance the performance of segmentation based on MRI
alone. Doing so could ultimately eliminate the need to include PET or CT data in order to

successfully classify and segment BAT depots.
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CHAPTER 6

ADDITIONAL MRI PROPERTIES OF BAT

6.1 Triglyceride Mapping

In the ongoing effort to quantify the MRI-derived characteristics of BAT, one area of
interest is quantifying triglyceride characteristics. This work aims to develop and improve
methods based on fat-water MRI (FWMRI) for triglyceride characterization in vivo. Previous
work in murine models shows differences in triglyceride characteristics in various adipose tissue
depots. To expand upon this previous work, the aim of this research is to use FWMRI methods to
characterize triglycerides properties in human adipose tissue. Characterizing the triglyceride
properties of BAT could provide an additional metric for distinguishing BAT from WAT, adding
to the MRI “fingerprint” of BAT properties, which would allow segmentation of BAT without
additional imaging such as PET.

Previous work in humans shows that the composition of stored lipids in adipose tissue is

related to diet,*'®

and in rabbits the ratio of polyunsaturated to saturated fatty acids (SFA) is
related to the unsaturation level of dietary fat.*'” Additionally, it is important to understand the
spatial distribution of polyunsaturated fatty acids (PUFA) as they stimulate BAT to activate,”®
and rats fed fish oil, which is highly unsaturated, show a difference in PUFA distribution
between BAT and WAT.>" It is also important to understand the spatial location of PUFAs and

SFAs, as work has shown that PUFAs limit adipocyte lipid droplet size and differentiation in

comparison to SFAs.**’
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This work aims to quantify the saturation fraction (SF), mono-unsaturated fraction
(MUF), and poly-unsaturated fraction (PUF) of triglycerides. The triglyceride in Figure 6.1-1
shows a saturated fatty acid (top fatty acid), and a mono- and poly-unsaturated fatty acid (middle

and bottom fatty acid, respectively).
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Figure 6.1-1. Triglyceride representation, showing three types of fatty acids: Saturated (top),
mono-unsaturated (middle), and poly-unsaturated (bottom).

Of the many differences between BAT and WAT, it appears from previous research that
the triglyceride content of the two adipose tissues is also different. Two studies of excised

212211 1994, Zancanaro et al. used

murine BAT and WAT were conducted using spectroscopy.
MR spectroscopy to study BAT from two groups of rats, one group housed at normal room
temperature (20-23°C) for two weeks, and one group housed at 4°C for two weeks.””' Their
results showed that BAT harvested from rats kept in the cold was more saturated than the BAT
harvested from rats at room temperature. In 2011 Hamilton et al. also acquired MR spectroscopy
data on BAT and WAT harvested from mice housed at 22°C.*"' Their results indicated that BAT
was more saturated than WAT, even though the animals were not housed in cold conditions.

Building off these previous results, we aim to characterize the triglyceride content of BAT and

WAT in humans using MRI.
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6.1.1 Phantom and Subject Setup

The data for this study was acquired in both a phantom and healthy adult humans using
the same MRI sequence. The phantom, pictured in Figure 6.1-2, was made using seven oils: 1-
Red Palm, 2-Flax, 3-Olive, 4-Sunflower, 5-Pumpkin, 6-Coconut, and 7-Sesame. This phantom
was created to test and verify the scan acquisition and processing methods prior to processing
human data. The human data presented here comes from 8 of the PET-positive subjects (4 male),

aged 24.5 + 3.7 years, with a BMI = 25.8 + 3.6 kg/m”.

Figure 6.1-2. Seven-oil phantom.

6.1.2 Processing Methods
The MRI sequence acquired was the high-resolution 12-echo (4 echoes x 3 interleaves)

imFFE scan, as described in section 2.3.2.
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The first step to process the data involved the standard fat-water separation technique,
with the 9-peak fat spectral model, as described in 2.4.1. This resulted in an initial R,*, AB( and
FSF map, as seen in Figure 6.1-3 panel A). These resulting maps, along with the original
complex data, were then fed into a voxel-by-voxel non-linear least squares fat-water fitting
model. This second fat-water non-linear optimization used a model allowing the fat spectral
model to be fit, and again the first echo of each interleave was discarded. This second processing

step resulted in updated R,*, ABy and FSF maps, as seen in Figure 6.1-3 panel B).
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Figure 6.1-3. Results from the two-part fat-water separation processing.

6.1.3 Initial Results
Also resulting from this second least squares fitting process were the triglyceride

characterization maps, as seen in Figure 6.1-4.
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Figure 6.1-4. Resulting fat signal fraction and triglyceride maps from the 7-oil phantom depicted
in Figure 6.1-2. SF = saturation fraction, MUF = mono-unsaturated fraction, PUF = poly-

unsaturated fraction. The four oils highlighted with red squares are compared in Figure 6.1-5 to
both USDA oil values and previous work by Hamilton et al.*"!

To verify our findings, we compared the results from four of the phantom oils to the values
found in the United States Department of Agriculture (USDA) database, as well as to gas liquid

chromatography work performed by Hamilton et al.*'"'

The four oils highlighted in red boxes in
Figure 6.1-4 are the oils we have comparison data from both the USDA and previous gas liquid

chromatography work by Hamilton et al.*'' These results are plotted in Figure 6.1-5.
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Figure 6.1-5. MRI oil phantom results plotted versus oils from both USDA and Hamilton et
al*'" Values are plotted as means + SD. Discrepancies between palm and sesame oils are
potentially due to slight differences in oil types (ex: red palm vs. palm, toasted sesame vs.
sesame).

These phantom results show promise in the ability of MRI-derived triglyceride characterization
to distinguish the SF, MUF and PUF values. Because gas-liquid chromatography (GLC) was not
performed on these four oils, it is unknown if the discrepancies between our results and the
USDA values are due to inherent differences in our oils, or because the MRI analysis was
incorrect. This can be addressed in future work by also obtaining GLC values on the oils.

The same 4x3 echo imFFE scan, acquired on the previously described human subjects,
was processed in the identical manner as the oil phantom processing. The results images from
one subject are displayed in Figure 6.1-6, showing the FSF image along with the triglyceride SF,
MUF, and PUF maps. The images are masked to only show pixels with FSF > 40%, as this

triglyceride characterization method is only expected to work in pixels with significant fat

content.
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Figure 6.1-6. Clavicular level axial slice showing resulting triglyceride processing maps. The
images are masked to show pixels containing >40% fat. BAT data were taken from the clavicular
adipose tissue (white arrow) with confirmed elevated '*F-FDG levels. WAT data were taken
from the subcutaneous adipose in the mid-back (white circle).

The triglyceride characterization values from regions of interest (ROI) in both BAT and
WAT are plotted in Figure 6.1-7. The clavicular BAT ROI was defined using the same BAT
mask described in section 4.3, an example BAT region is indicated by the white arrow on the
FSF image in Figure 6.1-6. The subcutaneous WAT ROI was taken from the middle of the back,
as indicated by the white circle on the FSF image in Figure 6.1-6. The values from the eight
subjects are plotted (means + SD) in comparison to excised murine BAT and WAT tissue

scanned at 3.0 Tesla by Hamilton et al.*'"'
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Figure 6.1-7. Human data plotted versus excised murine BAT and WAT scanned at 3.0 Tesla by
Hamilton et al.*'' Saturation fraction shows higher mean saturation in BAT compared to WAT,
though not statistically significant.

These plots indicate that the MRI-based triglyceride characterization method is promising
and potentially capable of enhancing our understanding of BAT and WAT morphology. Because
the tissue that we are comparing our results to is excised, not in vivo, murine tissue this
complicates the ability to truly compare the results. Therefore it is even more important to ensure
the triglyceride characterization method is accurate through validating the results against

accepted GLC values.

6.1.4 Discussion and Conclusion

This work shows promising preliminary progress towards characterizing triglycerides
using fat-water MRI. Future analysis will include further adjustment of the least-squares fitting
parameters in calculating the triglyceride characteristics, and acquiring and processing data with
a range of both number of echoes and echo spacing to sample different spectral resolutions and

bandwidths. Our results can then be compared to previous reports of triglyceride characterization
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using MRI of oils and humans.'*+*****

This work is novel in the attempt to quantify human
BAT and WAT triglyceride characteristics with phantom scan validation.
This study demonstrates the ability to quantify triglycerides in both white and brown

adipose tissue in healthy adults with a variety of ages and BMI levels.

6.2  Temperature Mapping

One of the most important aspects of detecting and quantifying the properties of BAT
involves detecting differences between the active and inactive states of the tissue. PET imaging
with "*F-FDG has become the de facto standard for differentiating between active and inactive
BAT. However, as was discussed in section 4.4 there are issues with using '*F-FDG PET as a
definitive metric. Additionally, CT has been shown to detect differences between active and
inactive BAT. For example in rats scanned once after four hours at room temperature and again
after four hours at 4°C. The results showed that after exposure to cold, BAT had a significantly
higher HU than after exposure to room temperature: -12.4 + 22.4HU versus -27.9 + 9.6HU,
respectively.'”’

One definitive result of activated BAT is the release of heat. Therefore the ability to
measure a temperature increase of the tissue would enable a clearer and perhaps more reliable
distinction between active and inactive BAT. The purpose of this work is to apply a novel
FWMRI method with explicit modeling of temperature-dependent water frequency offset to
scans of activated and non-activated BAT in adult human subjects to demonstrate the method’s

ability to distinguish between the BAT states.
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6.2.1 Processing Methods

The high-resolution imFFE scan with 12 echoes (4x3 interleaved echoes) was processed
for this study (see section 2.3.2). Conventional fat-water separation based on a multi-scale
whole-image optimization algorithm'® was performed for each dynamic. Fat was modeled using
a 9-peak spectral model.'** The first echo of each four-echo train was discarded to avoid
potential contamination by eddy currents in the complex fat-water signal model. Results of the
conventional fat-water separation were used to initialize a modified version of the mixed
(magnitude and complex) signal-fitting algorithm available in the International Society for
Magnetic Resonance in Medicine (ISMRM) Fat Water Toolbox.** The mixed signal fitting
function was then modified to additionally solve for a temperature-dependent frequency shift of
the water peak, as shown in Equation [1.4-22].

After completion of the voxel-by-voxel fitting algorithm, a mask was created of the
clavicular adipose tissue region. Instead of using the same BAT mask as described in section 0, a
new mask was created. This is because the original BAT mask was created using rules which
only apply to those subjects showing increased '*F-FDG uptake after exposure to cold, and this
temperature mapping method aims to be applicable to all subjects, regardless of the cold PET
status. To create the temperature based mapping, the following six rules were applied to each
voxel in the MR image: FSF > 40% fat, R,* < 200s™, post-fitting residual < 3*107, -20°C <
voxel < 20°C, -1000Hz < By < 1000Hz, and the voxel-fitting exited successfully. This largely
limited the mask to the desired clavicular regions, with a few additional regions, as seen in the
“Resulting full mask™ in Figure 6.2-1. The mask was then cleaned, removing any voxels where
the gradient between a voxel and its neighbor was greater than 10%. This helped remove the

partial voluming present at the boundary between fatty and lean tissue. If these steps did not
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completely remove all the undesired regions, then the clavicular regions were manually selected
on a slice-by-slice basis using the MATLAB function bwselect(). An example single axial slice

showing the final clavicular mask is shown in the last panel of Figure 6.2-1.

Six binary masks used
for voxel-wise fitting:

FSF > 40% R,* <200 sec! Res Norm < 3*107

Final clavicular mask

Figure 6.2-1. Automated FWMRI temperature-based mask creation.

6.2.2 Initial Results

Nine of the eleven subjects processed were PET-positive on their cold scan, and two were
PET-negative. The results from two example subjects can be seen in Figure 6.2-2. Subject 01
was a PET-negative subject, showing no increased '*F-FDG uptake during the cold (CA) scan
(top row, left panel). Subject 02 was a PET-positive subject, showing characteristic increased

'SF-FDG uptake in the clavicular region during the CA scan (top row, right panel).
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These results show that the FWMRI-derived temperature of the clavicular adipose tissue in
the PET-negative subject (S01) is not significantly elevated from 37°C after exposure to either
cold or warm temperatures. However, the FWMRI-derived temperature of the clavicular adipose
tissue of the PET-positive subject (S02) is significantly elevated from body temperature after
exposure to cold (3.73 + 0.43°C). This is in agreement with the uptake of "*F-FDG in the cold
PET scans of S02 but not SO1, as seen in the axial slices displayed in the second row of Figure
6.2-2. One hypothesis to explain these results is that the clavicular adipose tissue of SO1 is not
true BAT, and is potentially more white-like and therefore it did not activate and release heat
when exposed to cold. In addition to the difference in temperatures between the two subjects, it
is also interesting to note that there is also a difference in the clavicular fat-signal fraction (FSF)
between the two subjects. The FSF of SO1 (85.23 + 0.87%) is higher than that of S02 (75.45 +
0.59%), values seen in Table 6.2-1. This finding also supports the hypothesis that the clavicular

adipose tissue of SO1 is more white-like, since the fat content is higher.
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Figure 6.2-2. Temperature mapping results from both a PET-positive and PET-negative subject.
Subject 01 is a cold PET-negative subject, and Subject 02 is a cold PET-positive subject, as seen
in the top row. Row 3 shows an axial fat-signal fraction map, with the corresponding masked
temperature maps shown in row 4, along with the mean + 95% C.I temperature offsets (°C). The
temperature reported is the offset from 37 °C (98.6 °F). TN = Thermoneutral scan, CA = Cold
scan.

Results from each of the eleven subjects can be seen in Table 6.2-1. For the nine PET-positive
subjects, the resulting temperature of the clavicular adipose tissue after exposure to warm
temperatures was only slightly altered from normal body temperature. However, after exposure
to cold temperatures the BAT activates and releases heat. This is reflected in the clavicular
adipose temperatures elevated to values significantly greater than zero. Contrary to the PET-
positive subjects, the two PET-negative subjects, SO1 and S06, show only slightly altered
temperatures in the clavicular adipose tissue after exposure to both cold and warm conditions.
This indicates that their clavicular adipose tissue did not activate and release heat after exposure
to cold temperatures. One possibility for this finding is that the adipose tissue present in the

clavicular region is not BAT, but instead is a more white-like adipose tissue, and therefore it is
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unable to activate and generate heat. A second possibility is that the tissue did activate and

release heat, but did not activate to the same degree as the other subjects and therefore the heat

released was not as high. This could be because an individualized cooling protocol was not used

in this study and therefore SO1 did not get cold enough to activate the BAT present.

Table 6.2-1. Results from the warm and cold FWMRI temperature maps.

e e
So01 -029+0.71 -0.09+0.69 85.23+0.87 -
S02 1.05+0.33 73.73+£043 75.45+0.59 +
S03 1.13+£0.51 73.89+042 76.21+0.86 +
S04 -193+£0.53 7258+0.70 73.14+1.12 +
S05 085+0.54 7275+0.68 76.67+0.92 +
S06 -0.63+0.72 -0.69+0.26 82.58+0.39 -
S07 -005+0.50 "1.27+096 79.38+0.91 +
S08 0.50+075 7323+042 78.48+0.61 +
S09 -0.72+0.57 T134+034 6841+0.66 +
S10 044+096 “1.07+0.57 74.35+0.89 +
S11  -092+094 71.64+052 72.85+0.72 +

Abbreviations: TN: thermoneutral, CA: Cold-activated. Temperature offset (from 37°C (98.6°F))
is reported as mean = 95% C.I. in the clavicular ROI from both the TN and CA scans. The CA
PET column indicates CA PET activity. ‘+’: Increased '*F-FDG uptake, ‘—’: no '*F-FDG uptake.
Right-tail t-test of the CA data shows the mean is significantly greater than zero for all subjects,
except the two PET-negative subjects, SO1 and S06. (“ p<0.01, "p<le-6).
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6.2.3 Results and Discussion

Though other groups have pursued various FWMRI techniques,” ** this technique
differs by using a multi-peak iterative method to create absolute thermometry maps without the
need for comparative measurements. Additionally, although other FWMRI thermometry work

228229 16 the best of our

has been performed on various targets,”’ as well as in animal BAT work
knowledge, this research presents the first report using MRI to determine the relative temperature
change in BAT in adult humans.

Despite the small number of subjects, this study demonstrates the possibility to
distinguish activated from non-activated BAT in adult humans using FWMRI-derived
temperature mapping. The elevated temperature in activated BAT is detectable in FWMRI scans

following cold exposure compared to scans following warm conditions. The results of this study

demonstrate the potential of MRI to detect the activation state of brown adipose tissue.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

The work presented in this dissertation elucidates some of the imaging-derived properties
of BAT in adult humans. Our data suggest that MRI FSF can be used to detect brown adipose
regardless of activation status. Furthermore small but significant reductions in the FSF of BAT
can be detected following activation. These findings support MRI as a viable option for studying
BAT in adult humans. Additionally, this study extends previous MRI research to quantitatively
measure differences in FSF and R,* values in supraclavicular and subcutaneous adipose tissue

148,210
depots. ™

To the best of our knowledge, this work represents the first study to obtain PET-CT
and MRI scans of the same healthy adults after exposure to both thermoneutral and cold
temperatures. Our findings support the use of these metrics to characterize and distinguish
between BAT and WAT, and lay the foundation for future MRI analysis with the hope that
someday MRI-based delineation of BAT can stand on its own. For example, an MRI profile of
BAT could be compiled by combining the FSF and R,* values here described with other
previously described metrics such as T (longitudinal relaxation),”' triglyceride saturation,*"
and blood perfusion.”"

Further work demonstrates that quantitative FWMRI derived FSF is significantly
correlated with CT HU values in subcutaneous WAT. Additionally, the finding that
subcutaneous adipose tissue HU values are inversely related to BMI is supported by the current
literature, ™" serving to verify in part, our results. This shows that given the correlation of MRI

FSF to CT HU, FSF could be used as an alternative to CT HU for assessing metabolic risk

factors via the impact on adipose tissue quality. Additionally, spatial mapping of quantitative

138



adipose tissue properties, in addition to the assessment of adipose distribution and volume, could
enhance understanding of health factors affected by adipose tissue.

The novel BAT segmentation method employed in this work minimizes the affect of rater
subjectivity and boundary ambiguity. The rigorously defined MRI properties of BAT presented
in this work lay the foundation for MRI-based quantitative imaging of BAT without the need for
the ionizing radiation and the radioactive tracers required to obtain PET-CT images.

Future investigations can improve on the work presented in this dissertation. One of the
downsides to this research protocol is the “one-size-fits-all” approach to both warming and
cooling the subjects. Future work would benefit from using a more individualized approach to
maximize non-shivering thermogenesis, and therefore maximize the BAT activation, for each
subject. During the course of the research performed for this dissertation, new evidence came to
light regarding the use of individualized cooling methods, as summarized in the recent
publication by van der Lans et al.'” Because people respond differently to cold stimuli, and
because maximal BAT activation occurs as a form of non-shivering thermogenesis, the
physiologic response to cold must be tracked. Instead of exposing all subjects to the same
temperature, a temperature at which one subject might shiver violently while another experiences
only mild cold, individualized cooling brings all the subjects to the same level of physiologic
response. Exposing subjects to a degree of cold stimulus tailored to their physiologic response
enables a more controlled response to the method of activation. Additionally, though the main
focus is often on causing BAT to activate, it is also important to use an individualized approach
to heating the subject to a thermoneutral condition to study inactive BAT.

As discussed in CHAPTER 4, accounting for temperature is important during MRI fat-

water separation, as the tissue temperature affects the frequency of water and therefore the
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chemical shift. Therefore it is important for future work to account for temperature in the fat-
water separation model when calculating the tissue fat, water and R,* values. Improving the
signal model by accounting for temperature has the added benefit of resulting in a temperature
map of the tissue. The temperature map can then be used as an additional characteristic of BAT,
quantifying the difference in heat released by active and inactive BAT. The MR acquisition
protocol can also be modified to determine if more echoes acquired with a smaller interleave —
i.e. a smaller temporal resolution — would produce more accurate temperature maps. These
protocol modifications can be tested in mixed fat-water phantoms under controlled heating and
cooling to verify the temperature results. Other adjustments include increasing the SNR and
spatial resolution of the scan.

Further improvements could also be made to the triglyceride mapping research presented
in section 6.1. The model employed in this work to estimate mean triglyceride characteristics
does not adequately model short-to-mid chain lengths, consistently overestimating chain length
values. This can be modified through modeling using a Hill equation, typically applied to ligand-

binding kinetics.>'

Hill fitting can also be applied to the triglyceride model used in this work,
enabling a more accurate fitting of the short chain lengths. Furthermore, the MRI-based method
for mapping triglyceride characteristics should be validated against gas liquid chromatography
results of the same oil phantom. Though the oil phantom presented in section 6.1 was acquired
and analyzed with the same protocol used for human research, the results of the oil phantom
triglyceride characteristics were not verified using gas liquid chromatography.

Future research could also benefit from acquiring additional MR sequences designed to

highlight salient features of BAT. For example BAT is a highly perfused tissue, so sequences

that characterize properties such as perfusion and blood flow would be useful. One such method,
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intravoxel incoherent motion (IVIM), is capable of measuring the microcirculation of blood in
the capillary network. Arterial spin labeling (ASL) also has the capability to measure flow per

233234 Because BAT has rich capillary beds, these methods can measure increased

unit tissue.
perfusion due to increased blood flow. Another contrast agent, hyperpolarized xenon gas, is
soluble in lipids. Because BAT is more highly perfused than WAT, the xenon signal in MRI is
detected first in BAT."***** Other MRI methods include hyperpolarized >C MRI scans, which
use pre-polarized [1-°C] pyruvate and are capable of detecting the byproducts of [1-"°C]

pyruvate in BAT.**

Intermolecular zero-quantum coherences (IZQC) measured with MRI is able
to quantify the spatial correlation between the water and lipid spins. Doing so enables the
measurement of the hydrolipidic ratio in BAT.”**7 MRI quantification of the longitudinal
relaxation (T,) values for water and fat is another method that can be applied in future research.
The T, values of water and fat are different, therefor by employing a hybrid fat-water imaging
and T, mapping method it is possible to measure the T; of water and lipid protons
separately.'*!**®

Beyond acquiring data, future work can also develop more advanced machine learning
techniques for segmenting BAT based solely on MR measures. Developing a segmentation
technique dependent only on MR-derived values would enable delineation of BAT depots
without either rater subjectivity (hand-drawn regions of interest) or ionizing radiation (‘*F-FDG
PET-CT). Building on the preliminary work described in CHAPTER 5, potential avenues for
machine learning based segmentation include algorithms such as k-means clustering, density-
based spatial clustering of applications with noise (DBSCAN), and expectation—maximization

(EM). An example three-dimensional plot of FSF vs. Ry* vs. Temperature is shown in Figure

7-1. These plots show the capability of these three metrics to delineate between WAT, bone, and
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BAT voxels, three tissues that can have similar ranges of FSF values. However, the values in
these three plots still overlap enough to where it is not entirely possible to distinguish between
the three tissues. It is possible that adding other quantitative metrics such as T; or diffusion
would provide enough additional information that a clearer distinction between the tissues is
possible. This work on automated classification is important because reliable identification and
spatial mapping methods that can distinguish BAT from other tissue distributions without the use
of ionizing radiation will provide investigators with a powerful new tool with which to study
BAT in both children and adults. This will in turn have a dramatic positive impact on clinical

endocrinology and the pursuit of new avenues of obesity research.

Temp [°C]
Temp [°C]

Temp [°C]

FSF [%]

® WAT @ Bone BAT
Figure 7-1. Three views of the same three-axis: FSF v. Ry* v. AT. These show some separation
between the three tissues: red: white adipose tissue (WAT), blue: bone, and green: brown

adipose tissue (BAT). By adding the additional quantitative metrics — i.e. T, and diffusion — it
may be possible to more clearly distinguish between tissue types.

In addition to the previously described PET, CT and MRI methods, there exist several
other techniques that can be employed for studying BAT, each offering distinct advantages to
characterize the many properties of BAT. Furthermore there are advantages to using multiple

imaging methods and/or tracers concurrently to understand the complex metabolic processes in
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BAT. For example, using a combined PET-MR system PET allows for imaging the metabolic

activity while MR measures the intracellular properties such as fat, water and perfusion. A

mapping of several potential methods for characterizing BAT can be seen in Figure 7-2
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Figure 7-2. Mapping methods to characterize BAT.

As discussed previously, PET imaging depends on selective binding, or uptake and
retention, of radiotracers in specific tissues. Arguably the most widely used modality to study
BAT, PET imaging combined with various tracers can quantify many properties of BAT. The
previously discussed radiotracer, BE_FDG, is used to visualize glucose uptake, but does not

directly reflect mitochondrial activity and may underestimate metabolic activity of BAT. The
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radiolabeled fatty acid tracer '*F-fluoro-6-thia-heptadecanoic acid (‘*F-FTHA) is taken up and
bound to mitochondrial proteins, enabling the quantification of fatty acid uptake. Additionally,
the tracer '°F-fluorobenzyl triphenyl phosphonium ('*F-FBnTP) is sensitive to mitochondrial

activity and is currently in pre-clinical trials.”’

It shows uptake under basal conditions and a
decrease after cold stimulation. This is potentially due to the decrease in mitochondrial
membrane voltage when UCPI1 is active. If confirmed, this could be a method to directly
measure UCP1 activity. The tracer 6-'*F-Fluorodopamine ('°F-F-DA) is a dopamine analog
transported by the plasma membrane norepinephrine transporter.”*’ Accumulation therefore
allows visualization of sympathetic innervation, which is prevalent in BAT. In addition to static
PET, dynamic PET studies can also be performed. It is possible to quantify oxidative metabolism
using ''C-Acetate under dynamic conditions."****" Another tracer, oxygen-15 (*°0) also shows
an increase in BAT after cold stimulation, but ''C-Acetate and >O have half-lives of 20 and 2
minutes respectively, restricting research to facilities with in-house cyclotrons.''®3*2*!

Single-proton emission computed tomography (SPECT) is another imaging method that

uses radiolabeled tracers for contrast. The fatty acid tracer '*’I-beta-methyl-p-

123 242

iodophenylpentadecanoic acid (' “"I-BMIPP) quantifies the uptake of free fatty acids,”” while

99m

Technetium-99m  (P’mTc) Tc-sestamibi and **"Tc-tetrofosmin measure mitochondrial

#8324 No studies of human BAT have been conducted yet using these tracers, but animal

activity.
work shows higher uptake under basal conditions compared to FDG; however, uptake does not
increase greatly after exposure to cold.**' This is because sestamibi targets mitochondrial
density, which does not change in the short-term. Therefore the slight increase in sestamibi is

potentially due to the increase in blood flow to active BAT, which would deliver a greater

volume of the tracer to the tissue in a given time. Another tracer, '*’I- metaiodobenzylguanidine
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('®I-MIBG), is sensitive to adrenergic receptors in BAT, and could therefore be a good

indication of the potential for BAT to be activated.”*’

Table 7-1. Imaging modalities for characterizing BAT

Fuel Source Cell Markers Cell Function Perfusion Temperature Tissue

PET 18 F-FTHA & 18
(static) F-FDG BF_FBnTP F-F-DA
PET ""C-Acetate & C'™0 &
(dynamic) " 0 H,'°0
123 ™Tc-sestamibi & 123
SPECT I-BMIPP 9MT o _tetrofosmin I-MIBG
CT Radiodensity
Thermal IR & microwave
Ultrasound Microbubbles

13 . .
C pyruvate & e Triglyceride,
1ZQC ASL & IVIM Chemical-shift FSF, T, & T,*

Each modality is listed with a corresponding radiotracer or method used to quantify BAT
properties at either the cell or tissue level.

MRI

Apart from MRI, ultrasound is another nonionizing imaging modality that can be used to
image BAT. Imaging using contrast ultrasound with microbubbles has been successful in

133,245

quantifying the blood flow in BAT. By measuring the signal intensity of continuously
infused microbubbles, blood flow in BAT can be measured. Additionally, although currently
unused in the study of BAT, it is possible that elastography could detect differences between
BAT and surrounding tissue due to differences in tissue stiffness. Transient elastography uses
pulse-echo ultrasound signals to measure tissue stiffness. Tissue stiffness is partly a result of the
tissue elastin and collagen content. Under small strains or deformations, elastin gives stiffness to
the tissue, while large tissue deformations result in collagen stretching in the direction of
deformation. Typically fibrous tissue remains deformed for longer than adipose or muscle tissue,

246

and adipose is easier to deform.”” Elastography has been successfully applied in distinguish
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between fibrotic and fatty tissues in breast tumor imaging®*’ and in characterizing subcutaneous
WAT and livers of obese adults.***** Therefore, it could be possible to characterize BAT using
ultrasound elastography.

In addition to using MRI-derived temperature mapping of BAT, there are two main
additional methods to detect the heat released by activated BAT: thermal infrared (TIR) photos
and microwave radiometers. TIR cameras detect infrared radiation from the tissue, and do not
require visible illumination, as seen in Figure 7-3. This provides a fast, easy, completely
noninvasive method for measuring the heat released by an object, however there are a few
drawbacks. Because the temperature is measured at the surface of the skin, it is an indirect
measure of the temperature of BAT. The depth of the BAT depot, and what tissues exist between
the BAT and skin also affects the temperature recorded at the skin surface. Therefore TIR
temperature measures may be more unreliable in subjects with a higher BMI, and therefore

thicker layer of muscle or fat below the skin.
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Figure 7-3. Thermal Infrared (TIR) photos of two subjects: one PET-Negative (top panel), and
one PET-Positive (bottom panel). The images show skin temperature at three time-points:
baseline (hour 0), and after 1 and 2 hours in the temperature-controlled room. After 2 hours of
exposure to cold, the clavicular region on the PET-Negative subject is not as warm as that of the
PET-positive subject, potentially indicating that the clavicular BAT was not active functioning at

the same thermogenic capacity.

The second method, microwave radiometers, are passive devices that receive thermal

20531 They are capable of detecting

emissions from tissue using an antenna in the 1-5 GHz range.
small changes in temperature at a depth of up to 5 cm, which is within the range of the depth of
clavicular BAT. One potential advantage of microwave radiometers is that they are relatively

small portable devices. The radiometers’ small size could enable it to be used for continuous

monitoring, as is done with other portable physiological monitors.
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In conclusion, the present study extends the application of MRI to quantifying the MRI
FSF and R,* properties of BAT in adults. Building on these results with additional MRI-derived
properties such as temperature, diffusion, perfusion, and T, MRI will be able to distinguish BAT
without human subjectivity, even if the tissue is not active. Because some subjects that are PET-
negative do have BAT, it is important to develop a technique for detecting BAT that does not
rely solely on the rate of glucose metabolism. Additionally, the ability to distinguish BAT
without ionizing radiation would enable BAT to be studied in larger cohorts, in longitudinal
studies, and in difficult populations such as pediatrics, which could further our understanding of

the role BAT plays in humans.
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