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The work in this thesis examines the potential of using magnetic resonance imaging
and spectroscopy (MRI & MRS) as a quantitative tool for diagnosing bone abnormalities at
multiple skeletal sites, which could be used in conjunction with routine clinical imaging.

MRI and MRS are routinely used in the clinical setting for the diagnosis of various
types of diseases and abnormalities due to its advantages of providing excellent soft tissue
contrast and also providing physiological and metabolic information. The use of MRI and
MRS as a direct diagnostic tool for bone abnormalities is very limited at the moment due to
issues of costs and standardisation. The aim in this thesis was to use the clinical 3.0 T MR
scanner to acquire data from bone and bone marrow for identification of structural and
chemical properties and to use those features to identify differences in bone strength and
condition. The volunteers in this thesis were part of the high bone mass (HBM) study and
they had additional acquisitions from dual-energy X-ray absorptiometry (DEXA) and
peripheral quantitative computed tomography (pQCT).

MR acquisition protocols have been successfully optimised for each type of bone
region and in-house software has also been created to process the acquired data and

quantify various types of structural and chemical properties.
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The MR data from distal radius and tibia demonstrated good correlation with pQCT
data (e.g. Figure 8-2 & Figure 8-3) and were also able to differentiate between HBM-
affected and control populations (e.g. Figure 8-26). The MR data from lumbar vertebrae
also demonstrated good correlation with DEXA data and some of the measurements were
also able to differentiate between the HBM-affected and control populations.

The combined results from this thesis demonstrate that both MRI and MRS are
sensitive techniques for measurement of bone quantity and quality, and they are ready to be
applied for clinical investigation as part of routine clinical imaging to identify bone strength

in relation to abnormalities and treatments.
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1 Introduction to Bone and Bone-Marrow

1.1 Bones and Their Properties

Bone or osseous tissue is an active, rigid living organ, which forms an important part
of the endoskeleton of vertebrates (see Figure 1-1). It is lightweight in comparison to the
work it performs to support the body. It is basically composed of osseous tissue which is
the hard part of the bone, marrow which is the soft tissue present as red and yellow marrow,
bone cells present in both cortex and medulla, nerves which carry information to and from
the brain, blood vessels for the supply of essential nutrients and cartilage for attachment
with bones and joint formation [1-3]. The bones provide some or all of the following
functions [3-5]:

» A shell for the protection of our internal organs.

» A structure to support and shape our body.

» A lever to create movements like walking, with the coordinated help from muscles,
ligaments, tendons and joints.

» A base for the production of blood cells from its marrow content.

» A reservoir for essential elements and compounds like calcium, phosphorous and
fatty acids.

» A buffer for blood pH levels.

» A filter for toxic elements and also for their removal from the system.
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Figure 1-1 Drawing of a human skeleton with labelled anatomy.

(http://www.daviddarling.info/images/human_skeleton.jpg)
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1.2

Types of Human Bone

Long Bones — These are mostly composed of compact bone with some marrow in
the shaft and at the proximal and distal end points. These are the bones in the limbs,
e.g., humerus and femur (see Figure 1-2).

Short Bones — These are club-shaped bones that have a spongy bone surrounded by
a thin layer of compact bone, e.g., phalanges.

Flat Bones — These are curved and thin bones with an inner layer of spongy bone
sandwiched between outer layers of compact bone. Examples are the skull and
sternum.

Irregular Bones — These are irregular-shaped bones, e.g., vertebral bodies.
Sesamoid Bones — These are bones which are strongly linked to other bones often

by inclusion within a tendon. Examples are the patella and pisiform bones.

1.3 Structure of a Typical Long Bone (Osseous Tissue)

Long bones like the humerus (see Figure 1-2), radius, femur and tibia have the

following structures [1, 3, 5-9].

Long Bone

Epiphysis | /2

Diaphysis

— 1 74
Epiphysis | 'y /

- Articular cartilage

Ephiphyseal line

Spongy bone

» .
LD
Ay
N3
{ f
P

Uty Medullary cavity Figure 1-2 Drawing of a long bone (humerus) with

]<— Nutrent foramen

f—

illustration of important structures.

L E Endosteumn (http://en.wikipedia.org/wiki/File:11lu_long_bone.jpg)
Periosteum

Articular cartilage
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1.3.1 Diaphysis

This is the central shaft of any long bone, which is commonly cylindrical and tube-like
containing the medullary cavity and is the main portion of the bone.

1.3.2 Epiphysis

This is the region in long bones forming the proximal and distal ends. This region is
very important in forming joints with adjacent bones. This region commonly contains the

spongy bone structure in long bones.
1.3.3 Metaphysis

This is a unique region in long bones formed at the junction between the diaphysis and
the epiphysis. This region clearly differentiates the two structures and functions very
importantly as the site for growth in length of long bones. In young individuals, this region
contains a cartilaginous structure called the epiphyseal plate which is the structure
responsible for growth in length of a bone. It forms the epiphyseal line as the bone growth

terminates in late adolescence, at about 18-21 years.
1.3.4 Articular Cartilage

The articular cartilage is a layer of hyaline cartilage covering the epiphysis to form an
articulating surface with other bones at the joints. This layer of cartilage is very important

to protect the epiphysis region from friction and also in absorbing shocks to the bone.
1.3.5 Periosteum

The periosteum is a very thin layer of dense connective tissue which covers the outer
surface of bones, except the articular cartilage. This layer is very thin (around 500 um) and
is usually invisible to the naked eye, but is very important for bone growth in thickness
rather than height. This layer is important for protection, fracture repair and as attachment
points for ligaments and tendons. The periosteum layer is attached to the long bone through

strong collagen fibres, termed Sharpey’s fibres.
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1.3.6 Medullary Cavity

The medullary cavity is the internal structure of the diaphysis forming a circular canal
which commonly contains the bone marrow, blood supply and sometimes a thin network of

spongy bone.
1.3.7 Endosteum

The endosteum is a thin layer of connective tissue that lines the surface of the bone
tissue within the medullar cavity contained within the diaphysis. It contains a layer of bone-

forming cells and connective tissue.
1.4 Individual Bone Components

Bone is not a single solid tissue, but is formed by the compactness of bone cells in
matrix-forming canals separated by spaces which are essential for the supply of nutrients,
removal of waste and as a storage area for red and yellow bone marrow. The size and
distribution of these spaces determine two distinct categories of bone: spongy (trabecular)
and compact (cortical) bone (see Figure 1-3). Nearly 80% mass of the total skeleton is
cortical and 20% is trabecular bone [1, 2, 4-9].

Figure 1-3 Cut section from an iliac crest bone demonstrating the bone regions in relation to cortical and
trabecular bone and bone marrow (M).
(http://depts.washington.edu/bonebio/ASBMRed/structure.html)
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1.4.1 Cortical (Compact) Bone

Cortical bone contributes to around 80% of the total bone mass of an adult skeleton.
This component gives the smooth solid white appearance to the bone. This is also known as
compact bone, and it commonly surrounds the trabecular (spongy) bone in a circular or
sandwich manner depending on the configuration of the bone (see Figure 1-3 & Figure
1-4). This is the strongest form of osseous tissue, with few spaces and forms the bulk of the
diaphysis in long bones. Cortical bone is important for the protection and support of the
skeleton. This bone has a complex system of interconnected canals running transversely
and longitudinally in relation to the long shaft of the bone. The vessels and nerves from the
periosteum penetrate the compact bone through transverse canals called perforating
(Volkmann’s) canals. These canals connect with the medullar cavity, periosteum and
central (Haversian) canals. The Haversian canals run longitudinally to the line of the bone,
surrounded by layers of calcified bone matrix called concentric lamellae, and they resemble
the ring type structure found in tree trunks. The spaces between layers of concentric
lamellae are called lacunae and these contain osteocytes (see 1.5.3). The lacunae have
radiating structures called canaliculi which are filled with extracellular fluid and osteocytes.
The canaliculi form an intricate connection with the lacunae and central canals forming
interconnecting networks throughout the bone, essential for delivery of nutrients and

oxygen, and for the removal of waste from the osteocytes [1-7, 9].

Spongy
Bone

Osteon

Figure 1-4 Drawing illustrates the

et e p—— labelled structures of compact and

Lacuna
spongy bone.
Blood vessel

) (http://www.dmacc.edu/instructors/rb
Concentric Lamella

wollaston/Chapter_6_Skeletal _System.
htm)

Compac, Bone
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The building components of compact bone, which are arranged in repeating units, are
called osteons or Haversian systems. Each osteon consists of a (Haversian) central canal
surrounded by lamellae, lacunae, osteocytes and canaliculi. Osteons in compact bone are
orientated relative to the line of stress experienced by the bone. In the shaft of long bones,
the osteons are arranged parallel to the long axis allowing the bone to withstand
compressive forces. The spaces between osteons contain interstitial lamellae which are
fragments of older osteons that have been partially destroyed during bone remodelling. The
layer that encircles the bone just beneath the periosteum and medullary cavity is called the

circumferential lamellae [1, 3-6, 9].
1.4.2 Trabecular (Spongy or Cancellous) Bone

Trabecular bone accounts for the remaining 20% of the total bone mass. This type of
bone is commonly present at the epiphysis of long bones and throughout much of the
structure of short, irregular and flat bones (see Figure 1-2, Figure 1-3 & Figure 1-4). It is
always protected and surrounded by cortical bone. Spongy bones are not physically spongy
or flexible in nature, but look spongy visually. These bones do not contain osteons, but
consist of lamellae arranged in an irregular lattice of thin columns called trabeculae, giving
them the alternative name of trabecular bones. The trabeculae enclose large spaces which
are filled by bone marrow, most commonly red marrow but also yellow marrow. These
spaces make the bone lighter, which is beneficial for movement of the skeleton. The
trabeculae of spongy bone support and protect the bone marrow, which is important for the
production of blood cells in haematopoiesis. Within each trabecular space there are lacunae
that contain osteocytes. Canaliculi radiate outward from the lacunae. The osteocytes are
located superficially and obtain nourishment directly from the blood circulating in the
medullary cavity [1, 2, 4-7, 9].

The trabecular arrangement in spongy bone looks random and irregular particularly at
the epiphysis and diaphysis. However these irregular patterns are carefully oriented in a
direction proportional to the stress experienced by the bone, which is important for
increasing the bone’s strength and function. Nothing is random in bones, growth and
orientation of trabeculae is precise to support the skeleton in terms of varying movements

and stress throughout the life of the organism.
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1.5 Bone Components and Histology

Bone is composed of an organic matrix which is primarily protein collagen, which
contributes to 10% of the adult bone mass. The most abundant mineral salt in bone is
calcium phosphate, Caz(PO4),, which combines with calcium hydroxide, Ca(OH),, to form
crystals of hydroxyapatite. These crystals combine with other mineral salts like calcium
carbonate, CaCOs, and ions such as magnesium, fluoride, potassium and sulphate to form
hard tissue, by the process of calcification, which is initiated by osteoblasts. All these
minerals contribute to about 65% of the adult bone mass. The remaining 25% of the bone
mass is made up of water, which can be visualised by magnetic resonance imaging (MRI).
The bones contain active living cells designed for their routine work and function (see
Figure 1-5) [1, 6, 7, 9]. The cells of the bone are classified as follows:

e

2 &

Figure 1-5 Photomicrograph of a bone demonstrating the various cellular components.

Photo courtesy of Russ Turner

1.5.1 Osteogenic Cells

These are undifferentiated stem cells. These are derived from mesenchyme tissue,
from which all connective tissues develop, and are the only bone cells which undergo cell
division and develop into osteoblasts. These cells are commonly found in the inner portion
of the periosteum, endosteum and in the canals within bone [1, 3, 5, 6, 8].
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1.5.2 Osteoblasts

These are young cells involved in the creation of new bone layers and structures (see
Figure 1-5). These cells produce and secrete fibers and organic components for the matrix
of the bone and also initiate calcification or formation of osseous hard tissue. Osteoblasts
are cells which surround themselves with their secretions to form the bone matrix and get

trapped within it to become osteocytes [3, 7, 8, 10, 11].
1.5.3 Osteocytes

These are mature osteoblast cells and are the main cells in bone responsible for the
daily metabolism, exchange of nutrients and waste from the blood supply (see Figure 1-5).
These cells do not undergo cell division like osteoblasts. Osteocytes also act as sensory
receptors for the whole bone and help in the regulation of the bone’s response to stress and
load [3, 8, 12].

1.5.4 Osteoclasts

These are large multinucleated cells formed from the fusion of monocytes and are
commonly found in the endosteum (see Figure 1-6). These cells are essential for bone
modelling due to their work in the resorption of old bone matrix. Osteoclasts secrete
powerful enzymes and acids which digest proteins and minerals in the bone, which is later
filled by new bone formed by the osteoblasts. The balance between the functions of
osteoclasts and osteoblasts is vital for the optimum modelling of the bone matrix. Any
imbalance in their function will commonly lead to bone diseases such as osteoporosis [5-8,
13, 14].
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Figure 1-6 Scanning electron micrograph from a bone illustrating the osteoclast cell which is resorbing
the bone.

Photo courtesy of Professor Alan Boyde, Queen Mary, University of London, UK

1.6 Bone Marrow and its Composition

Clinical magnetic resonance imaging (MRI) of cortical bone is difficult when using
routine imaging sequences, due to the extremely short relaxation time of the bone. The
molecules present in bone exist in a compact environment, which results in the slow
tumbling of contained hydrogen protons and hence extremely short relaxation times.
Routine imaging sequences do not allow the capture of signal from the relaxing spins, but
newer scanners and novel sequences can image bones by using ultra short echo times (TE)
to capture the signal from relaxing spins. MRI in bone marrow is possible with routine
imaging sequences due to the longer relaxation times of protons in bone marrow. Red and
yellow bone marrows contain multiple chemical components but predominantly water,
lipids/triglycerides (TG) (see Figure 1-7) and proteins. The concentration of these chemical
components varies according to the type of marrow present. Red marrow is believed to
contain large amounts of water and proteins with lower concentrations of lipids. Yellow
marrow is believed to contain large amounts of lipids and lower concentrations of water

and proteins. These differences in composition of the marrow are related to the strength and
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nature of bones or what can be termed bone quality. Magnetic resonance spectroscopy
(MRS) of bone marrow demonstrates a spectrum with distinct peaks, where water is
resolved as a single peak at 4.7 parts per million (ppm), but triglycerides (TGs) are
dispersed as multiple peaks in relation to their chemical structure and resonance frequency.
Chapter 3 will explain in detail the aetiology of these peaks in the spectrum. TGs are lipids
present in our body, composed of a combination of glycerol and fatty acid (FA) chains.
Glycerol forms the backbone for lipids which combine with FA to form diglycerides and

triglycerides, and in humans it is commonly present as TG [1, 3, 4, 8, 15-20].
1.6.1 Red (Haematopoietic) Marrow

Red marrow is essential for the production of red blood cells (RBC), white blood cells
(WBC), platelets and bone cells. Up to the age of 7 nearly all bones in the human skeleton
contain red marrow due to high demand during growth and development. This red marrow
gradually gets replaced by yellow marrow during adulthood, old age and sometimes in
disease states. Red marrow is essential due to its production of stem cells which can
develop into various types of cells depending on their need and activation. In adulthood the
red marrow tends to be concentrated in the axial skeleton, hip, flat bones and in the
proximal ends of long bones, particularly the humerus and femur. Red marrow contains two
types of stem cells: hematopoietic cells which develop into blood cells, and stromal cells
which develop into fat, cartilage and bone. Red marrow contains large amounts of water,
with moderate concentrations of lipid and protein. This composition is helpful in
identifying the type of marrow with magnetic resonance imaging and spectroscopy [4, 7, 8,
16].

1.6.2 Yellow (Fatty) Marrow

Yellow, or fatty, bone marrow is commonly found in the peripheral bones after
adulthood. As the name suggests, this marrow contains a large amount of fat when
compared with red marrow, which leads to its characteristic yellow appearance. Yellow
marrow is believed to be formed from red marrow as the fat content increases with age. It
also acts as a storage medium for TG which can then be released during demand. Yellow
marrow is sometimes responsible for the production of WBC. Yellow marrow is broadly

classified into two categories: category 1, which can revert back to red marrow during
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extreme demand for blood cells during blood loss, injury or disease, and category 2 is the
type of yellow marrow which cannot revert back to red marrow under any circumstances
[4, 8, 16].

1.6.3 Water

55-60% of the human body mass is made up of water (H,O) which is essential and is
found everywhere. The concentration of water varies according to the type of tissue. The
skeletal system contains a very low concentration of water (20-25%) when compared with
other organs in the body (60-85%). The lower concentration of water in the skeleton is due
to the presence of dense cortical bone comprising minerals of calcium and phosphorus. The
spongy bone contains more water than cortical bone due to the presence of bone marrow
(red and yellow). It is believed that red marrow contains more water than yellow marrow.
Previous work [8, 17, 21] has illustrated, that in certain disease states, individuals have

lower bone water content when compared with normal individuals.
1.6.4 Triglycerides and Fatty Acids

Lipids are a broad group of molecules which include fatty acids and their derivatives,
namely phospholipids, tri-, di- and monoglycerides. Triglyceride is a form of lipid that is
commonly present in bone marrow. Triglycerides contain three chains of fatty acids (FA)
attached to the glycerol backbone (see Figure 1-7 (left)). The FA chains can be saturated,
monounsaturated or polyunsaturated as explained in Figure 1-8 (left). The most common
FAs present in bone marrow TGs are linoleic (polyunsaturated), oleic (monounsaturated),
linolenic (polyunsaturated), palmitic (saturated) and stearic (saturated) acids. FAs are long
or short chains of carbon with one end forming the methyl group and the other end forming
the carboxyl group with the middle forming long/short chains of carbon attached to
hydrogen. The methyl or ® (omega) end combined with the middle chains form the fatty
component of the compound which is insoluble in water, and the carboxyl end forms the
acid component which is soluble in water (see Figure 1-8 (right)). If there is a double bond
after the third carbon from the methyl end, then it is normally termed ®-3. FAs can be
divided into saturated and unsaturated in relation to the types of chemical bonds between
carbon atoms. Saturated FAs (SFAs) are chains of carbon atoms with single bonds only.

Unsaturated FAs (UFASs) are chains of carbon atom with one or more double bonds. If there
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is only one double bond then the compound is called an monounsaturated FA (MUFA). If
there is more than one double bond then it is called polyunsaturated FA (PUFA) (see Figure
1-8 (left)). The UFAs have two configurations (cis and trans) in relation to the placement of
hydrogen with respect to the carbon atom (see Figure 1-8 (right)). The most common
configuration is cis where the hydrogen bonds to carbon on the same side. In the trans
configuration the hydrogen bonds are attached on opposite sides. The cis configuration
produces a kink/bend in the chain whilst the trans carbons align as straight lines. Trans

configuration of FAs are harmful to the human body and are found in reused frying oils.

Studies have shown that -3 and ®-6 FAs are essential to the human body due to its
inability to synthesize them, hence they are called essential FAs (EFASs) [3-5, 8, 17, 18, 20,
22].

Fatty Acid

Figure 1-7 The image on the left illustrates a three dimensional chemical structure of triglyceride
containing unsaturated fatty acid chains. The green carbon atom contains a double bond and the blue
contains a single bond. The image on the right illustrates the chemical structure of a simple fatty acid

(hexanoic acid) with description of the fat and acid components.
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Figure 1-8 The image on the left illustrates the three common types of fatty acid chains. The image

on the right illustrates the cis and trans configuration of unsaturated fatty acids.
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1.6.5 Glycerol

Glycerol (see Figure 1-9) forms the backbone of triglycerides (TGs) to which the FAs
are attached. Glycerol is hygroscopic and soluble in water with low toxicity. The chemical
structure is C3Hs(OH)s [3, 4, 20].

H H H

I I |
H—-C—C—C—H
| | |
OH OH OH

Glycerol

Figure 1-9 The chemical structure of glycerol.
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1.7 Common Bone Conditions Which Require

Quantification

1.7.1 Osteoporosis

Osteoporosis literally means “porous bones”. It is a disease that leads to an increased
risk of fracture secondary to reduced bone mineral density (BMD) and protein content and
disruption of the micro-architecture (see Figure 1-10). The World Health Organisation
(WHO) defines osteoporosis as areal BMD T-score (see page 32) 2.5 standard deviations
(SD) below the normal areal BMD of a 20 year old as measured by dual-energy X-ray
absorptiometry (DEXA), a detailed explanation is given in Chapter 2. Osteoporosis is
believed to occur because of the imbalance between bone formation and resorption.
Medication is available to stop the disease, but they rarely help to regenerate the destroyed
bone cells [21, 23-28].

0.5 mm

Figure 1-10 Low-power scanning electron microscope image of a normal bone (A) and osteoporotic

bone (B) architecture in the 3" lumbar vertebra of a 30 (A) and 71 (B) year old woman. Marrow has

been removed to reveal thick, interconnected plates for normal bone (A) and eroded, fragile rods for
osteoporotic bone (B).

Photo courtesy of Dr Tim Arnett, University College London, UK
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1.7.2 Osteopaenia

Osteopaenia is a condition believed to be present when BMD is lower than normal. It
Is often considered as a precursor to osteoporosis, but does not always result in
osteoporosis. Specifically, osteopaenia is defined as an areal BMD T-score between -1.0
and -2.5 standard deviations below the normal areal BMD of a 20 year old. A detailed
explanation of T-score is given in Chapter 2. The mechanism of osteopaenia is believed to

be very similar to osteoporosis [2, 24-26].
1.7.3 Osteomalacia and Ricketts

Osteomalacia and rickets are diseases of bone resulting from decreased mineralisation
caused by insufficient calcium intake in the body or deficiency in vitamin-D, the vitamin
required for calcium absorption. Osteomalacia and rickets have similar conditions and they
are classified based on the differences in age group, osteomalacia is associated with adults
and rickets with children. Osteomalacia and rickets commonly result in weakness and bone
pain which is similar to osteoporosis. Treatment with vitamin-D supplements, calcium and
a stable diet is an effective cure for these diseases. Vitamin-D indirectly functions as a
regulator for the concentration of calcium and phosphate in the blood stream of the human
body and any deficiency results in osteomalacia or rickets [29, 30].

1.7.4 Osteopetrosis

Osteopetrosis is a rare inherited bone disease which results in dense and hard bones,
and literally means ‘stone bone’. It is believed that in osteopetrosis there is reduced
osteoclast activity, which results in poor bone resorption and excessive production of bone
due to over-active osteoblasts. This phenomenon leads to very dense bone that is inflexible
and brittle, and affected people are more prone to fractures. Currently a bone marrow
transplant is the only effective treatment for this disease. This might explain why areal
BMD measured by DEXA is not the only important factor in bone strength, but other
factors like bone quality must also be taken into consideration [10, 23, 31-34].
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1.7.5 High Bone Mass

High bone mass (HBM) is a genetic condition which is believed to be influenced by a
mutation in the low-density lipoprotein receptor related-protein 5 (LRP5) gene. This is
believed to result in affected people having dense and strong bone. The affected people do
not report clinical symptoms and lead a normal life. This condition might not be related to
an imbalance between osteoclast and osteoblast activity, but may be due to increased
activity of both the cell types. A detailed explanation of HBM will follow in Chapter 6 [35-
39].

1.7.6 Effects of Cancer Treatments (Chemo/Radiotherapy)

One of the hidden side effects of cancer treatments from chemo or radiotherapy is the
loss of bone marrow cells and the induction of an early menopause for women (see 1.7.7).
Studies have shown that cancer treatments affect bone marrow cells and induce cell death
which affects the turnover of bone. This leads to osteopaenia and will ultimately result in
osteoporosis, affecting the normal rehabilitation of patients. Chemotherapy treatments
combined with aromatase inhibitor (Al) for breast cancer patients stops the production of
oestrogen, and are known to increase the incidence of osteoporosis. Androgen deprivation
therapy (ADT) for prostate cancer patients are also known to increase the incidence of
osteoporosis. Screening of cancer patients for bone loss might improve the quality of life
[19, 40-42].

17



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

1.7.7 Menopause

Women during and following the menopause are often diagnosed with symptoms of
osteopaenia and osteoporosis. The menopause arises from a loss of function of the ovary,
which results in reduced synthesis of oestrogen, a hormone produced mainly by the ovary.
The amount of oestrogen plays a major role in the regulation of bone turnover. Continuous
screening, monitoring and treatment are an important factor for better quality of life for the
affected person. Treatments are available to stop further bone loss, but often do not lead to
the regeneration of the lost bone. Hormone replacement therapy (HRT) is another effective
treatment for menopausal women, which regulates the level of the natural hormone and
controls bone loss, but may be contra-indicated in specific clinical conditions [21, 24, 26,
43, 44].

1.7.8 Drug Related Effects

Evidence has shown that some drugs used for treatment of diseases can also affect the
turnover of bone again resulting in enhanced bone loss and fractures. Glucocorticoids used
to treat diseases such as allergies, asthma and auto immune conditions are known to shorten
the life span of osteoblasts and osteocytes. These steroids affect bone production due to
their harmful side effects on osteoblasts and osteoclasts at the genetic level [27, 45-52].
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2 Imaging Modalities

2.1 Overview of the Current Diagnostic Tools for Bone

Quantification

X-ray is the most common imaging method for bone evaluation. This method suffers
from superimposition of tissues due to the projectional nature of the acquisition and also
has the disadvantage of using ionising radiation. It is rarely used for quantification, but is
commonly used for diagnosis and identification of abnormalities.

Dual-energy X-ray absorptiometry (DEXA) is also a projectional technique and is the
gold standard method for quantifying bone mass in relation to disease. It can measure areal
bone mineral densities (g/cm?) throughout the whole-body and is cost effective with a
radiation dose of around 0.5-35 pSv.

Quantitative computed tomography (QCT) is a method of bone quantification which
uses a clinical computed tomography scanner, combined with a calibration phantom of
known density and processing software. QCT acquires volumetric data (mg/cm®) so does
not suffer from superimposition of tissues, and results in accurate quantification of bone
density, but suffers from increased radiation dose of around 100 uSv.

Peripheral quantitative computed tomography (pQCT) is a specific application of the
CT scanner for the extremities and is commonly used in research settings due to the smaller
scanner size and reduced dose. This method produces excellent separation of cortical and
trabecular bone.

Quantitative ultrasound (QUS) is a method for bone parameter estimation which uses
acoustic sound waves to calculate bone properties. It can be delivered by using a small
portable scanner, and is usually limited to quantifying the heel (calcaneum), and is widely
used in a clinical setting as a quick tool to measure bone density.

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) have
shown great potential in studying bone parameters and are currently used in research
settings. Extensive research work is currently performed to optimize these techniques for

clinical protocols and acquisitions.
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Other research tools which are seldom used, and which will not be explained in detail
include: micro computed tomography (UCT), which is a dedicated high-resolution CT
scanner for two and three dimensional (2D & 3D) imaging of samples and small objects
with um resolution; micro magnetic resonance imaging (UMRI), which is a dedicated high-
field MRI scanner with very small bore and coils designed for imaging small samples and
objects with pum resolution similar to pCT, and single photon emission computed
tomography (SPECT) and positron emission tomography (PET), which are imaging
methods acquired after the injection of a radio isotope to diagnose various diseases and to
observe bone metastases in advanced-stage cancer patients [53, 54]. SPECT and PET suffer
from poor image resolution, but provide valuable information in relation to the dynamic

and functional nature (e.g. blood flow and glucose uptake) of the organ under investigation.

2.2 X-Rays

X-ray imaging is the oldest technique that is still widely used for the diagnosis of bone
abnormalities and injuries. X-rays are a form of electromagnetic waves, with very high
frequency and energy, which are harmful to tissues due to their ionization properties.
Therefore care should be taken while handling a radiation source, and the exposure of the
patient carefully controlled and limited. X-rays are produced in an X-ray tube (see Figure
2-1) when fast moving electrons emitted from a copper cathode are focussed onto a dense
anode target like tungsten-rhenium alloy or molybdenum. The bombardment of electrons
results in the production of X-rays (1% of the energy) and heat (99% of energy). The X-
rays are produced in the anode target by Bremsstrahlung and characteristic radiation [55-
57].
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Typical X-ray Tube
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Figure 2-1 Drawing illustrates the labelled structure of an X-ray tube (top) and a full setup of X-ray

equipment (bottom).
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2.2.1 Bremsstrahlung Radiation

Bremsstrahlung or braking radiation is produced when negatively charged electrons
interact with the positive charges of the nuclei of the anode target. The positive charge of
the nucleus attracts and deflects the path of the electron which results in a loss of energy,
speed and direction. The kinetic energy lost by the electron in this process is emitted as an
X-ray photon. This is the most common method of X-ray production in the anode target
creating a wide spectrum of X-ray energies (see Figure 2-2). The energy range depends on
factors like speed of electrons, the depth of interaction in the anode target and the applied

peak voltage (kVp) across the X-ray tube [55].

2.2.2 Characteristic Radiation

Characteristic radiation is produced when the bombarding electrons eject an electron
from the tungsten target from any of its orbital shells, causing the atom to have an excess
positive energy. To return to normal energy the atom either ejects another electron called an
Auger electron or borrows an electron from one of its outer shells to release its energy.
Ejection of electrons from the target is only possible when the bombarding electrons have
energy similar or higher than the binding energy of the target’s atomic shells. Expulsion of
Auger electrons does not produce X-rays, but transfer of electrons within the shells
normally results in X-ray production. The most common shell that is affected is the K-shell,
and when an electron from the K-shell is ejected it creates a vacancy which is normally
filled by an electron from the outer shells like L, M or N resulting in the production of
radiation with distinct energies (see Figure 2-2). Each shell in an atom has a unique energy
based on its atomic number. Each target material produces a unique characteristic radiation
energy based on its shells energy levels. Characteristic radiation on its own is important if
we want to produce X-ray energies with a specific range and is commonly employed in

mammography where a molybdenum target is utilised [55].
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Figure 2-2 Drawing illustrates the range of X-ray energy produced in a Tungsten target and also
illustrates the difference between Bremsstrahlung and characteristic radiation.

(http://www.arpansa.gov.au/radiationprotection/basics/xrays.cfm)

2.3 Dual-Energy X-Ray Absorptiometry

Dual-energy X-ray absorptiometry (DEXA) is the most common bone quantification
tool used for monitoring bone strength in individuals, and is used extensively in clinical
settings due to its accuracy, low cost and reliability. It measures bone strength based on
areal bone mineral density (BMD (g/cm?)) and areal bone mineral content (BMC (g/cm)).
The BMD and BMC are derived from two simultaneous equations describing attenuation
coefficients for bone and average soft tissue at two energies. Earlier versions of dual energy
photon scanners used isotopes of ***Gd for the production of gamma rays with low and high
energies. The isotope source was later replaced by X-rays to produce the two energies. The
X-ray source is projected from under the table and is received by the detectors above the
table after passing through the patient. The X-rays are projected postero-anteriorly with the
patient lying supine on the table (see Figure 2-3). The high and low energy X-rays can be
achieved by K-edge filtration or by voltage switching. The K-edge filtration method uses
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rare earth materials like cerium (Ce) or samarium (Sm) to split the X-ray beam into high

and low energies which are detected by a single or dual detector. The voltage switching
method is achieved by alternating the voltage generator for high and low kVp, which
produces high and low energy X-rays alternatively, which are detected by a single detector
[56, 58-64][55].

DEXA Scanner Setup

Inward and Outward
n € movement of Support
Arm

Flat Panel Detectors

Support and '
2Ixturom / Casing and a Dual Energy X-ray
s:"d' i Supp;n for X-ray Source

Figure 2-3 The image on the top illustrates a typical setup of a modern DEXA scanner with
explanation of the various components. The image on the bottom illustrates one of the clinical scanners

which were used for the project.
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Earlier versions of DEXA used a pinhole to collimate the X-rays into a pencil beam
which was used to scan the region of interest rectilinearly, and the beam was detected by a
single or double detector. This method of acquisition was very slow and was replaced by
scanners using a fan beam of X-rays coupled with a linear array of detectors. The fan beam
was achieved by using slit collimators, which were able to scan the full length of the
anatomy in a true linear or rectilinear sweep. This method of acquisition is extremely fast
and provides high-resolution images when compared with a pencil beam scanner, but with a
slight increase in radiation dose. New generation scanners use a cone beam X-ray source
which is detected by a flat panel detector which has a large field of view (FOV). These are
normally able to cover the full length of the anatomy under investigation eliminating the
need for sweeping the full length as in the case of a fan beam. This method further reduces

the scan time compared with fan beam technology [57, 58, 60, 61, 65].
2.4 Quantitative Computed Tomography

Quantitative computed tomography (QCT) is a modified version of a normal clinical
computed tomography (CT) scanner combined with a calibration phantom and software to
quantify absolute volumetric bone density values in the patient. Clinical CT scanners use an
X-ray source combined with parallel detectors, which acquire cross-sectional data by
rotating around the patient (see Figure 2-4). Modern advanced third generation CT scanners
commonly acquire volumetric data with continuous table movement and gantry (combined
X-ray source and detectors) rotation, which can be processed to create reformatted images
in any plane. The design and properties of CT scanners have evolved over time enabling
vast improvements in speed and quality. CT scanners have gone through four generations
(see Figure 2-5) of technology, although the fourth generation of scanners is rarely used
due to their cost and limitations. The first generation of CT scanners used a translate-rotate
design with fixed table position and pencil beam X-ray source. The gantry rotated for each
degree and made a translational movement to cover the anatomy, which was repeated for
all degrees of rotation using a single detector and a pencil beam X-ray source. The second
generation of CT scanners used a translate-rotate design with fixed table position, but with
a small fan beam and an array of detectors. The gantry rotated for large angles up to 30°

followed by translational movements to cover the anatomy. This method reduced the scan
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time to less than 2 minutes, when compared with 20 to 30 minutes with first generation CT
for a single slice. Third generation CT scanners use a rotate-rotate design with a large fan
beam to cover the anatomy and a linear array of detectors, thus eliminating the need for
translational movement and reducing scan times for a single slice to be less than 20
seconds. The table is fixed for each slice and the gantry acquires data with a continuous
360° rotation. After one rotation the gantry has to rotate back in the other direction to
acquire the next image slice due to the restriction of power cord length and power supply.
The power supply limitation has been solved, by using slip ring technology which makes
the gantry rotate continuously in a clockwise or anticlockwise direction, whilst at the same
time the table is moved inwards or outwards during acquisition. Using this principle, CT
scanners have become much faster and are able to acquire a large volume of data in
milliseconds. Modern scanners have replaced the fan beam X-ray source with a cone beam,
and the detectors have become arranged linearly in length and width to cover large areas in
a single rotation [55, 57, 66-68].
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Figure 2-4 Diagram illustrates the difference in data acquisition between X-ray and CT.
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Figure 2-5 The diagrams illustrate the different generation of CT scanner design which has been used

in clinical imaging with description of their structural properties. The top row illustrates the first and

second generation CT scanners and the bottom row illustrates the designs of third generation CT

scanners.
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CT scanners display images based on the x-ray linear attenuation differences between
each tissue in the body. Each tissue has a different attenuation property based on their
composition; air in lungs has the least attenuation when compared with bones or soft
tissues. The attenuation property of bones is very high when compared with other tissues,
which results in excellent delineation of bone from other tissues. Filtered back projection
algorithm is used to convert the attenuation properties into images. Initially each scanner
had different attenuation values which did not necessarily match with other manufacturers.
A standardised value was needed for comparison across different scanners. This was
achieved by using the linear attenuation value of water as a reference value, which resulted
in standardised CT values called Hounsfield units (HU) for each pixel in the CT image
(named after Sir Godfrey Newbold Hounsfield). Air has a typical HU of -1000, water O,
soft tissues around 30-100 and bones around 300-3000 [55, 57, 66-71].

In QCT the volumetric BMD is evaluated by comparing the HU of the tissue with the
HU of a calibration phantom with varying concentrations of Cas(PO4)3;(OH) (calcium
hydroxyapatite). A regression equation is applied to relate HU and apparent density. The
calibration phantom normally contains four to five rods with varying concentrations, and is
placed under the patient or near the anatomy of interest and scanned simultaneously with
the patient. After image acquisition, a region of interest (ROI) is drawn on the bone of
interest and compared with the ROI on the calibration phantom. This type of quantification
is very effective and repeatable, but suffers from increased radiation dose to the patient of
around 100 uSv [55, 57, 68, 70-72].
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2.5 Peripheral Quantitative Computed Tomography

A peripheral quantitative computed tomography (pQCT) scanner works on the same
principle as QCT scanners, except for its smaller size and its rotational properties (see
Figure 2-5). The unit consists of a circular ring with the bore in the middle. The circular
ring contains the X-ray source at one end with the detector array placed exactly opposite to
the source. The pQCT data in this thesis were acquired using a Stratec, XCT 2000
(Erlangen, Germany) scanner (see Figure 2-6) which is a second generation CT scanner
with a translate-rotate configuration [56, 57, 59, 62, 67, 69, 72-82].

,,l. tec XCT 2000
éT scanner

Figure 2-6 The Stratec XCT 2000 pQCT scanner which was used for the HBM project.
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2.6 Quantitative Ultrasound

Ultrasound is sound waves at frequencies which are above the normal human audible
range (20 to 20000 Hz). The normal range of frequency for ultrasound waves in clinical
settings is from 20 kHz to nearly 100 MHz. Ultrasound waves create minute mechanical
disturbances in the tissue, which can be either measured as reflected or transmitted waves.
Quantitative ultrasound (QUS) (see Figure 2-7) commonly uses the principle of
transmission for bone quantification using two transducers. The clinical systems normally
use two transducers opposite to each other or at angles with the anatomy in-between the
transducers. One transducer transmits the ultrasound waves and the other receives the
transmitted waves which have passed through the anatomy. The ultrasound waves are
normally produced using piezoelectric crystals commonly made of lead zirconate titanate.
The different tissues in the anatomy are characterised based on the ultrasound velocity and
attenuation. Three common measurements are acquired through QUS which are generally
used by different manufacturers with different abbreviations and algorithms. Speed of
sound (SOS) is a measure of ultrasound velocity in relation to different tissues in the
anatomy, which is mostly quoted in meters per second (m/s). Broadband ultrasound
attenuation (BUA) is another measurement tool for bones based on the attenuation property
of ultrasound wave and is usually quoted in dB/MHz. A combined parameter of both SOS
and BUA is commonly used for ease of interpretation and improved precision of the results,
and this is mostly quoted as quantitative ultrasound index (QUI) or stiffness. QUS has a
great advantage over DEXA due to its low cost and non-ionising property, but suffers from
the restriction that it can only scan anatomy from the extremities, like the heel and the
elbow [56, 57, 59, 61, 62, 81, 83-92].
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Figure 2-7 Photograph of an advanced QUS scanner used commonly for the heel and elbow bone.

(http://www.mar-med.pl/goods/view/52/sonost)
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2.7 Quantitative Measurements

Bone mineral density (BMD) should not be used directly to compare individuals with
different ages and ethnicity. It is very important to correct the BMD measurements
statistically when correlating individuals. This correction is applied statistically to the BMD
data with knowledge of a reference population. A BMD result from a 40 year old male
from the United Kingdom will not necessarily match with that of a 40 year old male from
Africa or even a 40 year old female from the United Kingdom. There are lots of parameters
which affect the BMD measurement from one type of population to another. It is very
important to identify this difference and apply appropriate corrections when making
comparisons [57, 58, 60].

Two standardised measurements are used for individuals with the necessary

corrections applied: T-Score and Z-Score.

2.7.1 T-Score

The T-score is a comparison of a patient’s areal BMD with a population peak reference
value represented in standard deviations (SD) from the mean value. The T-score represents
the number of SDs that a areal BMD measurement is above or below the mean peak bone
mass in a young normal population matched for sex and race [57, 58, 60].

(BMDpatient B BMDpeak)
SDpeak

T — Score =

Equation 2-1

Where BMD atient 1S the patient areal BMD value, BMDpea is the reference peak value,
and SDyeak is the population SD. This score is commonly used for postmenopausal women

and men over 50 years old.
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2.7.2 Z-Score

The Z-score is a comparison of the patient’s areal BMD to a population age-matched
reference value (see Figure 2-8), and is commonly represented in terms of multiple of the
population SD. Z-scores represent the number of SD a areal BMD measurement differs

from the mean value for an age, sex and race matched reference population.
(BMDpatient - BMDage—matched)

SDage—matched

Z — Score =

Equation 2-2

Where BMDpgtient is the patient’s areal BMD value, BMDgge-marched IS the reference
areal BMD value at the same age as the patient and SDage-matched 1S the population SD at the
patient’s age [57, 58, 60]. This score is commonly used for premenopausal women and
people below 50 years old, and should not be used to diagnose bone diseases like

osteoporosis as described in Chapter 1.
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Figure 2-8 Normal distribution curve with illustration of Z-score.

(http://en.wikipedia.org/wiki/File:Normal_distribution_and_scales.qgif)
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2.8 Magnetic Resonance Imaging and Magnetic

Resonance Spectroscopy

Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) uses
a powerful magnetic field (0.5 T or above) to align the nuclear magnetisation of (usually)
hydrogen atoms in the body. A rotating magnetic field at radio frequency (RF) is used to
systematically alter the alignment of this magnetization, causing the hydrogen nuclei to
produce a rotating magnetic field detectable by the receiver coil in the scanner. This signal
can be manipulated by additional magnetic field gradients to build up enough information
to construct an image of the body. Unlike QCT, pQCT, DEXA and X-rays, MRI does not
use ionising radiation and produces excellent contrast for soft tissues [28, 55, 63, 68, 70-72,
77, 93-97]. A detailed protocol was developed (October 2008 to January 2009) for the
HBM project in this PhD thesis, which will follow in Chapters 5&6, and a detailed

description of the basics of MR will follow in Chapter 3.

GE MR750 3.0 T

A?J’

Oy /

Il

Figure 2-9 The 3.0 Tesla GE MR750 which was used for this thesis.
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3 Magnetic Resonance Imaging and Magnetic
Resonance Spectroscopy

This chapter gives a brief description of MR physics in relation to the methods that

were used in this thesis.

3.1 The Nucleus and its Interaction with the Main

Magnetic Field

According to quantum mechanics, certain nuclei appear to spin about their axes known
as the intrinsic spin (1), which is dependent on the atomic number and weight of the
nucleus. A nucleus with an even number atomic weight and an even atomic number will
result in 1=0 and does not exhibit any magnetic interaction, hence cannot be studied with
magnetic resonance (MR) techniques. A nucleus with an even atomic weight and an odd
atomic number will have integral values for | (e.g. 1, 2, 3). A nucleus with odd atomic
weight will have half-integral values for | (e.g. 1/2, 3/2). The hydrogen nucleus *H
consisting of a single proton (odd atomic weight) having spin 1=1/2 is commonly used for
magnetic resonance imaging (MRI), due to its abundance in human tissues. Magnetic
resonance spectroscopy (MRS) is commonly employed to study different types of nuclei
like: hydrogen (*H), carbon (*3C), sodium (*Na) and phosphorous (*'P) for chemical
evaluation [55, 98-103].

The intrinsic spin of a nucleus gives rise to an angular momentum vector (p), which

points along the spin axis
p = hl
Equation 3-1

Where h = h/2x (Dirac’s constant) and h is Planck constant
The nucleus also possesses electric charge, and the effective current loop due to the

rotation of this charge produces an associated magnetic dipole moment ().
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L= Yp
Equation 3-2

Where vy is the gyromagnetic ratio, which is a constant for a given type of nucleus. For
'H the value of y is 26.75 x 10’ radians s*T (y/2r = 42.58 MHz T™). The magnetic dipole
moment (1) causes the nucleus to behave like a tiny bar magnet and gives rise to
interactions with an external magnetic field (Bg). By is measured in tesla (T) or gauss,
where 1.0 T = 10,000 Gauss. In the quantum mechanical model, the nuclear magnetic
dipole can only have (21+1) orientations. A proton with | = 1/2, has two possible
orientations either parallel or anti-parallel with B, (see Figure 3-1), which correspond to
low and high energy states [55, 99-103].

ABo

Parallel
Low energy state

Figure 3-1 Alignment of proton spin

with an external magnetic field.

Anti-Parallel
High energy state
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The energy difference AE, between the two states (see Figure 3-2) is proportional to

the strength of Bpand is given by:
AE = uB,/I

Equation 3-3

(or)
AE = yhB,

Equation 3-4

High energy state

Energy

Figure 3-2 Energy level diagram for
the hydrogen proton spins in a

magnetic field.

Low energy state

0 B,

Transitions between the two states can be induced by applying electromagnetic energy
at a frequency called the Larmor frequency (o), which results in the resonance condition
and is given by [99, 101-103]:

w; = AE/h = yB,

Equation 3-5
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At absolute zero, all the spins would be parallel with By, but in reality, the spins are
influenced by thermal motions, which results in the transition of spins between the high and
low energy states. At equilibrium there is a fractional excess of spins in the low energy
state, which align with Bo. The equilibrium populations are described by the Boltzmann
distribution [99, 101-103]:

Equation 3-6

where N and Ny are the number of spins in the lower and upper energy levels, k is the
Boltzmann’s constant and T is the absolute temperature. The fractional excess of spins,
which are aligned with By are described by [99, 101-103]:
N,—Ny _ hw;, hyBO
Ny ~ kT ~— kT

Equation 3-7

The MR signal is observed only from the fractional excess spins, which is around 7 x
10°® at 1.0 T. The small amount of fractional excess results in low MR sensitivity, and to
increase the sensitivity we should either decrease the sample temperature (not practical for
patients) or increase By.
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3.2 Classical Model

In the classical model the nuclear magnetic moment experiences a torque (L) which
tries to align with By described by [101, 102]:

L == ‘Ll X BO
Equation 3-8

The nucleus also contains angular momentum, which combined with the torque results
in the nucleus precessing about By in a gyroscopic nature. The rate of change of angular
momentum is described by [99, 101, 102]:

dp
—=L=uXxXRB
dt U 0

Equation 3-9
But, from Equation 3-2, p = u/y, thus
dp

EZMXVBOZMX(‘)L

Equation 3-10
w, = —YBy
Equation 3-11

The results from Equation 3-10 and Equation 3-11 illustrate that the nucleus precesses
around the direction of the applied field at the rate of w_ (resonant frequency) and the

minus sign illustrates the direction of rotation, which is usually ignored [99, 101-103].
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3.3 Bulk Magnetisation

It is good practice to combine the effect of all the nuclei that are influenced by By
rather than to explain the properties of each individual nucleus. The combined effect of all
the nuclei that are in spin-up and spin-down states is known as bulk magnetisation (M). In
equilibrium the bulk magnetisation (Mg) has only a longitudinal component aligning along
the By direction, and it does not produce an MR signal in the receiver coil. Application of
additional radio frequency (RF) field at the resonant frequency disturbs M from
equilibrium, resulting in the production of MR signals. In a Cartesian system which is

represented by X, y and z direction, the By is usually represented in the z direction.
3.4 Radio Frequency Pulses

Radio frequency (RF) pulses are electromagnetic radiation which is achieved by
applying a second magnetic field B1, perpendicular to By, which rotates in phase with the
precessing nuclear magnetic moments at o_. Viewed from the laboratory frame, the B, field
causes My to tilt away from By, and to execute a spiral path. When B; is switched off, Mg
continues to precess about By describing a cone of half angle a (alpha), also known as the
flip angle given by:

a =yB;t,

Equation 3-12

where t, is the duration of the B; field pulse.

Visualisation of the trajectory of spins with respect to RF application is complex in a
laboratory frame of reference. The motion of spins are therefore observed in a different
manner in which the observer is rotating about an axis parallel with By, and synchronised
with the precessing nuclear magnetic moments. This method of observing the spins is
called the rotating frame of reference. The frame of reference is observed in the set of three

mutually orthogonal axes [99, 101-103].
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The duration of the B; field results in the application of multiple types of RF pulses
(e.g. 90°, 180°), which are responsible for the alteration of My. A 90° RF pulse tilts the My
to the transverse plane (Figure 3-3(middle)) resulting in the formation of My, component
and signal. A 180° RF pulse results in the formation of -M, component which lies in -Bg
direction (Figure 3-3 (right)) [55, 99-103].

Z 4
M, l

-
=

i
W
i

90° 180°

Figure 3-3 The equilibrium state of the net magnetisation (left), followed by the transverse magnetisation
(middle) after the application of the 90° RF pulse, and the negative longitudinal magnetisation (right) after

the application of the 180° RF pulse.
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3.5 Free Induction Decay

Once the magnetization is tilted away from the By direction its transverse component
M,y generates a rotating magnetic field. This rotating magnetic field oscillates at . and
induces a small voltage (dynamo effect) in the RF receiver coil. A 90° RF pulse maximizes
the rotating transverse component. Once the RF pulse has ended however, the signal
gradually decays (see Figure 3-4) as a result of relaxation processes which causes M to
return to its equilibrium position Mo, parallel to By. This type of decaying signal is known
as free induction decay (FID) [99-103].

AAAAW
[KAASS

Figure 3-4 A FID signal following an RF excitation.

A

Signal

3.6 Relaxation

After the removal of B; magnetic field, the excited nucleus will try to achieve
equilibrium state by dissipating its energy to adjacent nuclei (spin-spin) or to the
surrounding environment (spin-lattice). The process and duration involved in the nucleus
returning to equilibrium state after the application of B; field is known as relaxation, which

results in the decay of the FID over time.
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3.6.1 Spin-Lattice or T, Relaxation

The spin-lattice or T; relaxation is associated with the longitudinal component after the
application of the RF pulse, and is due to the interaction of the excited nucleus with its
surrounding (or) lattice environment. The spins in a sample or tissue are influenced by
thermal vibration, and the excited protons transfer their energy to this environment, which
results in the magnetic moments realigning with By [99-103]. The M, magnetisation
component gradually recovers towards its equilibrium value of My (see Figure 3-5). The
longitudinal relaxation characteristic of M, after the application of a 90° RF pulse is
routinely known as T; (or) spin-lattice relaxation as described by:

=1 - e (7]

Equation 3-13

Time

Figure 3-5 The T, relaxation of the magnetisation recovering back to equilibrium.
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3.6.2 Spin-Spin or T, Relaxation

The spin-spin or T, relaxation occurs in the transverse (xy) plane and is caused due to
the interaction of the excited nucleus with neighbouring nuclei via their magnetic moments.
As described earlier (see 3.1), each nucleus creates its own magnetic field and they
normally interact with adjacent nuclei, resulting in local random alterations to By, which
results in loss of phase coherence, and exponential decay of transverse magnetisation Myy
(see Figure 3-6). The time constant of the decay is known as spin-spin or T, relaxation (see
Equation 3-14).

When spin-lattice relaxation returns to equilibrium My, there is never any remnant
transverse magnetisation component. Therefore T, is always less than or equal to T, [99-
103].

= ()

Equation 3-14

Time

Figure 3-6 The T, linear exponential decay of magnetisation in the xy plane.
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3.6.3 T,* Relaxation

In a scanner, the magnetic field is not perfectly uniform. The changes in the field
result in frequency variations causing additional decay described by T,*. The T,* is always
shorter in duration when compared with normal T, relaxation. The T,* relaxation is
denoted by [99-103]:

1 1 1

e i
TZ TZ T2inhom

Equation 3-15

The Tainnom illustrates the decay of signal due to By inhomogeneity and is also
represented as:

1
——  =yAB
TZ inhom 0

Equation 3-16

The ABy is the amount of variation in the B, field over the scanned region.

3.6.4 Spin-Echo

The spin-echo (SE) is a simple and basic sequence employed in all MRI scanners,
which uses 90° and 180° RF pulses (see Figure 3-7) to form a spin-echo signal. The
sequence works based on using the 90° RF pulse to align the spins in the transverse plane
M,y. After the removal of the 90° RF pulse, the spins in the M,y plane dephase (see Figure
3-7 (middle)) in relation to their relaxation properties. Some spins dephase slowly and some
quickly based on their surrounding environment. The dephasing of the spins is normally
observed as a FID in the receive coil or can be manipulated to form an echo using another
RF pulse with 180°, which flips the spins in the Myy plane to -M,y plane where the signals
rephase (see Figure 3-7 (right)) to produce an echo. The signal observed from the SE
contributes only to the recovery of the T,* process which is a coherent phenomenon. The

natural T, decay of the tissue cannot be recovered by the 180° refocusing pulse.
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Figure 3-7 The stages of magnetisation in a spin-echo sequence followed by the application of the 90°

(middle) and 180° (right) RF pulses to form a spin-echo.

3.7 Spatial Encoding

The encoding of MR signal with spatial information is essential for the isolation of
finite volumes from the sample or patient and is routinely known as spatial encoding.
Spatial encoding is achieved by gradient coils, that apply variations in the x, y and z
directions of the main magnetic field in the z-direction. The application of gradient
magnetic fields, result in a linear change in resonance frequency or phase along the gradient
direction (see Figure 3-8). The gradients are usually known as slice selection, frequency
and phase encoding. For a typical axial image acquisition, the slice selection gradient is
usually applied along the z direction which is also the direction of By, and the phase and
frequency encoding are applied in x or y axis [55, 99-104].
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Figure 3-8 Application of a linear
gradient magnetic field which results
in change in frequency along the field.
The isocentre is the point in the
gradient in which the field strength is

the same as B,.

Magnetic Field Strength

Distance along the Axes

3.7.1 Slice Selection

A finite section or slice from the patient is acquired by using the slice selection (SS)
that applies both a magnetic field gradient and an RF excitation. If we image a slice in the
xy direction then the SS gradient must be applied orthogonal to this plane which is the z
direction. The gradient makes the resonance frequency a function of position along the z

direction and is denoted by:

w(z) = yB,(2) = y(By + 2G,)
Equation 3-17

The 90° selective pulse is applied as a shaped or amplitude modulated pulse so that it
contains a narrow bandwidth (BW) of frequencies close to the fundamental resonance
frequency of the magnet wo = yBy. Only those spins whose resonance frequency lies within
this range will be excited. Thus a slice in the x-y plane is selected by applying a gradient in

the z direction during excitation (see Figure 3-9). The width of the slice Az is given by:

Az = Aw/yG,

Equation 3-18
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Where Ao is the bandwidth of frequencies within the 90° pulse and G, is the strength
of the applied selective gradient. The bandwidth of frequencies or Aw is related to the shape
and duration of the pulse. If it is a Gaussian-shaped pulse, then Ao = 2n/At, where A is
the full-width at half maximum (FWHM) of the pulse’s frequency spectrum and At is the
FWHM of the pulse envelope, in seconds. The slice can be made thinner by decreasing the
spectral bandwidth of the pulse (by making the pulse longer in time) or by increasing the
strength of the selection gradient G,. The slice profile is approximately the Fourier
transform of the RF pulse envelope. Thus a Gaussian pulse gives roughly a Gaussian slice
profile. A more rectangular slice profile can be obtained by using a sinc-shaped RF pulse
[55, 99-103].

>
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Figure 3-9 A typical SS gradient in the z-axis that is used for the selection of an image slice in relation to

thickness and frequency.
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3.7.2 Frequency Encoding

The signal with respect to one in-plane direction from the localised slice is acquired
using the frequency encoding (FE) magnetic field gradient. The MR resonance frequency is
directly proportional to the strength of the magnetic field, thus when a gradient is applied
the resonant frequency is also a function of position along the gradient direction. If the
gradient is applied in the x direction as Gy, for example, then the equation describing the

variation of the resonance frequency o with position X is:

w(x) =y(Bo + xGy)
Equation 3-19

If an x gradient is applied then the resonance frequency is modified only in position
along x, not y or z axis. In FE, the acquisition begins with the application of a selective RF
pulse in order to excite the spins, followed by switching on of the FE gradient (for example
in x direction), and observing the MR signal with the gradient turned on. The MR signal is
always observed in the presence of the FE gradient, thus it is also known as readout
gradient [55, 99-103].

3.7.3 Phase Encoding

The third and final method of spatial discrimination is known as phase encoding (PE)
which is routinely applied prior to the FE period. PE applies a gradient magnetic field to
change the frequency that results in the manipulation of the phase of spins. The PE operates
in the second in-plane direction of the selected slice. The fundamental difference in PE is
that the MR signal is not observed in the presence of a gradient. Nevertheless, spatial
information is obtained along the direction of the PE gradient. Consider the effect of
applying a 90° pulse followed by a PE magnetic field gradient. After the 90° pulse, the
magnetization is in-phase everywhere, lying along the y axis, in the rotating frame. When
we turn on the PE gradient, the magnetic field varies linearly with position along the y axis.
If the gradient is positive, the spins at the top of the axis will experience a larger magnetic
field than those in the middle and bottom and eventually will precess faster (i.e.) clockwise
in the rotating frame of reference, similarly the spins at the foot of the axis will precess
more slowly when the gradient is on, (i.e.) anticlockwise in the rotating frame. When the

gradient is switched off, all the spins once again experience the same magnetic field By, and
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precess at the same rate, and they are all stationary in the rotating frame. However the spins
remain out of phase with respect to one another, and the phase angle depending on the
position along the PE direction. For MR imaging the PE gradient is applied as multiple
repetitions with different amplitudes. The repetitions results in different phase information
[55, 99-103].

The MR signals obtained represent the vector sum of all the spins, therefore it also
depends on the size of the PE gradient applied and also on the spatial distribution of MR

nuclei along the PE gradient direction. The phase is given by:

6 =v) [, Gydt

Equation 3-20

Where T is the time for which the PE pulse is switched on and Gy is the magnitude of
the PE gradient [55, 99, 101, 102].

3.8 k-Space

k-space is a mathematical space in which the raw time domain data are stored in the
computer which records the spatial frequencies of the MR signal observed from the pulse
sequence with respect to applied phase and FE gradients. It can be thought as a form of raw
data that contains the digital information of the MR signal from the acquisition slice which
was acquired using the pulse sequence. The digital raw data of k-space are converted to the
visual grayscale image using the fast Fourier transformation (FFT). The FFT is a
mathematical algorithm proposed by Cooley and Tukey to implement the Fourier analysis
in a computer to convert the time domain data into data represented by frequency and
amplitude. The k-space region contains lines of data, where each line was filled for each
application of phase and FE gradient. The PE gradient determines the position of the line of
data in k-space in the vertical-axis. The FE gradient is responsible for the filling of the line
of data with the digital signal in the horizontal-axis (see Figure 3-10). Each point in k-space
has information for the whole-image, hence sections of k-space cannot be assigned to
sections in the image. The k-space images in this thesis were processed using ImageJ (open

source programme). The outer region of k-space contains higher spatial frequencies, which
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contain information in relation to edge/detail (see Figure 3-11 (top)). The centre region of
k-space usually contains information with respect to signal and contrast (see Figure 3-11
(bottom)). It is important to acquire full k-space data to produce the image. Partially filled
k-space can be used to reconstruct a reasonable image more quickly, provided more than
half of the k-space is filled. The remaining k-space lines of data can be either filled with
zeroes or extrapolated based on the acquired lines [99-103, 105].

k

Figure 3-10 The image on the left illustrates the trajectory of k-space based on the phase (k,) and
frequency (k) encoding gradients. The image in the middle is the actual raw k-space for an image. The

image on the right is an FT processed grayscale image from the whole region of the raw k-space.
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Figure 3-11 The top row illustrates the outer region of k-space which was processed resulting in an image
with only information in relation to detail or edge. The bottom row illustrates the central region of k-space
which was processed resulting in an image with information in relation to signal and contrast. Note that it

is important to have both the regions of k-space to produce a reasonable image.
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Modern imaging sequences like echo planar imaging (EPI) use zigzag or continuous
(see Figure 3-12 (left)) or spiral k-space filling, and ultra-short TE (UTE) sequences use
radial k-space filling (see Figure 3-12 (right)). Both the techniques result in faster data

acquisitions, but with reduced image quality, since some regions of k-space are left out [99,

101-103, 106].
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Figure 3-12 The image on the left is a k-space with continuous trajectory commonly used for fast imaging

sequences like EPI. The image on the right is a k-space with radial trajectory commonly used for UTE

imaging type of sequences.
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3.9 Signal-to-Noise Ratio

The signal-to-noise ratio (SNR) is one measurement of image quality and is dependent
on the main magnetic field, RF coils, relaxation properties of tissues and the sequence
parameters. The signal displayed as pixels in the image is the representation of the MR
signal from the tissue based on the described parameters. The MR signal in the pixel is
primarily dependent on the number of protons within it. The noise is the random
differences in the pixel value, which gives the image its grainy appearance. The noise
primarily originates from the tissue under investigation. The MR data comprises a mixture
of both signal and noise, and the ratio of the two is known as SNR. It is always essential to
have high SNR in images for diagnostic importance [99-103].

SNR are improved by using dedicated anatomical coils, since they are designed to
encompass the whole region by limiting the space between the coil and anatomy. SNR are
also improved by increasing the number of signal averages (NSA), but it also increases the
acquisition time. The signal in the image increases proportionately with NSA since it is
coherent, but noise is random and thus the increase in NSA results in the square root of
noise. Thus the ratio of signal and noise depends on the square root of NSA. The other
common methods of increasing the SNR are by increasing the slice thickness and voxel
volume to increase the number of protons, but trade-off with reduced spatial resolution.
Reduction in receiver bandwidth also improves SNR, but also results in other effects like
chemical-shift artefact. SNR is essential in MR, but increasing it is based on a balance of
other factors [99, 101, 102].

3.10 Imaging

3.10.1 Spin-Echo Imaging

The SE imaging is similar to the SE sequence (see 3.6.4), but is modified to be
acquired with spatial encoding gradients to form an image (see Figure 3-13). The sequence
uses 90° and 180° RF pulses in the presence of slice selection (SS) gradient for selective
excitation of the slice. In-between the two RF pulses, the phase encoding (PE) gradient is
applied with desired amplitude for filling of each line of k-space. After the application of

54



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

the 180° RF pulse, the SE is collected in the presence of the frequency encoding (FE)
gradient. The cycle repeats again, but with different PE amplitude to fill another line of k-
space. If the matrix is 256 x 256 then there will be 256 PE steps with different amplitude.
The duration between the first RF pulse from each repetitive cycle is known as the
repetition time (TR). The time duration between the 90° RF pulse and the occurrence of the
SE is known as the echo time (TE). The midpoint (TE/2) between the 90° and SE is exactly
the point of application of the 180° RF pulse. Therefore the application time of the 180°
pulse always determines the occurrence time of the SE so that we can accurately detect it
[99-103].
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Figure 3-13 The pulse sequence diagram for a spin-echo sequence.
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3.10.2 Fast Spin-Echo Imaging

The fast spin-echo (FSE) sequence is a modified version of spin-echo sequence
designed to reduce the acquisition time. The FSE sequence uses a 90° RF pulse followed by
multiple 180° RF pulses within each TR (see Figure 3-14). The number of 180° pulses
applied is usually known as the echo train length (ETL). Each of the 180° pulses permits
different PE gradient amplitude to reduce scan time by a factor equal to ETL, which fills
multiple lines of k-space for each image in a single TR. The cycle is repeated until all the
lines of k-space are filled. The use of multiple RF refocusing pulses results in the
degradation of signal, where the first refocusing RF pulse will contain a higher signal when
compared with the last pulse. The use of multiple 180’s results in multiple TEs for a single
image and the TE is averaged from all the echoes to be denoted as effective TE for image
contrast [99-103].
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Figure 3-14 The pulse sequence diagram for fast spin-echo sequence.
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3.10.3 Gradient Echo Imaging

Gradient echo (GRE) imaging is a type of MR technique, which produces an MR
signal by applying a variable flip angle in the presence of the slice selection gradient and
then applies the PE gradient followed by FE gradient to produce an echo by gradient
dephasing and rephasing (see Figure 3-15). GRE imaging are fast imaging sequences since
they do not use 180° RF pulses and are by default T,* weighted since the decay due to By
inhomogeneities are not recovered. GRE imaging is prone to susceptibility artefacts due to
the elimination of the 180° RF pulses.

Signal _k O\ ;L

Figure 3-15 The pulse sequence diagram for gradient echo sequence.
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3.10.4 Chemical-Shift Imaging

Imaging of fat and water is an active topic of research and there have been various
methods proposed for imaging either or both of these. MRS is advantageous compared to
imaging, in differentiating the various components of fat based on their chemical nature,
but suffers from poor spatial resolution. Imaging of fat and water is preferred since it has
better spatial resolution. Fat or water suppression techniques are used to image fat and
water separately as two different acquisitions. The Dixon technique is another useful
technique, which acquires data based on the phase difference between fat and water. The
original technique acquires two image data one with both fat and water in-phase and the
other data with water and fat 180° out-of-phase (see Figure 3-16). The phase difference
between fat and water occur at distinct times and it is important to apply the TE at that
particular duration to collect the data. The summation of in-phase and out-of-phase data
results in the image having only the water component. The subtraction of in-phase and out-
of-phase data results in the image with only fat components. This technique was known as
the two-point Dixon technique [107]. The technique was good in separating fat and water,
but suffered from B, inhomogeneity resulting in phase errors that led to contamination of
fat and water components.

A modified version of Dixon technique was proposed to correct for these phase errors
known as three-point Dixon technique. The three-point Dixon technique uses three echoes
to measure three phase position of the spins (e.g. 0°, 180°, 360°). Using the additional
phase information the sequence was able to mathematically correct for phase errors from
the image due to By inhomogeneity. Currently three-point Dixon technique is the
commonly used fat and water imaging method and GE uses the modified version of this
technique known as iterative decomposition of water and fat with echo asymmetry and least
squares estimation (IDEAL) sequence [108-111]. The three-point Dixon technique is
occasionally prone to phase wrapping artefact resulting in improper calculation of fat and
water images. This technique also assumes that fat and water are two components, but in
reality the fat is composed of nearly ten peaks with distinct chemical-shift and it is
impossible for this technique to accurately quantify all the fat, resulting in contamination of
water with fat [108, 110, 112-116]. Newer versions of Dixon techniques are used that
acquire six echoes that take into consideration the presence of multiple fat peaks as well the
correction of phase errors. GE scanners call the modified IDEAL technique IDEAL-IQ.
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Figure 3-16 A typical Dixon technique with illustration of the in-phase and out-of-phase signals of fat and

water.

3.10.5 Image Contrast

The manipulation of the TE and TR normally results in controlling the weighting of
the acquired image. There are three common types of MR image weighting which results in
differences in contrast between different tissues in the anatomy. The three image
weightings are T;, T, and proton density (PD). The T;-weighted image predominantly
contains signal information with respect to T; relaxation properties of the tissues. The T-
weighted image is usually acquired when short TR (<500ms) and short TE (<50ms) are
used, and is visualised by dark signal in fluids due to their long T relaxation, which do not
reach full equilibrium. The T,-weighted image predominantly contains signal information
with respect to differences in the T, relaxation properties of the tissues. The T,-weighted
image is usually acquired when long TR (>2000ms) and long TE (>100ms) are used, and is
usually visualised by bright signal from fluids due to their long T, relaxation. The PD-
weighted images predominantly contain signal information with respect to spin density
from the tissues. The PD-weighted image is usually acquired when long TR and short TE
are used [99-103].
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3.11 Artefacts

An artefact is any undesired signal in the acquired image which is not present in the
anatomy. Following is a brief description of some of the common artefacts observed in
MR.

3.11.1 Motion (Ghosting)

The most common artefact in MR is not due to hardware, but due to the patients
movements, which may be caused due to voluntary or involuntary actions. The voluntary
movements are often decreased by making the patient as comfortable and immobilised as
possible, or provide alternative methods (e.g. sedation, decreasing scan time) to decrease
movements. The movements result in images being affected by ghosting or blurring (see
Figure 3-17) which often result in repeating the scan.

Figure 3-17 A typical axial image acquired at distal radius using the wrist coil illustrates, severe motion
artefact due to the voluntary movement of the patient. Note the severe ghosting and blurring in the image

due to the motion.
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Motion of anatomical organs is another common artefact and also results in blurring
and ghosting artefacts. The anatomical motions are often contributed by e.g. respiratory,
cardiac, peristalsis and blood vessel flows. The artefacts are mostly observed in the PE
direction due to its multiple repetition and time gap between acquisitions. Cardiac and
respiratory gating are useful methods of decreasing these artefacts, but result in increased
acquisition time. The respiratory movements are decreased by breath-holding and advanced
fast imaging sequences. Peristalsis is the natural movement of intestines, and these
movements are sometimes reduced by specific drugs or fast imaging sequences. Artefacts
due to blood flow are also a common occurrence and result in signal void or ghosting. Flow
artefacts (see Figure 3-18) are commonly reduced by using saturation bands outside the
field-of-view (FOV) or slice direction. Other techniques like flow compensation gradients
also reduce the artefacts but at the expense of increasing the TE to accommodate the
gradient application [99-103, 117].

Figure 3-18 A typical water-only axial image from Dixon imaging acquired at distal radius illustrates flow

artefacts due to the flow of blood in the blood vessels.
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3.11.2 Chemical-Shift Artefact

MR signal predominantly arises from hydrogen protons present in fat and water. Water
is a small molecule containing hydrogen and oxygen, but fat is a large molecule made up of
chains of triglycerides attached to glycerol, containing carbon, hydrogen and oxygen atoms.
The different chemical composition results in differences in their resonance frequency and
is commonly known as chemical-shift (see 3.14.1). Chemical-shift differences between fat
and water are desired for spectroscopy, but create an artefact in imaging. Imaging
sequences use FE for spatial information. The chemical-shift artefact is caused due to the
mismapping of fat and water, which results in the shifting of fat signal by a number of
pixels in the FE direction of the image. The shifting of pixels appear as dark and light bands
(see Figure 3-19) on the anatomy. The shift of the pixels is mainly dependent on the

receiver bandwidth used. Lower bandwidth results in worse chemical-shift artefacts. The

artefact is usually avoided by using large bandwidths at the expense of reduced SNR in the
image [99-103, 117, 118].

Figure 3-19 A typical chemical-shift artefact observed in egg. The image on the left was acquired with high
receive bandwidth, which resulted in reduced chemical-shift artefact. The image on the right was acquired
with low receive bandwidth, which resulted in severe chemical-shift artefact. Note the high and low bands

of signal in the artefactual region.
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3.11.3 Wrap Around Artefact

The wrap around artefact is a common artefact observed in the PE direction, when the
anatomy is larger than the applied FOV. This results in the image of the tissue just outside
of the FOV to be wrapped into the opposite side of the image in the PE direction (see
Figure 3-20). The common method of reducing this artefact is to use saturation bands just
outside the FOV or to apply phase oversampling. The phase oversampling acquires a larger
FOV image around the prescribed FOV in the PE direction with additional number of PE
steps. After acquisition, the unwanted FOV region is discarded and only the prescribed
FOV is displayed [99-103, 117].

Figure 3-20 An image acquired on a phantom with reduced field of view using the wrist coil. The image is
affected by wrap around artefact where the image is contaminated by signal from the outer edges of the

phantom.
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3.11.4 Susceptibility Artefact

Susceptibility is the ability of the material to be temporarily magnetised when
subjected to an external magnetic field. Different types of tissues have different
susceptibility properties and they create microscopic fields, which increases the dephasing
of protons around boundaries of tissues, which thereby changes the linearity of the applied
gradients. Metals have higher susceptibility, whereas bone and air have lower susceptibility
and tissues lie in-between. The interface between these types of materials results in gross
signal voids and distortion and is often known as susceptibility artefacts. The artefacts are
common in organs at boundaries of air and tissue (e.g. lungs, skull) and also in interfaces
between trabecular bone and marrow. Metallic implants create gross artefacts due to their
higher susceptibility. Susceptibility artefacts are worse with gradient echo images and spin-
echo imaging with short TEs are usually preferred to reduce the artefacts. The susceptibility

artefacts become severe with higher magnetic field strengths [99-103, 106, 117].

3.115 RF Inhomogeneity Artefact

RF inhomogeneity artefact is a common artefact observed in MR scanners, which
results in non-uniform variation in signal intensity across an image (see Figure 3-21). The
artefact is caused due to non-uniform B; field transmission and/or a non-uniform detection
in the RF coils. The artefacts are common in phased array and surface coils. The surface
and phased array coils are receive only where the B; transmission is applied by the large
integrated body coil in the scanner, and the coils are sensitive to signal detection in relation
to distance, thus the signal intensity reduces as the distance between the coil and the tissue
increases. Birdcage coils have much better uniformity due to their better B; transmission
and better detection of the signal, which results in reduced RF inhomogeneity artefact.
There are a variety of techniques (e.g. post processing, calibration, multi-transmit) available
to correct this artefact. Post processing tools are common techniques that use dedicated
algorithms and filters to correct for non-uniformity in the image. Calibration techniques
acquire additional calibration data with B; maps before the normal image acquisition, and
use the information from the B; map to correct for non-uniformity in the acquired image. A
more advanced method is to correct for B; imperfections in the coil itself by using multi-

transmit technology that adjusts the transmission of B in relation to different regions of the
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anatomy to create a more uniform B; transmission which results in more uniform signal

intensity in the acquired image [99-103, 117].

Figure 3-21 A typical axial image from distal radius acquired using the phased array wrist coil. Note the
non-uniform signal intensity in the image, where there is high signal intensity inside the drawn region of

interest and normal signal intensity in the rest of the image.
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3.12 Hardware

An MR scanner typically contains multiple components. Following is the brief
description of the five important components: main magnet, RF coils, gradient coils, shim

coils and computer system.

3.12.1 Main Magnet

The main magnet is an important component of the MR scanner responsible for the
production of the By field. The magnets used for research or clinical purposes typically fall
in one of the three categories of resistive, superconducting and permanent magnets. The
superconducting magnet is the only magnet design which is capable of reaching very high
magnetic fields when compared with all the other types, and this is commonly used in
clinical settings. The direction of the magnetic field is usually dependent on the type of
magnet design. Superconducting magnets used in clinical setting usually have a horizontal
bore for horizontal field direction. The superconducting magnets achieve their field strength
by using super cooled superconducting coils, surrounded by liquid helium or nitrogen,
which contain a large flow of electric current. Resistive magnets use the flow of electric
current through the coil to create a magnetic field and require systems for cooling of the
coil during operation. The heat produced in the magnetic coil elements limits the amount of
power supply and limits the field strength. Permanent magnets use large magnets
constructed from rare-earth or ferrite-based materials to create low to medium (0.2 - 0.4 T)
magnetic fields. The designs of these types of magnets are usually bulky/heavy and limit
the strength of the magnetic field [99-103, 117].
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3.12.2 Radio Frequency Coils

The RF coils are responsible for the production of the B; magnetic field for the
generation and detection of MR signals. There are many types of RF coil designs including
birdcage and circular loop (surface coil). The birdcage RF coils (see Figure 3-22) are
designed to both transmit and receive (transceivers) and produce high uniformity of
transmission, whereas the surface coils are usually designed for receiving only. A large
permanent birdcage coil is integrated in the clinical scanner for transmission and receiving,
and is known as the body coil. It is important to collect the signal from the anatomy by
placing the coil as close as possible to increase the SNR. Coils with birdcage design are
commonly used as head coil. Surface coils are routinely used as phased-array (PA) designs,
which are a combination of multiple surface coils, that in-turn could be used as a volume
(surrounding the anatomy) or surface coil (placing near the anatomy). PA coils are designed
for receive only, which require the body coil for the transmission of the RF pulse. PA coils
are used for improved anatomical coverage and also in improving SNR. Quadrature coil
design are also used which contain two receivers present 90° to one other for distinguishing
real and imaginary components of the received signal. Quadrature coil designs improve
SNR by a factor of square root of two [99-103, 119].

Figure 3-22 A typical birdcage RF
coil design with illustration of the
direction of the B, and the B,

magnetic field.
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3.12.3 Gradient Coils

Gradient coils are responsible for producing linear magnetic fields in multiple planes
in the scanner. The three field directions are produced by two main gradient coil designs:
Maxwell pair and Golay set (see Figure 3-23). The Maxwell pair is mainly responsible for
creating gradient magnetic fields in the axial plane (z) or in the direction of the main
magnetic field By. The Golay set are coils designed to produce gradient magnetic fields in
the transverse plane of x or y direction. The x and y directions are achieved by using two
Golay sets present 90° to one another [99-103, 119].

O 00 0 44

Figure 3-23 The image on the left is the Golay set gradient coil design, used for the production of the
gradient magnetic field in the x or y axis. The image on the right is the Maxwell pair gradient coil design,

used for the production of the gradient field in the z axis.

3.12.4 Shim Coils

The By field produced by main windings in the magnet is not perfectly homogeneous.
During manufacture of magnets there are a lot of inevitable manufacturing and procedural
errors and there are additional factors like gravity and the magnetic forces between
conductors causing deformation in the magnet’s geometry. The errors lead to variation in
the magnetic field with respect to spatial position. Major field inhomogeneities across the
gradient direction are undesirable since the spins present in these inhomogeneities will have
complex nature and result in loss of phase coherence in the region with inhomogeneity [99,
101-103, 120, 121].

Excellent magnetic field homogeneity is an absolute must for acquisition with MRS.

Spectroscopy acquires signal from individual metabolites based on their differences in
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resonant frequency or chemical-shift. An MRS spectrum is illustrated as multiple peaks
present at different frequency. If the magnetic field is inhomogeneous, the individual
spectral peaks broaden and result in overlapping of adjacent peaks.

It is important to maintain a homogenous magnetic field for imaging and spectroscopy
and it is commonly achieved by introducing extra fields that correct the unwanted
inhomogeneities. There are two common types of shimming known as active and passive
shimming. Passive shimming is achieved by manual placement of metal to add or cancel
fields and is routinely used during the initial stages of the installation of a new scanner.
Active shimming was proposed by Golay when he developed the shim coils to cancel By
inhomogeneities. The shim coils are similar in design to the Golay set that was used for the
production of the gradient magnetic fields. The shim coils produce linear magnetic fields in
all directions to cancel the main magnetic field inhomogeneities [98, 99, 101-103, 120-
123].

Earlier versions of magnets required manual active shimming, but in recent years the
active shimming is done automatically by the scanner during prescan based on acquiring Bg
field maps and using a mathematical algorithm to correct the inhomogeneities in the By
map by adjusting the current flow in the shim coils. The shimming is commonly applied at
the beginning of each sequence. Manual high order shimming with much more complicated
shim profiles is also preferred in MRS with large voxel volume to improve the magnetic
field.

3.12.5 Computer System

The computer system is an essential component of the MR hardware, which comprises
of three major components of host computer, pulse programmer (PP) and array processors.
The host computers are under the control of the operator for prescribing the scans, display
and processing of acquired images, archiving and networking. The PP is used for the
control of the hardware for the different type of pulse sequences. The array processors are

used for the image reconstruction from the raw signals.
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3.13 Prescan Adjustments

Before the acquisition of images or spectra, the MR system initiates an automatic
prescan routine. The automatic prescan results in optimisation of scanner properties
including the centre frequency (Ax) in relation to water peak, automatic shimming to
correct for By inhomogeneities, the transmitter gain (TG) and flip angle for an effective RF
pulse transmission, the analogue (R1) and digital (R2) receiver gains for effective detection
of the signal and the chemical-shift selective (CHESS) pulse for water or fat suppression.
The prescan for imaging can be applied manually if the automatic prescan fails. The
prescan for spectroscopy can also be applied manually which additionally includes higher
order shimming [98, 99, 101, 120, 122, 124-127].

3.14 Spectroscopy

Spectroscopy can be considered as a non-invasive biopsy technique used for the
analysis of the chemical structure of the tissue or anatomy. Spectroscopy in MR can be
acquired by using different types of nucleus (e.g. *H, *'P, **C), and in this thesis the
spectroscopy was primarily acquired by using 'H. The basis of spectroscopy is the
chemical-shift effect, which identifies the individual chemical components based on their
differences in their resonant frequency. Thus it is essential to have a highly uniform By to
differentiate the chemical components [98-103, 122-124, 126, 128-130].

3.14.1 Chemical-Shift

When a nucleus is placed in a magnetic field By, its electron cloud circulates around it
and causes an induced magnetic field B;, which commonly aligns opposite to the magnetic
field (see Equation 3-21), resulting in the effect known as shielding. Due to shielding, the
nucleus experiences a reduced effective field Bess = Bo(1-0), where o (sigma) is called the
shielding or screening constant, which results in a slightly different Larmor frequency

given by:
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w = YBy(1—-0)
Equation 3-21

This effect is dependent on the type of chemical bond the nucleus forms with other
nuclei. If the nucleus bonds with a highly electronegative compound like oxygen, then its
electrons around it will be stolen by the electronegative pair resulting in less shielding. The
effect of shielding is pronounced with H-C bonds (see Figure 3-24). The effects of
shielding allows nuclei to be identified by frequency in spectroscopy and are expressed in
terms of the chemical-shift (8), which is a difference in parts per million (ppm), between
the Larmor frequency of a nucleus in a particular chemical bond, ®, and the frequency of
the same nucleus in a standard reference compound ®ger.

(w— wRef)
=—=-X

wRef

o 10°

Equation 3-22

H,0 -CH,-

Figure 3-24 Chemical structure diagram.

For *H spectroscopy the reference compound is tetramethylsilane (TMS), chosen
because it contains almost totally shielded protons. Chemical-shifts are independent of field
strength (e.g. 1.3 ppm fat, 4.7 ppm water). The absolute separation of spectral lines
increases with By due to larger differences in precessional frequency [98-103, 118, 122,
123].
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3.14.2 Features of Magnetic Resonance Spectroscopy

Spatial localisation techniques for proton spectroscopy fall into two general categories:
either single-voxel techniques, where a spectrum is recorded from a single region, or multi-
voxel technique, where multiple regions are acquired simultaneously, which is also known
as MR spectroscopic imaging (MRSI) or chemical-shift imaging (CSI). The two most
commonly used single voxel methods are stimulated echo acquisition mode (STEAM) and
point resolved spectroscopy (PRESS). For MRSI, a variety of different approaches are used
but most commonly two or three dimensional MRSI is performed, often using PRESS or
STEAM excitation [98, 99, 101-103, 131].
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The basic principle underlying nearly all single voxel localisation techniques is to use

three mutually orthogonal slice selective RF pulses and design the pulse sequence only to
collect the echo signal from the volume in space (voxel) where all three slices intersect (see
Figure 3-25). Signals from regions outside the desired voxel are commonly eliminated by
saturation slabs and crusher gradients. The saturation slabs apply a 90° RF pulse before the
normal imaging sequence, which tips the spins in the slab to the transverse plane. Thus the
spins in the slab will have no longitudinal magnetisation and will not be excited when the
normal imaging sequence begins, which results in no signal from the slab region. It is
common to use default saturation slabs which surround the voxel of interest (VOI) in all

voxel dimensions.

Voxel or VOI

/

/

Figure 3-25 A typical voxel in spectroscopy sequences, which is formed at the intersection of all three

slices.

In MRS, the large signal from water is normally suppressed in-order to facilitate the
observation of the minuscule signal from metabolites (e.g. N-acetyl aspartate (NAA),
creatine and choline). Effective water suppression is achieved by preparation pulses before
the beginning of the normal acquisition. The preparation pulse is known as CHESS, which
applies a narrow bandwidth pulse centred exactly at the water Larmor frequency, followed
by the application of crusher gradients to spoil any remaining transverse magnetization.
The crusher gradients are usually applied in all three gradient directions. Accuracy of
CHESS is important for effective suppression of water [98, 99, 101, 102, 126, 132].
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3.14.2.1 Stimulated Echo Acquisition Mode

The stimulated echo acquisition mode (STEAM) sequence uses three 90° pulses,
where the third RF pulse transforms the longitudinal magnetization stored by the second RF
pulse back into the transverse plane to form the stimulated echo (STE). The format of the
sequence is of 90°-(TE/2)-90°-(TM)- 90°-(TE/2)-STE (see Figure 3-26). The sequence is
usually combined with three CHESS pulses in the beginning to suppress water if required.
For the STEAM sequence the duration between the second and third 90° RF pulse is known
as the mixing time (TM). An important feature of STEAM is that only half of the transverse
magnetization prepared by the first 90° pulse is transferred into longitudinal magnetization
by the second 90° pulse, decreasing signal-to-noise ratio (SNR) by a factor of 2. During the
TM period, longitudinal magnetization decays with T;. The three slice selective gradients
for the 90° pulse forms the voxel of interest (VOI) in the scan. In-between the 90° pulses
and CHESS pulses there are lots of other gradients known as crusher gradients which
effectively dephase unwanted signals from other echoes and FID’s. STEAM sequences
were often preferred for spectral acquisition with short echo times (TES), since they do not
employ the use of 180° RF pulse as in the case of PRESS, but recent improvements in
hardware has resulted in PRESS sequences that can be acquired with shorter TEs [98, 99,
101-103, 122, 123, 128].
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Figure 3-26 Pulse sequence diagram for a STEAM sequence.
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3.14.2.2 Point Resolved Spectroscopy

The point resolved spectroscopy (PRESS) sequence is very much similar to that of a
STEAM sequence, but instead of using three 90° pulses, it uses one 90° pulse followed by
two 180° pulses. This method produces a spin-echo (SE) rather than a STE, resulting in
better SNR than STEAM. The pulse sequence begins routinely with the CHESS pulse if
water suppression is required and has 90°-180°-(SE1)- 180°-SE2 (see Figure 3-27). With a
PRESS sequence the final signal is collected from the second spin-echo (SE2), which is the
representative signal from the whole voxel. The PRESS sequence also uses lots of crusher
gradients to dephase the unwanted signals and uses three selection gradients for the VOI.
All spectra in this thesis were acquired using PRESS, due to its advantage of increased
SNR compared to STEAM. The CHESS pulse was routinely switched off manually, to
acquire signal without any water suppression, since we require both water and fat for
quantification of bone marrow [98, 99, 101-103, 122, 126, 128, 132].
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Figure 3-27 Pulse sequence diagram for a typical PRESS sequence.
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3.15 Eddy Currents

Eddy currents are induced due to the rapid application of gradient pulses. These eddy
currents create additional magnetic fields, which are normally classified into two categories
of: zero and first order. The Zero order eddy currents do not affect the SNR but just gives a
frequency dependent phase shift from the region of. First order eddy currents produce
dephasing effects within the region of interest thus resulting in the decrease in SNR. Both
the type of eddy currents and field inhomogeneity will affect spectroscopy peak shapes
resulting in difficult spectral quantification and fitting with modelled line shapes. Eddy
current artefacts are commonly corrected by dividing the *H spectra time domain signal
from the unsuppressed water time domain signal [98, 99, 101, 102, 122, 127, 133].

3.16 Spectroscopy Analysis

The raw data from spectroscopy sequences have to be processed for quantification of
the individual peaks or metabolites. Multiple types of software are available for processing
the raw data. At our centre there are two: spectroscopy-analysis in GE (SAGE) and linear-
combination model (LCM) [134-136]. SAGE was the default analysis software provided by
GE to process the spectroscopy data from the scanner, which is normally advantageous for
a quick assessment of spectral data, but requires manual inputs and coding to quantify
spectra on a routine basis. LCM is a third-party software for automated analysis of in vivo

spectra.

3.16.1 Spectroscopy Analysis Using SAGE

The SAGE package offers step-by-step tools for processing and analysis of the raw
data. The raw data can be processed by manual tools or by automatic pre-processed macros
with a list of processing functions. Following are some of the common methods that were

applied for processing and analysis of the spectroscopy data in this thesis.
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3.16.1.1 Spectral Processing

The spine coil used for the HBM project acquired signal from the lower three elements
for lumbar spine acquisition, resulting in signal from a total of six channels. The signal
received from the voxel depends on the number of active elements in the coil and the
distance from the elements to the voxel of interest (VOI). For spectral processing it is very
important to effectively combine the signals from all the active elements rather than using
the signal from only one element which may or may not be in close proximity with the
voxel. To get the optimum data, the signals from multiple elements were combined using
the default coil combine algorithm, which combines the signal in the frequency domain.
The default method was not effective, which resulted in poor SNR, distortion of individual
peaks, gross phase artefacts and long processing time. To overcome the artefacts and
processing time, the raw signals were processed by an in-house algorithm developed by the
department staff to effectively combine the individual signals using the weighted average
principle. The algorithm extracts the magnitude channel of the first frame of free induction
decay (FID) and uses the mean of the first 5 points from the FID as the SNR weighting
factor for all the signals from the remaining elements. This method of processing resulted
in reduced artefacts, processing time and improved SNR when compared with the default
coil combine algorithm [98, 137-139].

Spectroscopy data are usually acquired in frames based on the number of excitations
(NEX) and the number of signal averages (NSA) used in the protocol. The default sequence
acquires the first two frames of data without water suppression (water reference frames)
and the rest of the frames with water suppression. Zero filling was applied to the resultant
data to improve the spectral resolution. Zero filling is commonly applied to the time
domain data after coil combine, and in SAGE it can be applied in any dimension of the
data. Applying zero fill once converts a 1024 point raw FID to a 2048 point processed FID
(see Figure 3-28). All spectra in this thesis were processed with one application of zero fill
[98, 122, 123, 126, 140].
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Figure 3-28 A typical raw FID data which has been coil combined and zero filled.

The water reference frames are useful in sequences that apply water suppression and
can be used for optimisation, quantitation and eddy current corrections. The spectroscopy
data in this thesis requires the presence of both water and fat, and hence the water
suppression was turned off, resulting in all of the frames containing both fat and water. The
spectroscopy data acquired in this thesis consisted of 8 NEX and 16 NSA, resulting in four
frames of data (see Figure 3-29 (left)) two water reference frames and the two acquired
frames. For this type of data, all the frames are combined together using the ‘average lines
tool’ in SAGE to provide a single optimal frame (see Figure 3-29 (right)). Average line tool
finds the average of all or selected frames in all dimension of the dataset by calculating the
sum of all frames and dividing it with the total number of frames, resulting in a single
averaged frame. The resultant time domain data or FID (see Figure 3-30 (left)) was
converted to spectral data (see Figure 3-30 (right)) using fast Fourier transform (FFT) based
on the Cooley and Tukey algorithm [98, 99, 101, 102, 122].
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Figure 3-29 The process of averaging which combines the four frames of acquired data (left) into a single

frame data (right).
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Figure 3-30 The process of converting a time domain data (left) into a frequency domain data (right) by

the process of Fourier transformation.
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Metabolite peaks are commonly quantified based on peak area or amplitude. In both
cases we should ideally have a flat baseline. Distortions of baseline around the peaks can
either over or underestimate the concentration of the metabolites, which may lead to poor
diagnostic accuracy. Most spectra have baseline distortions after FFT and processing (see
Figure 3-31 (left)) which is easily corrected using various processing tools like direct
current (DC) offset, linear tilts and cubic/higher order splines. SAGE applies a cubic spline
to correct baseline distortions (see Figure 3-31 (right)), and was used for all spectra in the
research project. The data points for the spline were applied automatically by the tool for all
the spectra in this thesis, by using the start and end point of the spectrum. Multiple manual
points can also be applied to the spectrum with very poor baseline, but it was not necessary
for the spectra in this thesis and thus it was not applied [98].

Real 5 5 R

Fraquency {pp) Fraquenay (ppm)

Figure 3-31 The application of baseline correction to the spectrum (left) using the cubic spline function

(middle), which results in the baseline to align with 0 in the y axis (right).

Phase correction is an important post-processing tool to align spectral peaks when the
beginning of the FID is not zero. Automatic phase correction was applied using SAGE,
which corrected the spectra on voxel-by-voxel spatial locations using first point algorithm
(see Figure 3-32) [98].
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Figure 3-32 The method of correcting phase artefacts.

Sometimes during the acquisition of MR spectra, the scanner misinterprets the exact
frequency of water reference peak by a few Hertz (Hz), which leads to the misalignment of
metabolite peaks. This was corrected manually by using the peak registration tool in SAGE.
The reference peaks that were used for registration was usually the lipid peak at 1.3 ppm or
0.9 ppm which are more stable to temperature changes when compared with water peak at
4.7 ppm.

Spectral zooming is usually applied to display spectra over a specific range to improve
the visualisation in a particular part of spectrum. For bone spectra a fixed zoom region was
selected from 6.3 ppm to -0.5 ppm, which normally includes all the lipid and water peaks

from the spectra (see Figure 3-33).
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Figure 3-33 The method of zooming the spectra to display the range of desired peaks from the original

spectrum.
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3.16.1.2 Spectral Analysis

After the processing of spectra, the next important process is to quantify the spectral
peaks in term of concentrations or ratios with respect to other metabolites. The SAGE
package offers a wide variety of analysis tools, which could be used in manual or automatic
mode to quantify the individual metabolites from the spectra. A manual analysis tool that
uses manual data points to measure peak amplitude or integrate between a range of points
was commonly used for quick and easy quantification of peaks which is user dependent and
was very subjective. Due to these limitations, the tool was only used for measurement of
full-width at half maximum (FWHM) of peaks from the clinical spectra. Most of the
spectra from phantoms were processed with SAGE.

Frequency domain fitting (FDF) is an automated quantification tool which was
manually pre-coded to fit and quantify individual peaks from the spectrum. FDF is a robust
tool which relies on prior knowledge of peaks and can apply complicated fitting models of:
Gaussian (see Figure 3-34), Lorentzian (see Figure 3-35) and Voigt (see Figure 3-36), to fit
the spectra. The Voight model is a linear sum of both Gaussian and Lorentzian line shapes.
The FDF method has to be pre-coded for individual peaks in the spectrum with information
of frequency, phase, amplitude, line shapes and width, to function optimally. The individual
information can be applied as fixed or free models for effective fitting of the peaks. An
FDF coded for bone spectra in 1.5 T scanner will not be able to process optimally a bone
spectra from 3.0 T or even a brain spectra from 1.5 T.

Quantification of spectra in SAGE is very versatile due to its varied types of analysis
tools from manual analysis to automatic pre-coded FDF. SAGE offers the advantages of
quantifying peaks using amplitude, rough integral of peaks or a more accurate
quantification of each peak in the spectra. During the initial stages of the project, the FDF
was experimented to fit clinical bone marrow spectra using different types of models. The
FDF method of quantification using Gaussian (see Figure 3-34) and Lorentzian (see Figure
3-35) models was not reliable and resulted in large residuals. The in-house Voigt model
(see Figure 3-36) resulted in good fitting of the individual peaks but resulted in unexpected
outputs from the peaks, thus SAGE was used only for the measurement of full width at half
maximum (FWHM) from water (4.7 ppm) and lipid (1.3 ppm) peaks from in vivo spectra
and the rest of the quantification was done by LCM. Experimental spectra acquired using
phantoms were processed primarily with SAGE.
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Figure 3-34 The method of frequency domain fitting using Gaussian line shape. The black line illustrates
the original spectrum, the pink line illustrates the fitting model and the blue line illustrates the residual.
The image in the bottom is the processed spectrum with the arrow pointing at some improper fitting of the

original data.
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Figure 3-35 The method of frequency domain fitting using Lorentzian line shape. The image in the bottom

is the processed spectrum with the arrows pointing at some improper fitting of the original spectrum.
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Figure 3-36 The method of frequency domain fitting using hybrid Voigt line shape. The image in the
bottom is the processed spectrum with the arrow pointing at the residual after processing. The residual is

minimal when compared with other line shapes.
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3.16.2 Linear Combination Model

The linear combination model (LCM) [134, 135] is a well-established third party
program for processing of clinical MR spectra to quantify concentrations of known
individual metabolites. All in vivo spectra were exclusively processed using LCM to
provide individual concentration of the lipid metabolites and water, due to its standardised
approach of processing, accuracy, repeatability, removal of user bias and global
recognition. The LCM uses extensive prior knowledge of spectra based on basis sets of full
spectra for metabolites acquired from solutions in the appropriate magnetic fields to
produce the best fit and estimation. Simulated basis sets are used for fitting of lipids. The
basis sets are the most important factor in LCM for accurate fitting. During the application
of LCM to in vivo spectra it is very important to select the right basis set with acquisition
parameters that closely match the in vivo data.

The processing for an individual type of spectrum is completely automatic and works
well for repeated measurements from the same or different centres. LCM is known to work
well for in vivo acquisition from a range of scanners with different field strengths and setup,
as long as their basis sets are loaded into the program before the processing.

LCM recommends a ppm range for processing of different types of spectra. For bone
marrow spectroscopy, the recommended range is around 8 to -2.0 ppm which includes the
whole range of metabolites present in the spectra including water. It is very important to
apply the optimum range since LCM operates only on that range and discards the signal
present outside the range.

Water scaling is an important processing tool in LCM which is routinely applied for
most type of spectra, especially from single voxel data. The tool uses the water reference
frames acquired during spectroscopy to estimate absolute concentrations of metabolite
peaks. With water scaling, LCM scales the water peak of the reference data with basis set
data. LCM applies zero and first order phase correction to the spectral data based on the
type of spectra and the method in which it was acquired (see Figure 3-37). Phase correction
is very important to the data as explained previously for effective processing, LCM spends
a lot of time in extensive preliminary analysis to get the optimum starting values for the
phases and reference shift in the final analysis. LCM works faster and better if prior
information of approximate phase correction is known. The prior information is described

by an expectation value and its standard deviation. There are individual recommendations
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(e.g. phase correction value for brain spectra may be different when compared with bone
marrow) for the type of prior information which needs to be applied based on the type of
manufacturer in LCM.

LCMode! (Version 6.2-1T) Copyright: S.W. Provencher. Ret.: Magn. Reson. Med. 30:672-679 (1993 g LCModel (Version 6.2-1T) Copyright' S.W. Provencher Rel: Magn. Reson. Med. 30:672-679 (1993)
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Figure 3-37 The left image illustrates the spectra with wrong phase correction parameters. The right

image illustrates the spectra with proper phase correction parameters.

LCM processes the spectra and displays the concentrations from individual
metabolites. The outputs are different according to the spectral type that was selected for
the processing of the spectra. The spectral type ‘lipid-3” is designed for this work as
magnitudes for five metabolites (see Figure 3-38) and their method of output is described as
follows:

e Lipl3 — Estimates the magnitude of signal present under the peak of 1.3 ppm from
methylene protons of saturated fatty acids (—(Ch,),-). It is not clearly known if LCM
fits the 1.6 ppm peak which is normally under the 1.3 ppm peak or just combines
both the signal as Lip13.

e Lip09 — Estimates the magnitude of signal present under the peak of 0.9 ppm from
terminal methyl protons of saturated, oleic and linoleic acids (-CHj3).

e Lip20 — Estimates the magnitude of signals present under the peaks of 2.02, 2.23
and 2.76 ppm from allyl methylene, a-methylene and divinyl methylene protons.

e Lip53 — Estimates the magnitude of signal present under the peak of 5.3 ppm from
olefinic protons.

e Water — Estimates the magnitude of signal from peak present at around 4.65 ppm,

from the hydrogen protons of H,0.
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Sometimes adjacent peaks are difficult to resolve and in which case it is safe to

estimate the magnitude from the sum of adjacent peaks, which are described as follows:

e L20+L13+L09
e Lip09 + Lip13
e Lip53 + Water

Conc.
2.818
2.357
2.004

0.353
0.460

9.16E-02

1.0238
0.947

$SD /Water
0% 2.977
0% 2.490
1% 2.118
3% 0.373
2% 0.486
7% 9.7E-02
0% 1.097
1% 1.000

Metabolite
L20+L13+L09
Lip09+Lipl3
Lipl3
Lip09
Lip20
Lip53
LipS53+4Water
Water

Figure 3-38 A typical result output from LCM with respect to concentrations of individual peaks and

a combination of peaks.
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4 Magnetic Resonance Investigation of Bones

4.1 Advantages of Using MR for Evaluation of Bones

Imaging of bones is an important topic of research in identifying abnormalities based
on its structure and composition. Various imaging techniques are available for
measurement of bone properties, but very few modalities are capable of quantifying both
structure and composition. Quantification of bone has always focussed on identifying the
two important features of bone quantity and quality. The bone quantity is the feature based
on structural properties like trabecular bone structure, cortical bone structure, bone density,
bone mineral content and physical features (e.g. area, thickness, and volume). Bone quality
is the feature based on marrow (red and yellow), porosity, diffusion, perfusion and
metabolic markers.

Dual-energy X-ray absorptiometry (DEXA) is the current gold standard clinical
technique used for the evaluation of bone strength and it is primarily based on bone
parameters related to bone quantity. DEXA measures properties of areal bone mineral
density (BMD) by using dual-energy X-rays to differentiate between soft and hard tissue.
Disadvantages of this technique include: (i) projectional data acquisition resulting in
superimposition of anatomical information into a two-dimensional image and (ii) use of
ionising radiation. Quantitative computed tomography (QCT) and peripheral quantitative
computed tomography (pQCT) are other imaging techniques that are commonly employed
to evaluate bone properties based on volumetric BMD as well as structural details of
trabecular network and cortical bone. They eliminate superimposition but suffer from
anatomical limitation and radiation exposure.

Magnetic resonance (MR) is a technique that is capable of providing bone information
related to both bone quantity and quality from the whole-body. MR evaluation of bones is
an active topic of research for investigation and quantification by using various techniques
such as anatomical imaging, spectroscopy, perfusion, diffusion and mathematic modelling
(clustering and finite element analysis). Direct MR imaging of bones, results in a signal
void due to the extremely short relaxation properties of tightly-bound hydrogen protons in

the solid bone components of cortex and trabeculae. Routine clinical sequences are not
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capable of collecting signals from the fast decaying spins, thus specialised sequences like
ultra-short TE (UTE) are used for collecting information from solid bone components
directly, but at limited resolution and signal-to-noise ratio (SNR). In future, with the
advancement in hardware and sequences, it may be possible to image bones directly at
high-resolution. In normal sequences the structure of the bones is usually evaluated from
images based on the signal void. The processing of bone structure is evaluated using the
inverse image of the original acquisition. Previous work has demonstrated that structural
data from MR correlate well with DEXA data and other techniques that commonly evaluate
bone gquantity.

The marrow component of bone exists in a soft tissue nature surrounded by bony
trabeculae and cortex. The marrow components are visualised in detail using routine
sequences and using specialised sequences like the Dixon technique, which acquires
individual fat and water images from the same slice location, based on the phase
differences between fat and water signal components. The fat content from marrow has
been evaluated to identify diseases and weakness of bones. Extensive research is ongoing in
the use of MR for the differentiation of the bone marrow components. Diffusion weighted
imaging (DWI) is also used for the evaluation of water molecule diffusion within cells, and
may be used as a marker of bone abnormalities. The supply of blood inside bone and
marrow are evaluated using perfusion and dynamic contrast enhancement. MR
spectroscopy (MRS) is also employed to identify the composition of bone marrow, mainly
the differences in fat and water components. Multi-nuclear spectroscopy, like *'P, is used
for evaluation of metabolic processes.

The MR evaluation of bone is becoming a useful clinical tool due to its capabilities of
measuring various parameters from bones some of which cannot be observed from other
modalities. Other major advantages of using MR include the use of non-ionising radiation,
it being a non-invasive examination and its ability to acquire images in any anatomical

plane.
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4.2 Quantification of Bones Using MR

The use of MR for quantification of bone structure and composition has been
suggested for a long time. This section reviews some of the published literature concerning
the use of MRI and MRS for the quantification of bone and marrow at multiple skeletal
sites. The structural properties of bones assessed by MR are mostly categorised as the
quantity of bone, and the evaluation of bone physiology and bone marrow are mostly
categorised as the quality of the bone. MRI has been widely preferred for evaluation of
bones due to the advantage of acquiring both bone quantity and quality, a phenomenon

which is rarely achieved by routine quantitative methods.

4.2.1 Bone Quantity

The concept of using the structural property of the bone for quantification and
diagnosis of bone abnormalities has been proposed by many groups [70, 71, 141-161] [81,
162-169]. In 1997 Majumdar et al. [156] described a standard technique of analysing the
trabecular bone network from high-resolution in vivo MR images of the distal radius in
normal and osteoporotic subjects. The study included three groups of women: ten
premenopausal, nine postmenopausal and eleven osteoporotic postmenopausal. A 1.5 T GE
scanner was used to acquire images which were processed to measure apparent trabecular
bone volume fraction (app BV/TV), trabecular thickness (Tb.Th), trabecular spacing
(Th.Sp) and trabecular number (Tbh.N). The study demonstrated that the premenopausal
subjects had a dense trabecular network when compared with postmenopausal osteoporotic
subjects which indicated that high-resolution MR images of bone may be useful for
quantifying differences in trabecular bone structure as part of bone quantity.

In 2002 Newitt et al. [167] published an article on characterisation of trabecular
structure from high-resolution MR images at distal radius by using in-house processing and
analysis tool. The in-house tool was developed using the IDL (Research Systems, Boulder
CO) and C program language for automated coil inhomogeneity correction, trabecular bone
region segmentation, serial image registration, bone/marrow binarisation, structural
evaluation and micro-finite element analysis for measurement of mechanical properties.
Structural analysis was performed to measure apparent trabecular properties of bone

fraction (app. BV/TV), separation (app. Th.Sp), thickness (app. Th.Th) and number (app.
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Th.N). Reproducibility of the processing and measurements were also done. The results
described a good method of processing MR images and the image alignment was found to
cause small but significant changes in some structural parameters. The automated
processing provided a 3-fold decrease in trained operator time over manual methods.
Reproducibility was found to be dependent on image quality for most of the parameters.

In 2002 Wehrli et al. [165] presented a study of 68 postmenopausal subjects using
quantitative MRI (QMRI) for the evaluation of bone marrow and structure by measuring
R,* and bone volume fraction (BVF). The aim of the study was to identify if MR at
multiple skeletal sites can distinguish women with/without vertebral fractures. R,* was
calculated from the line-width of the methylene proton signal in the bone marrow spectrum,
BVF was measured from the bone image region. In addition areal BMD was acquired using
DEXA. The results demonstrated that both BVF and R,* in the calcaneum correlated with
R,* at the femoral sites and also with the areal BMD at the femoral and vertebral sites. The
calcaneal R,* was able to differentiate patients with vertebral fracture from those without
fractures. The data described that R,* measures a property of the trabecular network that is
only partially captured by the areal BMD.

In 2005 Gomberg et al. [147] presented an article on the method for cortical bone
structure analysis on 1.5 T MR images acquired from volunteers and specimens at multiple
skeletal sites. MR images from tibia and femur were processed to measure bone properties
like cortical area and bone area. Reproducibility experiments were also performed to assess
the processing method. The cortical boundary detection was achieved by radial tracing of
intensity profile that intersected the periosteal and endosteal boundaries of bone. DEXA
data were also acquired from some volunteers for comparison with MR measurements. The
results described a reproducibility of about 2%. Cortical cross sectional area from femoral
neck correlated strongly with height, and cortical diameter versus age approached
significance. Measurements in specimens for cortical parameters indicated a dependence on
resolution. In conclusion the article successfully created processing tool for analysis of
cortical bone properties, which was applied on standard clinical MR data at arbitrary
anatomical locations to yield quantitative results.

In 2006 Wehrli et al. [164] presented a review article on the use of quantitative MRI
for the assessment of bone structure and function. The study described the recent advances
in MRI for the assessment of bone structure which could be useful in diagnosing bone

diseases like OP and also the advantage of MR data in relation to standard bone
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densitometry techniques. There are various methods available for quantification of bone
structure: indirect methods that do not require high-resolution use the induced magnetic
field in the intertrabecular space for the measurement of R,*, which is the recoverable
component of the total transverse relaxation rate. High-resolution MRI has been used to
quantify trabecular network. High-resolution bone structural analysis is technically
demanding in terms of image acquisition and algorithm needed to extract the structural
information. Motion correction and image registration are important for effective
reproducibility. The review demonstrated that quantitative MR assessment has useful
applications in targeting fracture risk prediction and evaluation of the effect of therapeutic
intervention.

In 2008 Majumdar et al. [154] presented a review article on the potential of using MRI
for evaluation of OP. The article suggested that DEXA does not capture all factors
contributing to bone strength and also suggested the potential for using MRI for evaluation
of the micro-architecture of the bone using high-resolution imaging. The article also
suggested the importance of using the common structural measurements like app BV/TV,
Th.N and Th.Sp. Previous studies had shown that MR-measured structural properties
correlated with age, menopausal status, OP and fracture status. In conclusion the review
showed the increased potential and advantages of using MR for evaluation of fracture risk
in parallel with DEXA techniques.

In the same year Ladinsky et al. [169] presented a study on the use of MRI for
quantification of trabecular bone structures. Trabecular bone architecture has been
suggested to contribute to overall bone strength independent of vertebral areal BMD
measurement from DEXA, but there are only few in vivo studies to support the hypothesis.
To observe the effect 98 postmenopausal women were recruited to the study and data were
acquired from MRI, DEXA, broadband ultrasound and pQCT. MRI data were acquired
from radius and tibia to measure bone structural properties. A spinal deformity index (SDI)
was measured from midline sagittal MR images of thoracic and lumbar vertebrae to
measure structural and deformity burden. The structural measurements from radius were
correlated with SDI, which demonstrated significant negative correlation for topological
surface density and trabecular bone volume fraction. pQCT trabecular volumetric BMD
was also weakly associated, but ultrasound absorption was not. No significant association

between SDI and structural properties were found at tibia. In conclusion the structural
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properties at distal radius obtained by MRI explained a significant portion of the variation
in total spinal deformity burden in postmenopausal women independent of areal BMD.

In the same year Kazakia et al. [168] presented a study for in vivo determination of
bone structure in 52 postmenopausal women comparing high-field MR images with high-
resolution pQCT. The study acquired MR and pQCT data from radius and tibia to measure
structural properties of cortical thickness (Ct.Th), BV/TV, Tb.N, Tb.Th and Th.Sp. DEXA
data were also acquired to measure areal BMD from radius, proximal femur and lumbar
spine. The results demonstrated good correlation between MR and pQCT for all the
structural measurements. Minimal correlations were observed between MR or pQCT
parameters and DEXA areal BMD measurements. In conclusion the study demonstrated the
advantages of using MR and pQCT for evaluation of structural properties in bone
quantification.

In the same year Krug et al. [150] described a feasibility study for in vivo ultra high-
field 70 T MR imaging of trabecular bone structure, which was compared with
measurements from 3.0 T and pQCT. The study was performed on ten healthy volunteers
and the images from MR and pQCT were processed to measure BV/TV, Th.Sp, Th.N and
Th.Th. The results demonstrated significant differences between field strengths and
modalities for all the structural parameters except Th.N. In conclusion the study showed the
increased potential of using ultra high-field MRI for quantitative analysis of bone structure.
There was a mild overestimation of measurements at 7.0 T when compared with 3.0 T due
to increased magnetic susceptibility effects, but the gain in SNR at 7.0 T was thought to
lead to increased spatial resolution.

In 2003 Gibbs et al. [170] presented a method of textural analysis for analysis of
contrast-enhanced MR images of the breast. The aim of this study was to evaluate a method
of lesion discrimination between benign and malignant in 79 female individuals. Each
lesion was segmented and converted to a co-occurrence matrix for the measurement of
textural properties as defined by Haralick et al. [171, 172] The results showed significant
differences in textural features between benign and malignant lesions, which demonstrated
the potential of using textural analysis for breast lesion discrimination which could, in turn,
reduce benign lesion biopsies. One of the aims of this thesis is to use the principal of
textural analysis in bone structure, to identify changes in relation to bone strength and

properties.
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The results from the literature on bone structure measured using MR provided
evidence for a good correlation with standard quantitative techniques like pQCT and
DEXA, and they also demonstrate the potential to differentiate between bone conditions
and strength for individuals affected with bone abnormalities. The papers reviewed in this
section informed the primary aim of this thesis: to use MR measured bone structural
properties for identification of bone properties in the high bone mass (HBM) affected and
normal population, and also to identify the associations with standard quantitative
techniques. The aim is to observe a dense trabecular network in HBM-affected individuals
when compared with controls, since the HBM condition results in increased bone density
and is believed to have an increased bone structure when compared with the opposite
condition of OP. An additional aim in this thesis was to use the post processing technique
of textural analysis on the trabecular bone structure to possibly identify differences in bone
strength and condition, since textural analysis has been previously used for differentiation

of tumours based on the structural changes in image intensity.
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4.2.2 Bone Marrow Composition

The analysis of bone physiology and bone marrow composition for quantification and
diagnosis of bone abnormalities has been proposed by many groups [17, 95, 173-193] [109,
194-217] [218-220]. The aim of the following paragraphs is to review some of the literature
which has used bone marrow composition for diagnosis of abnormalities.

In 2003 Bouxsein et al. [176] presented a review article on bone quality and its use in
diagnosing abnormalities. The article described the technologies and physiology related to
bone strength in terms of diagnosing bone abnormalities. In conclusion the study
recommended additional research in order to understand the relative contribution of the
various aspects of skeletal fragility, to develop new diagnostic methods and to offer
interventions designed to treat the causes of skeletal fragility.

In 2000 Schellinger et al. [203] presented a preliminary study of 57 subjects (27 male
& 30 female) investigating proton MR spectroscopy at lumbar vertebrae in relation to
location, age and sex differences. Some subjects had both multi-voxel and single voxel
spectroscopy examinations. All of the spectroscopy data were acquired using the STEAM
sequence and with water suppression turned off. The spectroscopy data were processed to
measure fat-fraction (FF) and water line-width (LW). The results demonstrated a variation
in FF between the voxels in the multi-voxel data. The FF progressed with age in a linear
fashion for both the sexes with higher FF in the male group. The LW was significantly
larger in the male group when compared with females. In conclusion the study
demonstrated the possibility of using MRS as an add-on to routine spinal imaging which
could be advantageous in diagnosing abnormalities like OP. Comparison with gold
standard techniques was not carried out for validation, and the usefulness of LW in
determining bone density was also uncertain.

The next year Schellinger et al. [204] presented a new study on the potential value of
vertebral proton MRS in determining bone weakness by using FF and LW. The MRS data
were acquired from second lumbar vertebra of 72 control subjects and 22 subjects with
bone weakness. The results demonstrated a linear increase in FF with age and the male
subjects had higher FF than females; results which were similar to those of their previous
study. The FF was relatively higher in subjects with weakened bone when compared with
controls in all age categories. The LW from the entire group had a slightly higher value for

weakened bone when compared with controls. In conclusion the study demonstrated the use
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of FF to serve as a measure of bone quality and also as a marker of bone weakness. A larger
population and the examination of all lumbar vertebrae were recommended.

In 2001 Kugel et al. [192] presented a study to show the differences in vertebral bone
marrow H spectrum in relation to age and sex in 154 volunteers. Unsuppressed single
voxel spectroscopy was acquired from the third lumbar vertebra using the PRESS sequence
and the spectrum was processed to measure fat content. The results demonstrated an
increase in fat content with age till 60 years and then it remained constant. The fat content
for females was lower when compared with males in all age groups. There was no
correlation between fat content and body mass index (BMI). In conclusion the study
confirmed the age and sex dependent changes in the fat content of the vertebral bone
marrow.

In 2004 Schellinger et al. [205] presented a pilot study that showed that bone
weakening can be affected by agents other than BMD. The study suggested that bone
marrow fat (BMF) may have a direct link to bone loss. The study was performed on 26
subjects with normal and structurally weakened bones by using DEXA and 'H-MRS of
lumbar vertebral bodies. DEXA was used for the measurement of areal BMD and MRS was
used for the measurement of BMF. The results showed a weak negative correlation between
BMF and areal BMD, but neither of the parameters was suitable to be used as an
independent indicator. The BMF/BMD ratio showed significant diagnostic power to detect
bone weakening. In conclusion the study demonstrated that BMF can be used to diagnose
reduced bone strength nearly as well as areal BMD, but individually neither BMF nor areal
BMD was validated as a reliable indicator. The BMF/BMD ratio could be used as a reliable
diagnostic indicator. A study with larger population was recommended.

In 2004 Shih et al. [210] presented a study of 52 pre and post menopausal female
subjects assessing the relationship between MRS measured lipid water ratio (LWR) and
LW from vertebral bone marrow with areal BMD from DEXA. The results demonstrated
that areal BMD and LWR were significantly different between the two groups, that a
borderline difference was observed for lipid LW and that no significant difference was
observed for water LW. The LWR was positively correlated with age and negatively
correlated with areal BMD. Lipid LW was negatively correlated with age and positively
correlated with areal BMD. Water LW showed no significant correlation with age or areal

BMD. In conclusion the positive correlation of LWR with age suggested an increase in
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lipid fraction with the aging process. The findings suggest that lipid metabolism might
affect the pathogenesis of OP.

In 2005 Yeung et al. [217] presented a study of 53 postmenopausal women and 12
control premenopausal women to establish if OP is associated with increased marrow fat
content and decreased marrow unsaturation by using MRS. DEXA data were acquired from
the lumbar region and MRS data were acquired from the third lumbar vertebrae. The MRS
data were processed to measure fat content and unsaturation index (Ul) followed by
measurement of water and lipid line-widths. The results demonstrated that premenopausal
subjects had lower fat content and higher Ul when compared with postmenopausal subjects.
OP and osteopaenic subjects had a higher fat content than subjects with normal bone
density and an opposite trend was observed for Ul. Water and lipid LW showed no clear
trend between subjects with different bone densities. A weak negative correlation was
observed between bone density and fat content and a moderate positive correlation was
observed between bone density and Ul. In conclusion the study suggested that as marrow
fat increases, saturated lipids appear to increase preferentially compared to unsaturated
lipids. These results could potentially be applied to the non-invasive assessment of marrow
lipids for diagnosis of abnormalities.

In 2005 Reeder et al. [109] presented a fast spin-echo (FSE) imaging technique known
as iterative decomposition of water and fat with echo asymmetry and least squares
estimation (IDEAL) for separation of fat and water signal components. The IDEAL
technique was compared with standard techniques to observe the effectiveness of
separation of fat and water in phantom and tissue. The results demonstrated an increased
image quality with IDEAL when compared with other techniques. The clinical IDEAL
images showed improved uniformity of fat suppression across the image when compared
with normal fat suppression sequences. In conclusion the study established that the noise
performance of IDEAL matched the theoretical maximum, thus demonstrating its
efficiency. The study concluded that IDEAL in clinical imaging with different weighting
has great applications.

In 2007 Liney et al. [194] presented a preliminary MRS study of 16 subjects by using
3.0 T for the assessment of normal bone marrow composition and the assessment of the
variations in terms of age, gender and skeletal site. Data were acquired using MRS, DEXA,
in-phase out-of-phase imaging (IOP), and IDEAL at lumbar spine and in some cases the

heel. The data from MR were processed to measure FF from the vertebra. The results
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showed that the FF from heel was considerably higher than spine but did not correlate
significantly with age. The results also described a significant correlation of FF with age
and gender in spine. Female subjects exhibited lower FF compared to male subjects of
similar age. FF measured from imaging sequences was correlated with MRS FF, which also
showed that IDEAL correlated better with MRS than I0P. A negative correlation was
observed between areal BMD and FF from MRS. In conclusion the study demonstrated a
significant variation in normal bone marrow in relation to age, gender and skeletal sites. FF
may be added to conventional MRI examinations and so play an important role in OP in
studying the late effects of cancer treatments.

In 2007 Shen et al. [209] presented a study demonstrating the potential of using whole-
body bone marrow adipose tissue (BMAT) measurements for diagnosis of bone
abnormalities. The study was performed on 56 subjects using whole-body MRI and DEXA.
DEXA was used for the measurement of areal BMD, total body fat and percentage fat.
BMAT was measured from the whole-body MRI images by using a fixed pixel threshold.
The results demonstrated a strong negative correlation between pelvic BMAT and areal
BMD from total body, pelvis and spine. Good negative correlation was also observed
between total body BMAT and areal BMD from total body, pelvis and spine. BMAT
correlated significantly with visceral adipose tissue at total body and pelvis. In conclusion
the study showed that MRI-measured BMAT strongly correlated with DEXA data which
suggests a biological relationship between osteoblasts and BMAT adipocytes in the
pathogenesis of OP.

In 2008 Bernard et al. [173] presented a phantom study at 3.0 T comparing various
quantification methods using MRI and MRS. The study was performed on 11 water-fat
emulsion phantoms with varying concentrations of fat and water, which were imaged using
chemical-shift saturation MRI, opposed-phase MRI, IDEAL and compared with single-
voxel MRS. The data were processed to measure FF from a specified region of interest in
each phantom. The results demonstrated good correlation between the known FF (by
composition volume) from each phantom against the FF from MRS. Good correlation was
also observed for FF measured from imaging methods against MRS values. IDEAL
correlated most strongly out of all the imaging methods against MRS values. Bland-Altman
limits of agreement plots revealed a general underestimation of FF for all imaging
sequences at high FF when compared with MRS. FF obtained using IDEAL and MRS were
similar in those breast and lumbar vertebrae cases presented. In conclusion the study
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provided evidence that high-resolution imaging techniques offer an alternative to MRS for
fat quantification, which would be crucial in a wide range of clinical applications.

In 2009 Reeder et al. [110] presented a study of newly-developed chemical-shift based
IDEAL imaging method for fat quantification that accounts for the complex spectrum of fat
comparing it to an MRS method. The study measured liver FF in 33 patients using three
types of models in IDEAL image reconstruction and MRS. The three models were single
peak, multi-peak pre-calibrated and multi-peak self-calibrated. The single peak model was
the default technique which assumed that fat has only one large peak. The multi-peak
models assume that the fat is made up of multiple peaks and tries to create true fat images
based on the signals from multiple fat peaks. The results demonstrated that the FF
measured by all three IDEAL models correlated highly with FF from MRS, but that the
pre-calibrated multi-peak reconstruction demonstrated the closest agreement. It was noted
that validation will be required using biopsies. In conclusion the study demonstrated the
potential of using advanced IDEAL models for better in vivo diagnosis of abnormalities.

The results from most of the above literature in relation to bone marrow composition
measured using MR demonstrated a good correlation with standard quantitative technique
like DEXA and they also describe the potential to differentiate between bone conditions
and strength with individuals affected with bone abnormalities. These papers all informed
the primary aim of this thesis: to use MR measured bone marrow composition for
identification of bone properties in the high bone mass (HBM) affected and normal
population, and also to identify the associations with standard quantitative techniques. The
aim was to observe a lower FF, increased LW and increased Ul in HBM-affected
individuals when compared with controls, since the HBM condition results in increased
bone density when compared with the opposite condition of OP which contains lower bone
density and affected by high FF, lower LW and Ul. An additional aim in this thesis was
also to compare the measurement of FF in relation to MRI and MRS methods of

acquisition.
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4.3 High Bone Mass Condition

The aim in the following paragraphs is to describe some of the literature which has
explained the condition of HBM and the possible reasons for its occurrence [35-39, 221-
226], which is useful for the description of the population investigated in this thesis.

In 2002 Little et al. [224] presented a genetic study on the cause of HBM in a large
population, with the help of DEXA measurements. The study showed that the HBM trait
was originally localized to chromosome 11g12-13, which was then refined further to
identify other types of markers. After further genetic analysis, the HBM phenotype was
traced to a mutation of the low-density lipoprotein receptor-related protein 5 (LRP5). From
analysis of more than 1000 individuals, the mutation was observed only in affected
individuals from the HBM kindred. The DEXA measurements were evaluated for the
affected and non-affected individuals and the results described clear differences between
the two populations, with affected individuals having a combined Z-score for hip and spine
greater than 4, and all individuals below that score coming from the non-affected
population. In conclusion the study suggested that the HBM mutation confers a unique
osteogenic activity in bone remodelling and this understanding may facilitate the
development of novel therapies for the treatment of OP.

In 2007 Qiu et al. [226] presented a genetic in vivo and in-vitro study demonstrating
that a genetic mutation in the LRP5 gene affects Wnt (wingless integration) signalling and
so leads to changes in bone mass in humans. The study was performed on bone samples
from nine individuals affected by HBM and five normal controls, which were observed
with microscopy to measure adipose tissue volume (ATV) and trabecular bone tissue
volume (TBV). The results demonstrated increased TBV and decreased ATV in HBM-
affected individuals when compared with controls. The results from the study showed that
an activated mutation of LRP5 enhances osteogenesis and inhibits adipogenesis, and an
inactivated mutation of LRP5 exerts the opposite effects. In conclusion the study suggested
that LRP5 mutations, and the level of Wnt signalling, determine the differentiation fate of
human mesenchymal stem cells (hMSCs) into either osteoblasts or adipocytes. Activation
of Wnt signalling can provide a novel approach to increase bone mass.

In 2007 Gregson et al. [35] presented a study to determine the causes and
interpretation of high areal BMD using conventional DEXA scans. The study suggested
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that the most common causes for increased areal BMD are artefacts, focal increases in areal
BMD and generalised increases in areal BMD. The primary aim of this study was to
identify the cause of increased areal BMD based on genetic mutations especially with
respect to the role of LRP5. The study aimed to investigate patients found to have a lumbar
spine or hip Z-score greater than 3. The investigation was based on a review of archived
DEXA scans, collection of patient’s history, blood tests and radiological examination. In
conclusion the study showed that an elevated T- or Z-score is not necessarily normal,
metabolic bone diseases can cause elevated DEXA scores and that an elevated T-score (>
4) may indicate a HBM phenotype.

In 2011 Gregson et al. [36] presented a large study following on from the previous
paper to determine the clinical characteristics of individuals affected with HBM. The aim of
the study was to determine if HBM-affected individuals harbour an underlying genetic
disorder, and to characterise unexplained HBM and determine the potential for an
underlying skeletal dysplasia. The study also presented a Z-score based set of criteria that
were used to classify individuals as HBM-affected and controls. The results from the study
showed that in individuals with unexplained HBM there was an excess of sinking when
swimming, mandible enlargement, extra bone at tendon/ligament insertions and a broad
frame. HBM cases also had a larger shoe size and increased BMI. In conclusion the
individuals with unexplained HBM had an excess of clinical characteristics associated with
skeletal dysplasia and their relatives were also commonly affected, suggesting that many
may harbour an underlying genetic disorder affecting bone mass.

The results from most of the above literature in relation to increased bone mass
suggest a genetic cause which may be related to LRP5. The studies also show that the
affected individuals have distinct skeletal characteristics and that they can be screened by
using non-invasive DEXA measurements and genetic tests from blood samples. These
papers were the motivation behind the aim of this thesis to evaluate the potential of using
MR quantitative techniques to differentiate between HBM and non-HBM-affected

individuals, which could be used as a diagnostic tool in future for bone abnormalities.
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5 Optimisation of Magnetic Resonance Sequence
Parameters

This chapter describes the problems and solutions in developing the MR protocols for
data acquisition at radius, tibia and lumbar vertebrae. The final optimised protocol will be
detailed in Chapter 6.

5.1 Introduction

The magnetic resonance imaging and spectroscopy (MRl & MRS) acquisition
protocols for the high bone mass (HBM) study were evaluated and optimised prior to
commencing studies of subjects and controls. This optimisation work was initially done
with the pre-existing 3.0 T GE HDx system during October-November 2008. In December
2008, the system was upgraded to a new 3.0 T GE MR750 scanner with a dedicated wrist
coil, which resulted in the carrying over of the optimisation studies from the old to the new

scanner.
5.2 Aim of Optimisation

The first aim was to use iterative decomposition of fat and water with echo asymmetry
and least squares estimation (IDEAL) [109-111], and/or T;-weighted imaging techniques at
distal radius and tibia to acquire quantitative information of fat-fraction (FF) and trabecular
bone structure. The image acquisition from distal radius and tibia were to be similar in
location to the peripheral quantitative computed tomography (pQCT) data acquisition for
effective comparison and analysis. The second aim was to acquire quantitative information
from lumbar vertebrae by using IDEAL and an MRS technique. The processed data from
the vertebrae could be used for comparison with dual-energy x-ray absorptiometry (DEXA)
data that were acquired at same site. The third aim was to use IDEAL fat and water images

at distal radius and tibia for segmentation of the cortical bone.
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5.3 GE HDx 3.0 T Scanner

The HDx 3.0 T scanner was used for preliminary IDEAL and spectroscopic (see later)
data acquisition from the distal radius. The scanner was not equipped with a dedicated hand
coil, hence the quadrature knee coil was used. Sequences with reasonable imaging time
were used for data acquisition with routine imaging protocols being selected and modified
to acquire optimised images from volunteers. An IDEAL sequence employing fast spin-
echo (FSE) was selected for axial image acquisition at 4% length of the distal radius, and

the acquisition protocol is detailed in Table 5:1.

Repetition time (TR) / Echo time (TE) 1500.0/ 27.5 ms
Bandwidth (BW) 62.5 kHz
Field-of-view (FOV) 120 x 72 mm

Slice thickness / slice separation 4.0/0.3mm

Scan time 1 minute, 12 seconds
Imaging matrix 320 x 256
(frequency encoding (FE) x phase encoding (PE))

Number of excitations (NEX) 3

Echo train-length (ETL) 12

Frequency direction anterior — posterior
In-plane resolution 375 pm x 281 um

Table 5:1 The parameters which were used for the IDEAL image acquisition from distal radius using the

knee coil in the HDx 3.0 T scanner.

This sequence provided reasonable images (see Figure 5-1) with no significant
artefacts and they were good for differentiating tissues and for measuring FF from the
trabecular bone region. The images were limited in resolution and hence were not capable
of identifying the internal trabecular bone structure. Overall the sequence provided a
baseline for IDEAL image acquisition in bones of the extremities. In-house software
(MATLAB) was used for analysis of these images and was primarily designed to process
the IDEAL dataset with two images (fat and water) to measure parameters of FF, cortical
thickness and dimensions of the cortical and trabecular bone. The software used for MR

image processing will be explained in Chapter 7 in detail.
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Figure 5-1 The water (left) and fat (right) images acquired using the IDEAL sequence in the HDx scanner

at 4% region of the distal radius. Note the good image quality with the knee coil.

In the early work, two additional acquisitions were evaluated at distal radius: (i) MRS
acquisition at 4% region of the distal radius, and (ii) IDEAL image acquisition at 60%
region of the distal radius. The spectroscopy data acquisition was possible but the voxel
required careful positioning and smaller dimensions due to the small size of the radial bone.
The IDEAL imaging at 60% region of the distal radius required repositioning of the patient
in the coil, since the coil was not able to cover the full length of the radius bone. Both of
these data acquisitions were later abandoned in order to reduce the acquisition time and to
increase the patient comfort. In the future, it is hoped to use better IDEAL sequences that
can acquire images at higher resolution for delineation of trabecular and cortical bone
structures in addition to providing FF information (discussed in Chapter 9).
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5.4 GE MR750 3.0 T Scanner

The new MR750 system was fully operational by the end of December 2008 and had
better gradient specifications than the previous scanner (50 mT/m amplitude and 200 T/m/s
slew rate). Data from distal radius were acquired using the new dedicated eight-channel
phased array wrist coil (Invivo, Gainesville, FL, USA), which was specifically purchased as
part of the HBM project. Data from distal tibia were acquired using a birdcage head coil
since the new scanner was not equipped with a dedicated foot/ankle coil. Data from the

lumbar vertebrae were acquired using the phased-array spine coil.

5.4.1 Distal Radius

The dedicated wrist coil provided the advantages of improved signal-to-noise ratio
(SNR) and better spatial resolution. The wrist coil was also advantageous in permitting
different coil positions, where the coil could be placed either at the centre or at the sides of
the patient table. The coil positioned at the centre of the table is the routine position for
most of the MR coils, since the centre of the table is very near to the magnet’s isocentre
resulting in better Bo homogeneity. The wrist coil positioned at the centre of the table is
difficult for patient positioning, since the patient has to lie in the prone position and extend
their arm above their head (“Superman” position). This type of positioning causes
discomfort for the patient, and thereby reduces the time that they can stay stationary during
acquisition. The coil positioned at the side of the table is around 10-15 cm away from the
isocentre and is affected by inhomogeneity of the magnet (Bo) and the radio frequency field
(B,) from the integrated body coil. However it is an ideal position for the patient, since the
patient can lie comfortably in supine position and simply insert their hand inside the coil
with their arm at the side of their body.

From late December 2008, preliminary experiments were conducted on volunteers by
using the wrist coil to identify the ideal coil position for patient comfort and good image
acquisition. The aim was to acquire IDEAL or T;-weighted images with high spatial
resolution. Various factors were considered to improve the images during optimisation, and
to set a final protocol for image acquisition in the HBM study. The parameters in the
imaging protocol were modified to acquire images in a reasonable scan time of less than

five minutes, which was usually achieved by reducing the repetition time (TR), number of
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excitations (NEX) and increasing the echo train length (ETL). The shorter scan time was
preferred to help the patient to stay stationary during the acquisition period, which reduces
patient movement and results in reduced image blurring. Importance was given to acquire
images with high spatial resolution to detect the trabecular bone structures inside the radial
bone. The increased spatial resolution was achieved by reducing the field of view (FOV)
and slice thickness, and by increasing the number of frequency and phase encoding steps.
Preliminary images were acquired in both superman and supine positions to identify
the best image with good quality and reduced artefacts. During the preliminary stages of
image acquisition, it was also observed that the wrist coil vibrated with certain sequences
resulting in additional blurring of images. The vibrations were severe with IDEAL
sequences when compared with spin-echo (SE) sequences, and they were also severe when
the coil was placed at the side of the table. To reduce the vibrations, the coil was manually

strapped to the table using Velcro straps.

5.4.1.1 Comparison of Coil Positions for Image Quality

Experimental images were acquired at 4% region of the distal radius from volunteers
to compare image quality and sequences with respect to the two positions. Axial images
from both IDEAL (see Figure 5-2) and T;-weighted (see Figure 5-3) sequences were
compared at each position. The sequences were commonly optimised by changing
parameters such as number of phase and frequency encoding steps as well their applied
directions, ETL, scan time, bandwidth (BW), TR and echo time (TE).

The IDEAL images (see Figure 5-2) were affected by blurring, which was caused by
the coil vibration and sometimes due to volunteer movement. The acquisition from the side
of the table was affected by By and B; inhomogeneity, resulting in poor signal uniformity
across the image (see Figure 5-2 (right)). The IDEAL images acquired from the centre of
the table required an uncomfortable volunteer position, but provided better image quality
than images by the side.

The Ti-weighted images (see Figure 5-3) were better in quality with reduced artefacts
(e.g. motion, blurring, flow) when compared to IDEAL images. There were minimal
vibrations with this sequence which resulted in reduced blurring. The images acquired from
the side of the table were mildly affected by B, inhomogeneity resulting in poor signal

uniformity across the image (see Figure 5-3 (right)).
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The coil position at the centre of the table was selected as the default position even

though it was uncomfortable for the volunteer, since it provided better image quality with

reduced artefacts, when compared with the coil position at the side of the table.

Figure 5-2 The axial fat-only images from the IDEAL sequence acquired using two coil positions at
around 4% region of the distal radius for different subjects. The left image was acquired with the coil
placed at the centre of the table, and the right image was acquired with the coil placed at the side of the

table. Note the image on right being affected by blurring and poor signal uniformity.
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Figure 5-3 The axial T,-weighted images acquired using two coil positions at around 4% region of the

distal radius for different subjects. The left image was acquired with the coil placed at the centre of the
table, and the right image was acquired with the coil placed at the side of the table. Note the better image

quality with reduced artefacts when compared with the IDEAL images.

5.4.1.2 Comparison between IDEAL and T;-weighted Imaging

The IDEAL and T;-weighted imaging techniques were compared with each other
using the coil at the bed centre. A high-resolution IDEAL imaging was investigated, since it
could potentially provide structural bone details with the addition of fat and water
information. Various types of IDEAL images with different types of optimisation
parameters were acquired to identify the best protocol. The IDEAL images were
inconsistent and were affected by coil vibrations in both fat and water images and were also
affected by flow artefacts in water-only images. The artefacts were severe with sequences
that used a higher ETL (see Figure 5-4).
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Figure 5-4 The fat-only axial IDEAL images in relation to differences between ETL. The left image was

acquired with ETL=2 and the right image was acquired with ETL=3.

The T;-weighted images were acquired using the SE technique and they consistently
provided the best image quality with reduced motion or flow artefacts when compared with
IDEAL images.

The best IDEAL (see Figure 5-5 (left)) and T;-weighted (see Figure 5-5 (right))
images were compared with each other to identify the imaging technique that could be used
for the HBM study. The IDEAL images were inconsistent which led to them being
excluded from patient imaging in the HBM study. The T;-weighted images had better
spatial resolution and were able to differentiate the trabecular bone in detail, but were not
able to acquire fat and water information unlike IDEAL. An IDEAL protocol at sufficient
resolution to demonstrate trabecular detail could not be achieved. In conclusion the T;-
weighted imaging was selected as the default imaging technique at distal radius due to its
consistency and trabecular bone detail, whilst accepting the loss of fat and water
information which could have been useful for FF quantification.
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Figure 5-5 Optimum images acquired from IDEAL and T;-weighted sequences. The image on the left is

the fat-only image from IDEAL and the image from the right is the T;-weighted image. Note the excellent
image quality in T;-weighted image when compared with the IDEAL image, which is affected by motion

and blurring.
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5.4.1.3 Optimisation of T;-weighted Images

The T;-weighted sequence was optimised further to improve image resolution and to
reduce the scan time. The shorter scan time would be advantageous for the patient to stay
stationary in the difficult superman position, and the higher spatial resolution would be
advantageous for effective identification of trabecular bone structures.

Preliminary experimental images (see Figure 5-6 (top)) were acquired with long scan
times and lower spatial resolution. The scan times were around 5 minutes and 28 seconds,
and the in-plane spatial resolution was around 281 um. The parameters were modified
further on the basis of NEX, frequency and phase encoding to improve the image
acquisition. The best T;-weighted image based on qualitative visual inspection (see Figure
5-6 (bottom)) was acquired in a scan time of around 3 minutes and 8 seconds, with a
resolution of less than 200 um. The image was consistent in different volunteers and had
minimal artefacts with respect to other protocols. This protocol was subsequently used in

the HBM study for imaging 4% radius length and is shown in Chapter 6.
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Figure 5-6 The T;-weighted images
compared with respect to scan time
and spatial resolution. The image
on the top is the experimental
image acquired in a scan time of
around 5 minutes. The image on
the bottom has better resolution and

was acquired in 3 minutes.
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5.4.2 Distal Tibia (Head Coil)

Imaging with the IDEAL and/or T;-weighted sequences was also the preferred method
of data acquisition from the distal tibia in order to acquire information in relation to FF
and/or trabecular structure. The scanner was not equipped with a dedicated foot and ankle
coil, and hence a birdcage head coil was used for data acquisition from 4% region of the
distal tibia. The birdcage head coil provided good signal uniformity, but poorer SNR,
compared what would be expected with a dedicated foot and ankle coil. Experimental data
were acquired from volunteers to optimise the protocol to be used in the HBM study
population. Sequences with longer scan times of around 5 minutes were not a concern since
the positioning of the volunteers for distal tibia was more comfortable than the positioning
for radius imaging. For this scan the volunteers were in a comfortable supine position with
the legs in a natural position with feet first direction to the scanner bore with the head coil
at the centre of the magnet. Preliminary IDEAL and Ti-weighted data were acquired with
different parameters and the sequences were optimised in relation to changes in number of
phase and frequency encoding steps as well their applied directions, number of ETLS, scan
time, BW, TR, TE, FOV and slice thickness.

5.4.2.1 Comparison between IDEAL and T;-weighted Imaging

The best IDEAL acquisition was acquired by using the FSE technique, with a scan
time of around 3 minutes and 5 seconds, and with an in-plane resolution of 223 pm x 182
pum. The acquired images (see Figure 5-7) were affected with poor SNR for the water-only
image, but were not affected with motion or flow artefacts. The water-only image was
consistently affected with loss of SNR (probably due to lower water content) when
compared with the fat-only image, which resulted in difficulty in extracting FF

measurements from the data.
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Figure 5-7 The axial IDEAL images acquired at the 4% region of the distal tibia. The images were
acquired by using the birdcage head coil. The image in left is water-only and the image in right is fat-only.

Note the poor SNR in the water-only image even with the optimum parameters.

The T;-weighted images were acquired with different parameters to identify the best
image with good delineation of the trabecular bone structures and SNR. Initial T;-weighted
images were acquired in a scan time of 2 minutes and 14 seconds, and with a spatial
resolution of 223 pum x 195 pum (see Figure 5-8 (left)). To further improve the SNR,
additional NEX was applied from one to two, which resulted in improved SNR in the
image (see Figure 5-8 (right)) at the expense of increased scan time of 4 minutes and 52

seconds, which was still thought to be reasonable.
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Figure 5-8 The axial T,-weighted images acquired at 4% region of the distal tibia. The image on the left

was acquired with NEX=1 and the image on the right was acquired with NEX=2. Note the improved SNR
in the right-hand image at the expense of twice the acquisition time.

Imaging with IDEAL was abandoned in the head coil, due to the poor signal in the
images, and only the T;-weighted protocol was used for the HBM study and is shown in
Chapter 6.
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5.4.3 Proximal and Distal Tibia (Body Coil)

The aim of this thesis was to acquire MRI data in locations, which match closely with
locations of pQCT and DEXA acquisitions. The pQCT of the leg routinely involved
imaging at 4%, 14% and 66% region of the distal tibia, but high-resolution MRI imaging
from all these locations would take a long time because it would require repositioning of
the leg in the head coil, since the coil cannot cover the whole length of the lower leg. To
improve the coverage the integrated body coil was used for data acquisition from the whole
length of the distal tibia at the expense of lower SNR due to large coil volume. Both
proximal and distal tibia were imaged since the coil was able to cover the whole region of
both legs.

Low resolution IDEAL images were preferred to acquire data from 4% and 66%
positions. The IDEAL data would provide the FF information from the trabecular bone
which could be used for comparison with the pQCT data. The image at 66% region of the
distal tibia was designed to measure the muscle properties and the cortical thickness of the
tibial bone.

IDEAL images (see Figure 5-9) were initially acquired with contiguous imaging slice
regions (slabs) that covered the whole length of the distal tibia (see Figure 5-10 (left)). To
cover the full length, the protocols used large slice gaps of around 10 mm and thick slices
of around 5 mm. A large FOV was used to cover the regions of both legs in the axial plane,
which resulted in lower spatial resolution. The use of the single slab of acquisition resulted
in discrepancies in position of one leg with respect to the other, even after applying oblique
prescription. This resulted in images where the acquisition slice went through 4% region for
one leg and went through by 14% region for the other leg (see Figure 5-9 (top row)), or
completely missed the 4% region for either or one leg.
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Figure 5-9 The fat-only images from IDEAL sequence at two locations of proximal and distal tibia. The

images were acquired as part of a single slab extending the whole length of the lower leg. The image on the
top is from the 4% position and the image on the bottom is from the 66% position of the distal tibia. Note

the difference in bone area at the 4% position image.

To improve the localisation, the images were acquired as two slabs, with one slab
positioned in the 4% region and the other slab positioned at the 66% region of the distal
tibia (see Figure 5-10 (right)). The use of two slabs resulted in decreased slice gaps and was
also useful in applying oblique slabs with different angles that accounted for differences
due to patient position. The acquired images (see Figure 5-11 & Figure 5-12) were better
than with the previous acquisition and provided nearly symmetrical slice localisation in
both legs. This protocol was subsequently used in the HBM study for imaging both

proximal and distal tibia and is shown in Chapter 6.
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Figure 5-10 Axial image localisation for both legs. The image on the left illustrates the localisation method
with the use of a single imaging slab. The image on the right illustrates the localisation method with the
use of two imaging slabs for each region in the leg. Note the right image where the slabs can be

individually angulated according to the anatomical region.
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Figure 5-11 IDEAL axial images acquired at the 4% region of both proximal and distal tibia. The images
were acquired as two imaging slabs. Note the improved uniformity of the anatomical location where the
image has been acquired in nearly similar location for both the legs. The top image is water-only and the

bottom image is fat-only.
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Figure 5-12 IDEAL axial images acquired at the 66% region of both proximal and distal tibia. The top

image is water-only and the bottom image is fat-only.
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5.4.4 Lumbar Vertebrae

In lumbar vertebrae the aim was to acquire MRS data in relation to fat and water and
also to quantify their concentrations by using FF maps from each vertebra. The IDEAL
sequence was the preferred imaging technique to quantify the FF from individual vertebra
due to its good spatial resolution. Spectroscopy was acquired in individual vertebrae since it
provided information on additional fat peaks and could also be used as a gold-standard for
comparison with IDEAL. A single voxel point resolved spectroscopy (PRESS) sequence
with no water-suppression was used for spectral data acquisition by using the lower three
elements of the dedicated spine coil. All volunteers were in the supine position with head

first direction to the scanner bore.

5.4.4.1 Imaging

A standardised IDEAL protocol, which was previously used in the department for FF
quantification from individual lumbar vertebrae, was used for data acquisition in the
volunteers. The acquired images (see Figure 5-13) were of good quality with minimal
artefacts, and were able to differentiate each vertebra. This protocol was subsequently used
in the HBM study and is shown in Chapter 6.
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Figure 5-13 The sagittal IDEAL images acquired from the lumbar vertebrae region. The images were

acquired by using the dedicated spine coil. The image on left is water-only and the image on right is fat-

only. Note the good quality of the images with good delineation of the individual vertebra.

5.4.4.2 Spectroscopy

Three individual PRESS spectra were acquired in the first, third and fifth lumbar
vertebra (L1, L3 & L5) for comparison with IDEAL and DEXA data acquired in similar
vertebra. In vertebral bone-marrow spectroscopy, signal from both water and fat has to be
acquired in order to estimate the FF. Hence the water suppression or CHESS (chemical-
shift selective) pulses, which are routinely used for water or fat suppression, were switched
off to acquire full water signal. Accurate localisation of the PRESS voxel in the lumbar
vertebra is essential to avoid contamination of signal from surrounding tissues. To achieve
good localisation or voxel placement, it is important to acquire reference images in two or
more planes.
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To begin with, reference images in sagittal and coronal plane were acquired for
positioning of the PRESS voxel. T,-weighted images using FSE technique were acquired in
the sagittal plane and T;-weighted fluid attenuated inversion recovery (FLAIR) images
were acquired in the coronal plane. Using these images, a PRESS voxel box was positioned
inside the third lumbar vertebral body (see Figure 5-14). Positioning of the voxel in L3 and
L5 vertebrae were difficult, since they were more angulated when compared with L1
vertebra.

Figure 5-14 The sagittal (left) and coronal (right) images, which were used for effective positioning of the
PRESS voxel in the third lumbar vertebrae. Note the additional manual saturation pulses, which were used

to eliminate signals from surrounding tissues that may contaminate the voxel signal.
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To improve the voxel positioning, the sagittal and coronal acquisition were abandoned
in favour of using oblique T,-weighted axial images from L1, L3 and L5, and by using the
sagittal IDEAL image as the reference. The axial images were acquired obliquely according
to the axis of the vertebra (see Figure 5-15 & Figure 5-16 (left)). The PRESS voxel
localisation could then be angulated by using the axial images. The sagittal image from

IDEAL acquisition was used for positioning of the voxel in the other plane.

Figure 5-15 A typical water-only sagittal
IDEAL image with illustration of slices used
in axial image acquisition from L1, L3 and
L5. Note the angulation of the axial
acquisition with respect to each vertebral
body.

Thus the axial T,-weighted and the sagittal IDEAL images (see Figure 5-16) from the
lumbar vertebrae were used to position the spectroscopy voxels in all the volunteers from
the HBM study and is shown in Chapter 6.
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Figure 5-16 The T,-weighted axial (left) and IDEAL sagittal (right) images, which were used for effective

positioning of the PRESS voxel in the third lumbar vertebra. Note the voxel which is angulated according
to the individual vertebra in the sagittal image. Also note the absence of the additional manual saturation

pulses, which were creating artefacts.

The methods of acquiring PRESS spectra were optimised to acquire a spectrum in the
lumbar spine within a reasonable clinical scan time. In spectroscopy, it is essential to
protect the voxel signal from contamination arising from surrounding tissues and
environment. The contamination is usually avoided by applying saturation bands around
the voxel for sharp voxel profile as described in Chapter 3. In GE scanners the voxel is
usually surrounded by saturation bands with the provision to add in some extra manually
prescribed saturation bands at different locations. The number of additional saturation
bands depends on the limitations of the pulse sequence. During the initial stages of the
project, experimental spectra were acquired with the default saturation pulses and with
some additional manual saturation pulses. The manual saturation pulses were added in
different planes (see Figure 5-14) to remove signals from anatomical regions (e.g. aorta and
spinal cord) which may cause artefactual signal within the voxel. The results from these
spectra provided non uniform measurements. After further investigation, it was discovered
that the default saturation pulses were being replaced by manual saturation pulses when the
pulse sequence did not have enough time to apply additional pulses. All the spectra from
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the HBM study were not acquired with additional manual saturation pulses (see Figure
5-16). This was done to maintain experimental uniformity and to avoid the loss of the
default saturation pulses.

Before the spectroscopy acquisition, the changes to the pulse sequence with respect to
water suppression and offset were applied manually by altering their specific control
variables (CVs). Following the change of parameters the new variables were downloaded to
the pulse programmer. Automatic prescan was applied to the sequence for voxel shimming
and optimisation of centre frequency, and transmitter and receiver gains. The protocol that
was used in the HBM study for single voxel spectroscopy acquisition is shown in Chapter
6.

An example spectrum is shown in Figure 5-17, which demonstrates high SNR and
reasonable spectral resolution given the short acquisition time (1 minute). The spectral
resolution was limited to resolve closely spaced metabolites, but was able to visualise the
main fat and water signals. The acquired spectra were processed by default scanner
software (SAGE) and also by using a third-party software called linear-combination model
(LCM), as detailed in Chapter 3.
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Figure 5-17 A typical single-voxel spectrum from lumbar vertebrae in a volunteer demonstrating peaks
from fat (mainly 1.3 ppm and 5.3 ppm) and water (4.7 ppm). Note the excellent SNR achieved in only 1

minute, due to the relatively high concentrations of fat and water.
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6 High Bone Mass Study

6.1 Introduction

The high bone mass (HBM) project is an on-going molecular genetics study being run
by Prof. Jon Tobias (Principal Investigator) from the Musculoskeletal Research Unit,
University of Bristol, aimed at identifying individuals affected by genetic mutations that
cause increased bone mass. HBM has been evaluated and is associated with decreased bone
resorption, increased bone formation, or a combination of both. HBM either can be
advantageous to an individual, i.e. stronger bone which is resistant to fracture, or be
disadvantageous, i.e. weaker bone with predisposition to fracture. The occurrence of
stronger or weaker bone in HBM individuals may be due to a lot of factors. HBM with
weaker bone may be caused by the presence of osteopetrosis disease and HBM with
stronger bone may be caused by any specific genetic mutation [35, 36].

A previous study of a family with HBM showed that they were reported with a genetic
abnormality localised to 11g12-13 gene. Studies of osteoporosis pseudoglioma syndrome
(OPS), which is a recessive disorder with premature osteoporosis and bone weakness,
identified the cause as an inactivation mutation in the low-density lipoprotein-receptor-
related protein 5 (LRP5) gene. HBM condition results from an activation mutation of LRP5
gene, leading to stimulation of osteoblastic bone formation [36, 222, 223, 225].

Several families with the HBM condition due to LRP5 mutation or other mutations in
this gene have been identified by earlier studies. The HBM condition is occasionally known
to be associated with minor skeletal abnormalities, such as torus palatines, widening of
mandible, and thickened cortices. Some affected individuals have demonstrated severe
phenotypes of neurological complications. The occurrences of HBM with and without
abnormalities are unclear and are being investigated [38, 227].

Identification of molecular pathways such as LRP5 resulting in the HBM phenotype
may provide a platform for developing new anabolic therapies for the treatment of
osteoporosis. Teriparatide is the first of a new type of skeletal anabolic agents which
stimulate bone formation rather than suppressing bone resorption and further bone loss

commonly effected in conventional therapy. Teriparatide appears to be effective at
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increasing bone mass and reducing fracture risks, but it mainly contains recombinant
protein which requires parenteral administration and it is also expensive. The identification
of novel pathways such as LRP5 may provide alternative methods based on orally
administered enzyme inhibitors. Newer agents with means of enhancing bone formation
through stimulation of LRP5 are being researched and developed [35, 36].

Certain individuals with HBM features were identified at Bristol Royal Infirmary
using dual-energy X-ray absorptiometry (DEXA). The family members of the individuals
were also screened, which resulted in the demonstration of a dominant inheritance of HBM
in the family. Based on these results the DEXA database was screened further in Bristol to
identify individuals who had a T-score greater than four in spine or hip, after excluding
subjects with artificially elevated areal BMD (e.g. subjects with calcified aorta).
Investigation of the underlying gene defect in the HBM cases may lead to the identification
of a mutation in LRP5 or may lead to identification of novel genes resulting in conditions
related to HBM [35, 36].

6.2 Objectives of the Study

The main study aims are to identify new genetic and biochemical pathways that may
cause HBM in individuals with the following sub-aims [35, 36]:
» Determining whether HBM cases identified in the study from all individuals
are influenced by known LRP5 or novel gene mutation
» ldentifying similar results from HBM cases across UK by searching the DEXA
databases
» Screening family members of HBM individuals who are not affected by LRP5

and to identify novel genes which may be responsible for their condition.

The results in this thesis are from a sub-study with the secondary aim of characterising
the HBM condition with quantitative in vivo magnetic resonance (MR) imaging and

spectroscopy.
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6.3 Study Design and Patient Recruitment

The index (primary) population for the HBM study was identified by screening the
DEXA database in Bristol and other large centres in the UK. The identification of an index
population is based on the individual having a T-score greater than four at spine or hip.
After identification, the individuals were informed of the study and its protocol using a
letter and an information sheet, followed by telephone calls. Spouses and blood relatives
were also recruited through the index individuals. All individuals were recruited into the
study only after acquiring informed consent. The volunteers who were recruited for MR
data acquisition underwent additional safety screening for identification of metallic
implants and devices. A total of 555 people were recruited from all the participating centres
in UK, of whom 258 people were index cases, 236 people were relatives and 61 people
were spouses. From the 236 relatives, 94 people were classified as HBM-affected and the
remaining 142 people were classified as unaffected. From the 61 spouses, 3 people were
classified as HBM-affected and the remaining 58 people were classified as unaffected [35,
36].

The project was approved by the Bath Research Ethics Committee (COREC Ref
05/Q2001/78) and site specific approval (SAA) was obtained from the Central and South
Bristol Research Ethic Committee (SAA Ref 05/2006/60). Funding for the study was
provided by the Wellcome Trust (Euston, London, UK) [35, 36].
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6.4 Procedures

The study procedure for all individuals involved a DEXA scan of the lumbar spine, hip
and total body, plain radiographs and venous blood sampling. Some centres acquired
peripheral quantitative computed-tomography (pQCT) data from the distal radius and tibia,
and carried out a jump test to measure muscle strength as an indirect marker for bone
strength. The centre in Hull was involved in acquiring additional data using magnetic
resonance imaging and spectroscopy (MRl & MRS) at the lumbar spine, distal radius and
tibia [36].

DEXA data were acquired in all centres using the local scanners and staff. Different
types of scanner were used for DEXA acquisition in centres across UK but following a
standardised measurement protocol. The DEXA data were processed to measure areal bone
mineral density (BMD), bone mineral content (BMC), and T- and Z- scores from all
anatomical sites. Plain radiographs were acquired of the lumbar spine (anteroposterior and
lateral), pelvis, knees and hand/wrist (AP view). The radiographs were acquired at the local
radiology centres by registered radiographers. Individuals under the age of 40 were omitted
for radiographs of lumbar spine and pelvis to avoid radiation exposure. Venepuncture was
performed on participating individuals by a registered nurse or doctor, with approximately
25-50 ml of blood being collected. The blood was used for the evaluation of basic bone
biochemistry (full blood count, calcium, phosphate and alkaline phosphatase levels), bone
turnover markers and for DNA analysis [36].

At Hull, the pQCT data were acquired using the Stratec Medizintechnik XCT-2000
scanner (Pforzheim, Germany). The scanner was used for axial data acquisition from distal
tibia and radius to measure volumetric BMD from the trabecular or the whole bone. A total
of 169 Caucasian individuals underwent pQCT examination from 2008 to 2009, of whom
118 (70%) people were female and 49 (29%) people were male and two (1%) people’s
information was not available [36].

Jumping mechanography is a test to measure leg muscle strength. The examination is
very simple and requires the volunteer to jump on a jump plate using each individual leg
and then both legs together. The jump plate has integrated sensors that measure the power
and force that was applied by the volunteer’s jumps. The device is simple and safe and is an

easy method of measuring velocity, from which power is calculated. The results from the
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jump test describe the strength of the muscle surrounding the bone, which may indirectly
influence the strength of the bone [36].

MR data were acquired only at Hull, using a 3.0 Tesla GE MR750 whole-body scanner
(Milwaukee, WI, USA). Imaging and spectroscopy data were acquired from lumbar spine
and imaging-only data were acquired from distal radius and tibia. A total of 52 Caucasian
female individuals underwent MR examination from 2009-2010, of whom 32 people were
from the index and 20 people were from the family members population, more detail will

be provided in section 6.6.
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6.5 Peripheral Quantitative Computed Tomography

Axial pQCT images were acquired from the forearm (radius) and lower leg (tibia) for
individuals from the HBM project. The left forearm and lower leg were selected for all
individuals to maintain a standardised methodology. Patient history was collected to
identify factors which could affect the pQCT measurement values. If the individual had
previous bone fractures in the left forearm or lower leg, then the right side was used for
acquisition. This was done to avoid bias of volumetric BMD values due to fracture and
associated metabolic processes at that location. Postmenopausal women and others who
underwent hormone replacement therapy (HRT) treatments were identified for relationships

with bone densities.
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6.5.1 pQCT Proximal and Distal Radius

Three locations were selected for acquisition in the forearm. The approximate length
of the radius bone in the forearm was measured manually using a ruler from wrist to elbow.
From this measurement, three longitudinal locations at 4%, 60% and 66% region (See
Figure 6-1) were calculated to be imaged by the pQCT scanner. The image at 4% region
was used for the measurement of volumetric BMD, and the images at 60% and 66% regions
were used for measurement of cortical thickness and muscle diameter. If the total length of
the radius bone was 30.0 cm for example, then the 4% location was calculated as 1.2 cm
from the wrist and 60% was calculated as 18.0 cm from the wrist and 66% was calculated
as 19.8 cm from the wrist. These measurements were input to the pQCT scanner for

acquisition points.

Radius
Humerus

MR Image of Forearm

Figure 6-1 MR Image from a subject’s forearm, illustrating the longitudinal locations for pQCT data

acquisition in radius.
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6.5.2 pQCT Proximal and Distal Tibia

Three locations were selected for acquisition in the lower leg. The approximate length
of the tibial bone in the lower leg was measured manually using a ruler from ankle to knee.
From the total measurement of the tibia three longitudinal locations at 4%, 14% and 66%
regions (see Figure 6-2) were calculated to be imaged by the pQCT scanner. The image at
4% region was used for measurement of volumetric BMD, the image at 14% region was
used for measurement of cortical thickness, and the image at 66% region was used for

measurement of cortical thickness and muscle diameter.

of Right Leg

Figure 6-2 MR Image from a subject’s lower leg, illustrating the longitudinal locations for pQCT data

acquisition in tibia.
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6.6 Magnetic Resonance Imaging and Spectroscopy

The MR protocol was developed and optimised in detail for different anatomical
locations from October 2008 to January 2009 using the old (GE HDx) and new (GE
MR750) 3.0 T scanner (see Chapter 5), but all the MR data in this thesis were acquired

using the newer GE MR750 scanner.

6.6.1 Study Population

Only female individuals from the pQCT population (i.e. index and family members) in
Hull were invited for MR data acquisition, due to the majority of research studies, having
been performed in women. A total of 52 female individuals (Mean Age (years) 58 + 13 SD)
comprising of index and family members from the pQCT population were scanned. From
the total 52 individuals, 38 people (Mean Age (years) 59 £ 13 SD) were classified as HBM-
affected, 12 people (Mean Age (years) 53 + 13 SD) were classified as non-affected and two
people (Mean Age (years) 62 £ 1 SD) were classified as borderline HBM-affected. All the
individuals in this thesis were classified based on the recommended criteria set by the
primary investigators of the HBM study. The classification was based on their DEXA
measurements with index, spouses and relatives having different criteria for classification
as HBM-affected, non-affected and borderline HBM. The HBM categorisation criteria for
index and spouses were either: (i) having a L1 Z-score greater than or equal 3.2 in addition
to a hip Z-score greater than or equal to 1.2, or (ii) a hip Z-score greater than or equal to 3.2
in addition to L1 Z-score greater than or equal to 1.2. For relatives the criteria for HBM
categorisation was based on them having a sum of L1 and hip Z-scores to be greater than or
equal to 3.2. The criteria for the borderline HBM categorisation for only the index
population was very narrow and was based on them having their L1 or hip Z-score to be
between 3.0 and 3.2. The categorisation of controls was applied to all the relatives and
spouses who did not fulfil the criteria for HBM and borderline HBM [36].
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6.6.2 MR Protocol

The total MR exam time for all the volunteers in the HBM study inclusive of screening,
positioning and scanning was around 45 minutes. The MR protocol consisted of:

» Ti-weighted, high spatial resolution axial images from distal tibia and distal radius
to demonstrate the trabecular detail. The T;-weighted images were used because
they demonstrated good differentiation of bone structures (i.e. trabeculae, marrow
and cortex), and they were acquired only at the 4% region in the distal tibia and
radius. The T;-weighted images were post-processed to measure bone volume
fraction (BVF), Entropy and trabecular bone texture.

» A three-point Dixon-type technique known as iterative decomposition of water and
fat with echo asymmetry and least squares estimation (IDEAL) was used for the
acquisition of separated fat and water images at lumbar vertebrae and proximal and
distal tibia. These data were later processed by in-house software to produce fat-
fraction (FF) maps. At proximal and distal tibia for both legs the IDEAL data were
acquired at 4% and 66% regions. The data at 4% region was acquired to measure FF
maps from the bone marrow and the data from 66% region was acquired to measure
the cortical thickness and muscle diameter. The IDEAL images from proximal and
distal tibia were later excluded, since they suffered from poor image quality.

» A PRESS-based double spin-echo spectroscopy sequence (PROBE-P) was used for
spectral data acquisition at L1, L3 and L5. The spectral data were later used for
measurement of FF, unsaturation index (Ul) (a marker of the amount of unsaturated
fatty acids present in the bone marrow) and full-width at half-maximum (FWHM)
of water and lipid peaks which is believed to be a surrogate measurement for
trabecular bone density.
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6.6.2.1 MR Proximal and Distal Tibia

An IDEAL sequence using fast spin-echo (FSE) was used for axial image acquisition
at 4% and 66% regions of the distal tibia from both lower legs (see Figure 6-3). The
protocol that was used for IDEAL acquisition is described in Table 6:1.

Repetition time (TR) / Echo time (TE) 1500/ 32 ms
Bandwidth (BW) 50 kHz
Field-of-view (FOV) 300 x 204 mm

Slice thickness / Slice separation 5.0/1.5mm

Scan time 3 minutes, 9 seconds
Imaging matrix 256 x 256
(frequency encoding (FE) x phase encoding (PE))

Number of excitations (NEX) 3

Echo train-length (ETL) 4

Frequency direction right - left

In-plane resolution 1.17 mm x 0.80 mm

Table 6:1 The parameters, which were used for the IDEAL image acquisition from both proximal and
distal tibia.

Figure 6-3 The axial water-only IDEAL image acquired in a volunteer at 66% region of the distal tibia
from both legs (top), and the corresponding water-only image acquired at 4% region of the distal tibia

from both legs (bottom). Note the relatively poor spatial resolution in both of the images.
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High-resolution axial T;-weighted imaging using a spin-echo (SE) sequence was

acquired at 4% region of the distal tibia (see Figure 6-4). The protocol that was used for the
image acquisition is described in Table 6:2.

TR/TE 500/13 ms

BW 27.8 kHz

FOV 100 x 75 mm

Slice thickness / slice separation 2.5/0.2 mm

Scan time 4 minutes, 52 seconds
Imaging matrix (FE x PE) 448 x 384

NEX 2

ETL SE

Frequency direction anterior - posterior
In-plane resolution 223 pm x 195 pum

Table 6:2 The parameters, which were used for the SE T;-weighted image acquisition at 4% region of the
distal tibia.

Figure 6-4 High spatial resolution axial spin-echo image acquired at 4% region of the distal tibia in a

volunteer. Note the high spatial resolution and well-defined trabecular bone detail.
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6.6.2.2 MR Distal Radius

High-resolution T;-weighted SE axial images were acquired at 4% region of the distal
radius (see Figure 6-5). The protocol that was used for image acquisition is described in
Table 6:3.

TR/TE 500/14 ms

BW 27.8 kHz

FOV 90.0 x 67.5 mm
Slice thickness / slice separation 2.0/0.2 mm

Scan time 3 minutes, 8 seconds
Imaging matrix (FE x PE) 512 x 480

NEX 1

Frequency direction right - left

In-plane resolution 176 um x 141 ym

Table 6:3 The parameters, which were used for the SE T;-weighted image acquisition at 4% region of the

distal radius.

Figure 6-5 A high-resolution spin-echo axial image acquired at 4% region of the distal radius in a

volunteer. Note the high spatial resolution, SNR and well-defined trabecular bone detail.
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6.6.2.3 MR Lumbar Vertebrae

An IDEAL sequence using FSE was used for sagittal image acquisition from the
lumbar vertebrae (see Figure 6-6). The protocol that was used for the image acquisition is
described in Table 6:4.

TR/TE 1500.0/10.9 ms

BW 62.5 kHz

FOV 360 x 360 mm

Slice thickness / slice separation 4.0/1.3mm

Scan time 2 minutes, 33 seconds
Imaging matrix (FE x PE) 416 x 256

NEX 6

ETL 16

Frequency direction superior - inferior
In-plane resolution 0.86 mm x 1.41 mm

Table 6:4 The parameters, which were used for the IDEAL image acquisition of the lumbar spine.

Figure 6-6 Sagittal IDEAL images from lumbar vertebrae with separate images for water (left) and fat

(right) signal.
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A PRESS (PROBE-P) single-voxel technique was used for spectroscopy data
acquisition from L1, L3 and L5. The protocol that was used for the spectral acquisition is
described in Table 6:5.

TR/TE 1500/ 28 ms
Voxel volume typically 1.8 — 5.4 cm®
Scan time 1 minute
NEX 8
Number of signal averages (NSA) 16
Number of saturation bands around the voxel 6 (default)
Voxel slice selection offset (off rfl, 2 and 3) - 460 Hz
Chemical-shift selective saturation (CHESS) off
RF pulse angles 90°
137°
137°
RF pulse bandwidths 2366.67 Hz
1384.62 Hz
1384.62 Hz

Table 6:5 The parameters, which were used for the IDEAL image acquisition of the lumbar spine.
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6.6.3 Summary

Table 6:6 lists the different anatomical sites, which were investigated using MR,

followed by the type of imaging sequence used and the types of measurements obtained.

Anatomy Sequence Data to be Quantified

Bone volume fraction
(BVF), entropy and

Distal Radius T1-weighted SE textural analysis (contrast,
correlation, energy and
homogeneity)

BVF, entropy and textural
analysis (contrast,
correlation, energy and
homogeneity)

T1-weighted SE
Proximal and Distal

Tibia Fat-fraction (FF)
IDEAL (Excluded due to poor
image quality)
IDEAL FF

FF, full width at half
maximum (FWHM) and
unsaturation index (UI)

Lumbar Vertebrae | PRESS spectroscopy from L1,
L3 and L5

Table 6:6 The list of anatomical sites with their corresponding imaging sequences and the type of

quantification.
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7 Software

7.1 MATLAB

MATLAB (Matrix Laboratory, The MathWorks, Inc. Natick, USA) is a matrix based
high-performance mathematical language widely used for a range of applications such as
signal/image processing, communication, designing, measurement testing, etc. MATLAB
employs a list of individual pre-programmed codes (functions) that can be added into
existing code to perform tasks, and is also advantageous for integration with other
programming languages like C, C++ and FORTRAN. In this thesis, MATLAB (version
R2006a) was used as the default programming platform to develop in-house software for
processing and quantifying data from magnetic resonance imaging (MRI) and peripheral
quantitative computed tomography (pQCT) [147, 164, 167, 228, 229]. Two major programs
were created to process the image data from the high bone mass (HBM) project.

1. ‘BVF Extremities’ was created for the semi-automated segmentation and processing
of T, weighted axial images from distal radius and tibia, resulting in the
quantification of trabecular bone volume fraction (BVF), trabecular bone area,
entropy and four textural properties for comparison with data from pQCT.

2. ‘Spine FF’ was created for the semi-automated segmentation and processing of
individual lumbar vertebrae from IDEAL data, resulting in the quantification of an
average fat-fraction (FF). This program was used to measure the average FF from
the three lumbar vertebrae of L1, L3 and L5.

Following is the detailed description of the individual program:
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7.1.1 BVF Extremities

The program ‘BVF Extremities’ was created to process T; weighted axial images of
the distal radius and tibia. The program is capable of segmenting trabecular bone semi
automatically. The program processes the segmented bone to quantify BVF, trabecular
bone area, entropy and four basic textural properties of contrast, correlation, energy and

homogeneity.

7.1.1.1 Accessing the Images

MATLAB has functions to read a DICOM (digital imaging and communication in
medicine) file, which contains a number of attributes including text and pixel value data.
The pixel values from the DICOM file were interpreted as an m-by-n array and displayed
as a grayscale image. MATLAB can also recreate a header from text attributes which was
accessed to identify information like matrix size, pixel resolution and patient identification
that were used for the analysis. After reading the image file, the data is displayed as an

image (see Figure 7-1) for subsequent processing.

Figure 7-1 T;-weighted axial image from distal radius.
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7.1.1.2 Image Processing

MR images acquired using multi-channel coils often suffer from coil inhomogeneity
artefacts, which results in regions of image having poor uniformity when compared with
adjacent regions due to variations in the B; field. These signal variations often result in
poor image processing during histogram thresholding and require correction algorithms to
make the image more uniform. Various correction techniques are provided by the scanner
manufacturers which can be applied during or after acquisition. Both phased array
uniformity enhancement (PURE) and surface coil intensity correction (SCIC) were
provided on the scanner to correct for image inhomogeneities. PURE uses a separately
acquired calibration scan to correct the image for inhomogeneities, and SCIC is purely a
post processing technique that applies image filters. However these methods were not
available during the initial stage of the project, hence were not included in the protocol. The
resultant inhomogeneities had to be corrected off-line using the software. This was essential
in radius, which was acquired using an 8 channel phased array wrist coil. A contrast-limited
adaptive histogram equalisation (CLAHE) algorithm was used to enhance the contrast of
the grayscale image by operating on small regions in the image called tiles. The contrast
within each tile was manipulated individually to produce a more uniform signal distribution
in the image histogram. The neighbouring tiles were combined using bilinear interpolation
to eliminate artificial boundaries. Images from HBM project were processed with a tile size
based on an optimal value determined by evaluating various sizes. Figure 7-2 describes the
measurement of BVF processed with and without CLAHE. Figure 7-2 (1) is the original
image and Figure 7-2 (2) is the BVF estimation based on using the original image. Figure
7-2 (3) is the CLAHE processed image and Figure 7-2 (4) is the BVF estimation based on
using the CLAHE processed image. Note the improved measurement of BVF in Figure 7-2

(4) when compared with Figure 7-2 (2).
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Figure 7-2 The images illustrate the difference in BVF estimation based on them being processed with
(right side) and without (left side) CLAHE.

The original grayscale image was converted to a binary image (see Figure 7-3) using
Otsu’s method [230]. The Otsu algorithm assumes that the whole image contains two
classes of pixels, and then calculates an optimum signal threshold value to minimise the
intraclass variance of the two classes. The trabecular component of the radius bone was
segmented (see Figure 7-4 (left)) from the binary image by selecting connected pixels
around a pixel seed point provided manually by the user. The selection works by assessing
a specified range of connected pixels (n) (see Figure 7-5), and in this thesis a default of the
eight surrounding pixels was used (see Figure 7-5 (right)). Image processing was
subsequently applied on the binary image to fill image regions and holes which were

missed during binary conversion (see Figure 7-4 (right)).

148



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

Figure 7-3 The binary image from distal radius processed using Otsu’s method.

Figure 7-4 The segmented binary image (left) of radius followed by filling of holes (right).
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Figure 7-5 The images illustrate the method of identifying the number of connected pixels in relation to
the pixel seed point (red). The left image is the representation of 4 connected pixels and the right image is

the representation of 8 connected pixels.

The next stage was to convert the binary image to the gray scale image by matrix
multiplication of the segmented binary and the whole histogram equalised image (see
Figure 7-6). If the segmented bone contains soft tissues around it, then manual editing of
the tissues was applied to remove them at this stage. Images from distal radius often
required manual editing (40-50% cases) when compared with images from distal tibia (10-
20% cases).

150



Victor R. Lazar

PhD Thesis (2008 — 2011)

December 2011

Segmented Grayscale Image Segmented
Binary Image Grayscale Image
0 0 0 0 12 | 14 | 16 | 20 0 0 0 0
0 1 1 0 21 12 | 22 | 18 0 12 |22 0
* —
0 1 1 o |" 12 | 24 | 27 | 42 0 24 | 27 0
0 0 0 0 30 9 6 8 0 0 0 0

Figure 7-6 The process involved in converting the segmented binary image of radius to a grayscale image.

The method is illustrated as an image (top row) as well as a matrix with numbers (bottom row).

The Otsu algorithm was applied to the pixels from the segmented trabecular bone to

identify optimum global threshold values which resulted in a binary image of the

segmented bone with good differentiation of trabeculae and marrow (see Figure 7-7). The

inverted binary image containing the trabeculae was processed further using morphological

skeletonisation, which removes pixels from the boundaries of the objects but does not allow

the objects to break apart. The final trabeculae map can be overlaid on the original

grayscale image (see Figure 7-8).
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Figure 7-8 The skeletonised trabeculae from the binary image of radius (left) which was overlaid onto the

original grayscale image of distal radius (right).

7.1.1.3 Quantification

The segmented trabecular bone was quantified to produce measurements of BVF,
entropy and four textural properties [170-172, 231-233] of contrast, correlation, energy and
homogeneity for the evaluation of bone strength. pQCT images were not used for
measurements of entropy and textural properties, since they were acquired in low image
resolution and were not able to resolve the individual trabeculae within the bone.

The BVF was measured as a percentage of trabeculae bone present inside the total
segmented area. Two binary images were processed individually, one containing the

trabeculae pixels alone and the other containing the pixels for the whole segmented region.
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The size and total number of pixels present in each image was measured which was used
for the measurement of BVF as a percentage (%) value.

trabeculae bone
BVF % = 100 X

segmented area
Equation 7-1

Entropy is a statistical measure of randomness of pixels within the segmented bone

region and is given as:

—sum(p.* log(p))
Equation 7-2

where (p) contains the histogram counts of the segmented bone region. The four
textural parameters were measured by converting the segmented grayscale image of m-by-n
into a gray-level co-occurrence matrix (GLCM) of m-by-n-by-p array. Before converting
the segmented grayscale image into a GLCM, it is essential to remove unwanted O pixels
surrounding the segmented bone in the image. If all the pixels in the segmented image
including 0 are used, it would lead to poor processing of the GLCM function. For effective
processing, the O pixels outside the segmented bone were converted to not-a-number
(NaN), which was not read by the GLCM function. A grayscale image containing NaN
values outside the bone region was generated by dividing the segmented grayscale image
by the segmented binary image (see Figure 7-9). A GLCM was created from this image by
calculating how often a pixel with intensity value (i) occurs horizontally to an adjacent
pixel with value (j). The spatial dimensions can be user dependent and is based on the
applied offsets. Figure 7-10 is an example for the calculation of a GLCM from a 4-by-5
input image with an angle of 0°. In the example input image the 1 and 7 value are adjacent
to each other two times, thus the GLCM matrix has a value of 2 representing the number of
times 1 and 7 were adjacent to each other. The offset is an important parameter in GLCM
which works as a p-by-2 array of integers, specifying the distance, between the pixel of
interest and its neighbour, and is often expressed as an angle. Figure 7-11 is a typical

example on how an offset will work on the GLCM.
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Segmented Segmented Segmented NaN

Grayscale Image Binary Image Grayscale Image
0 0 0 0 0 0 0 0 NaN [ NaN | NaN | NaN
0 12 | 22 0 / 0 1 1 0 NaN | 12 | 22 | NaN
0 24 | 27 0 ) 0 1 1 0 = NaN [ 24 | 27 | NaN
0 0 0 0 0 0 0 0 NaN | NaN | NaN | NaN

Figure 7-9 The method of converting a normal grayscale image into a segmented grayscale image with

NaN values. The method is illustrated as an image (top row) and as well as a matrix (bottom row).
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Figure 7-10 The method of converting a normal image matrix to a GLCM matrix by using 0° angle, which

looks for repetition of pixel pairs.
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Angle
e | o | (degrees) Offset Values
o 0 [0 D] [0 1]
Pixel of 44 45 [-D D] [-1 1]
Interest
90 [-D 0] [-1 O]
135 [-D-D] [-1-1]

Figure 7-11 The different offset parameters that can be applied, as well as their influence on the angle of

processing.

The textural property of contrast is a measure of the intensity contrast between

adjacent pixels. Contrast is also known as variance and inertia.
Contrast = Z li —j12p(i, )
i,j
Equation 7-3

The textural property of correlation is a measure of the correlation of a pixel in relation

to its neighbour.

G—w) G —w)p@En
O-io-j

Correlation = z

ilj
Equation 7-4

The p and o are the mean and standard deviation of p with respect to i and j.
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The textural property of energy is a value determined from the sum of squared
elements in the GLCM. Energy measures the overall probability of having distinctive
grayscale patterns in the image. Energy is also known as uniformity, uniformity of energy

and angular second moment.
Energy = Zzo(i,j)2
i,j

Equation 7-5

The textural property of homogeneity measures the closeness of the distribution of
elements in the GLCM to the diagonal GLCM.

p(i,Jj)
1+ [i—J
L]

Homogeneity =

Equation 7-6

7.1.2 Validation of Software Measurement

The primary aim of this section was to design a computed-tomography (CT) and MR
compatible phantom that could be used to develop protocols for bone imaging on a clinical
scanner. The secondary aim was to use the phantom to validate software and measurements
made with the clinical protocol. The phantom was imaged using an X-Tek HMX 160 micro
CT (uCT) and our clinical 3.0 T MR (MR750) scanner. The images from uCT were used to
provide a gold standard dataset that could be compared with the MR data.

A phantom with four compartments of varying structure (see Figure 7-12) was created
at Queensland University of Technology (QUT), Brisbane (Prof Christian Langton), using a
high definition 3D polymer printing technique (3D systems Inc, CA). The dimensions of
the phantom were about 4 cm in height, 2 cm in diameter and contained four compartments
of varying pore size (800-100 um) and thickness of around 1 cm. The uCT data were
acquired with an isotropic resolution of 42 um. The MR data were acquired by immersing
the phantom in a water filled sample tube. The data were collected by using the 8-channel
wrist coil with slice thickness of 1 mm and in-plane resolution of up to 98 pum x 59 pm.

The initial MR images were acquired with the T;-weighted spin-echo (SE) technique, but
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the images were affected with chemical-shift artefacts. The IDEAL acquisition technique
was subsequently used to produce high-resolution water and fat-only images. The fat-only
image contained the chemical-shift artefact and was eliminated from processing, thus the
water-only image was subsequently used for processing of the images. Two type of IDEAL
images (IDEAL Protocol 1 & 2) were acquired and they were compared with uCT images.
The images from IDEAL Protocol 1 were acquired with 1.0 mm slice thickness and with a
moderate spatial resolution (156pum x 117um). The images from IDEAL protocol 2 were

acquired with 1.5 mm slice thickness and with a good spatial resolution (98um x 59um).

Bone Phantom

- Compartment3 Compartment 2

Compartment 1

Compartment4

Figure 7-12 The image on the left is the CAD diagram of the phantom, and the image on the right is the
phantom immersed in water in a sample tube, with illustration of the different compartments and the

dimensions.

The images from both the imaging modalities were processed using the in-house
software (MATLAB) to measure the solid volume fraction (SVF), which is the ratio of the
amount of solid material present inside the volume of interest and it is very similar to the
measurement of BVF. The images from uCT (see Figure 7-13) provided gold standard SVF
values in all the compartments. Corresponding MR images for each compartment are
shown in Figure 7-14.
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Compartment 1 Compartment 2 Compartment 3 Compartment 4

Figure 7-13 The top row illustrates the uCT images from the four compartments in the bone phantom. The
bottom row illustrates the processed image from a region of interest in the individual compartments, which

were used for the measurement of SVF. Note the good image quality from all the compartments.
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Figure 7-14 The top row illustrates the water-only IDEAL Protocol 1 MR images from the four
compartments in the bone phantom. The bottom row illustrates the processed image from a region of
interest from the individual compartments, which were used for the measurement of SVF. Note the good

image quality from all the compartments.
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The phantom was successfully used in both the imaging modalities. The SVF values

were compared with both the imaging techniques in all the compartments, by using Bland-
Altman plots (see Figure 7-15). The results described close similarities between the two
techniques, with <5 % agreement. The MR imaging technique of IDEAL worked well with
high-resolution imaging and with good differentiation of the phantom structures. The aim
in future is to fill the phantom with fat-water emulsions that would also provide bone
marrow information in addition to SVF. Other quantitative parameters like trabecular width

and cortical thickness could also be evaluated in future using this phantom.
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Figure 7-15 The Bland-Altman plot for comparison of SVF measurements from two IDEAL techniques

with the SVF measurement from uCT. Note the close similarities between both the techniques.

7.1.3 Limitations of the Software

The BVF software was successfully used in the HBM study for the processing of
images from the distal radius and tibia. The CLAHE method was applied for all the images
to correct for signal non uniformity. The tool worked well for all the images from the distal
tibia, since it was acquired using a birdcage head coil that resulted in good signal
uniformity. The tool was limited in processing the data from the distal radius, since it was
acquired using the phased array coil that resulted in signal non uniformity. The limitation of
CLAHE resulted in successful or unsuccessful processing of images from distal radius (see
Figure 7-16). The successful processing was essential for accurate BVF measurement from

the bones, thus some of the BVF measurements from radius were excluded (based on visual
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inspection) when the software was unsuccessful in processing the images (see Figure 7-16
(bottom)). The CLAHE tool was only essential for the processing of BVF, thus the physical
dimensions and the textural analysis of the bone were not affected during unsuccessful

processing of the software. The physical dimensions and texture were measured from all

the volunteers at distal radius except for two cases due to very poor image quality.

Figure 7-16 Images from distal radius with illustration of the segmentation and the processing of BVF.
The images on the left column are the original images, the images on the middle column are the segmented
images of radius and the images on the right are the processed images for the measurement of BVF. The
images on the top row are example data illustrating successful processing of software for the measurement
of BVF (c), dimensions and textural analysis (b). The images on the bottom are example data for
unsuccessful processing of the software for the measurement of BVF (f), but the segmented bone region

(e) was used for the measurement of dimensions and textural analysis.
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7.1.4 Spine FF

The program ‘Spine FF* was created to process sagittal IDEAL images of vertebrae
which contain separate images of fat and water. The program was designed to work on both
these images and calculate an average fat fraction (FF) map from individual vertebrae of
interest. The program applies semi-automated segmentation of individual vertebrae with an
option for manual editing to remove unwanted tissues around the vertebrae of interest. The
DICOM attributes from the raw image were accessed to extract important information like:

matrix size, pixel resolution and patient identification.

7.1.4.1 Fat Fraction Mapping

Fat fraction (FF) mapping (see Figure 7-17) was calculated for the whole image matrix
on a pixel-by-pixel basis. An appropriate threshold was applied to remove noise from the
image data. The FF was calculated as a percentage (%) using the formula of:

04) — -
FF (%) U

Equation 7-7

Where F is fat-only image and W is water-only image from IDEAL dataset. The

resultant FF image was used later for processing and analysis of segmented vertebrae.

Figure 7-17 The method of estimating a FF image (3) using the images of fat (1) and water (2) from the

IDEAL dataset. The middle image illustrates the location of individual lumbar vertebrae.
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7.1.4.2 Vertebral Segmentation

The vertebral segmentation was achieved using the information from only the fat
image (F) due to its better signal intensity differences between bone and adjacent tissues.
The segmentation was achieved by manual cropping of a region of interest (ROI) around
the desired vertebrae (see Figure 7-18). The cropped image (see Figure 7-19 (1)) was
processed with CLAHE resulting in an intensity corrected image (see Figure 7-19 (2)). This
image was processed with the Otsu algorithm for conversion to a binary image (see Figure
7-19 (3)), followed by vertebral selection. As described previously, additional processing
was applied to the selected binary vertebral image to fill image regions and holes which
were missed during binary conversion (see Figure 7-19 (4)). The resultant output image
was a binary image of the selected vertebrae with or without additional tissues around it
(see Figure 7-19 (4)) depending on the applied threshold.
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Figure 7-18 The method of segmenting an individual vertebra. The example illustrates the cropped region

(left) drawn for the segmentation of L3 vertebra and the display (right) of the cropped region.

Figure 7-19 The method of processing the cropped image (1) from applying histogram equalisation (2) to

converting the histogram equalised image to a binary image using Otsu method (3) and filling holes in the

binary image (4).
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The dimension of the cropped matrix was converted back to the original image matrix
by padding elements to match exactly with the original image matrix size and exact
coordinates in relation to x and y. The padded image was multiplied with FF image to
convert the binary pixels of the vertebrae to its original FF gray value pixels (see Figure
7-20 (2)). The conversion is similar to method described in previous section (see 7.1.1).
The resultant image may contain unwanted tissues around the desired vertebrae, which was
manually edited and colour mapped. The resultant colour mapped FF image (see Figure
7-20 (3)) was free from unwanted tissues and contained only the vertebra of interest. The

pixel value from the resultant image was used for the measurement of an average FF from

the individual vertebra.

Figure 7-20 The method of converting the matrix of the cropped binary image (1) to the matrix of the
original image. The padded segmented image was overlaid onto a FF image (2) and was edited further to

remove unwanted tissues to be displayed as a colour map image (3).
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8 Results

8.1 Introduction

The results in this thesis are from the volunteers who were involved in the high bone
mass (HBM) study. Magnetic resonance imaging and spectroscopy (MRl & MRS) data
were acquired from 52 female individuals who were previously scanned using peripheral
quantitative computed-tomography (pQCT) and dual-energy X-ray absorptiometry
(DEXA). The primary aim of this thesis was to identify whether MR measurements from
bones can provide quantitative information that is similar to other gold standard
quantitative techniques and also to identify if it can provide additional information that is
not achieved by other techniques. The secondary aim was to identify whether MR
measurements are able to differentiate population groups based on their bone physiology.
The results from DEXA, pQCT and MR were analysed to identify associations and
differences, by using statistical tools from SPSS 15.0 (IBM Corporation, New York, USA)
and Microsoft Office Excel 2007 (Microsoft Corporation, Washington, USA) for
performing Pearson linear correlations, t-test and confidence interval of slopes [234-236].
The list of measurements that were acquired from each imaging modalities with respect to
anatomical location are illustrated in Table 8:1.

The results in this chapter are described as two sections: (1) the MR data were
compared with other X-ray quantitative techniques at multiple skeletal sites to identify
associations and differences between the modalities, (2) the MR data from the individual
populations were compared with potential covariates like age and body mass index (BMI)
to identify associations and differences between the populations.
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Modality Anatomical Site Measurement

A\

Mean areal bone mineral content

DEXA From First to Fourth (BMC) from L1-L4

Lumbar Vertebrae » Mean T-score from L1-L4
» Mean Z-score from L1-L4
4% Along the Length > Volumetric BMD
0QCT of the Distal Radius » Bone Area
4% Along the Length » Volumetric BMD
of the Distal Tibia » Bone Area
» Bone volume fraction (BVF)
» Trabecular Area
» Entropy
42? tﬁéotr;igsttgle RL: dniﬁtsh » Textural Analysis (TA) Contrast
» TA Correlation
» TA Energy
» TA Homogeneity
> BVF
MRI » Trabecular Area
4% Along the Length > Entropy
of the Distal Tibia > TA Contrast
» TA Correlation
» TA Energy
» TA Homogeneity
\f rom Lumb_ar » Mean fat-fraction (FF) from L1,
ertebrae using 13 & L5
IDEAL
» Mean FF from L1, L3 & L5
» Mean unsaturation index (Ul)
. . from L1, L3 & L5
From_Flrst, Third and » Mean full width at half maximum
MRS Fifth Lumbar
Vertebrae (FWHM) of water peak (4.7 ppm)
from L1, L3 & L5
» Mean FWHM of lipid peak (1.3
ppm) from L1, L3 & L5
General Whole-body > Age

> Body mass index (BMI)

Table 8:1 The list of imaging modalities and their corresponding measurements in relation to each

anatomical site.
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At distal radius and tibia the MR and pQCT data were acquired at 4% region of the
distal bone. The MR data were processed for the measurement of bone volume fraction
(BVF), trabecular bone area, entropy and four textural analysis (TA) properties of contrast,
correlation, energy and homogeneity. The pQCT data were processed for the measurement
of volumetric bone mineral density (BMD) and bone area.

The data from lumbar vertebrae were acquired using DEXA and MR techniques. The
data from MR were compared with DEXA data and also with the physical parameters of
age and BMI. The DEXA data from the lumbar vertebrae were acquired from the first to
fourth lumbar vertebrae (L1-L4), which provided areal results of Z-score, T-score and bone
mineral content (BMC) from each vertebra. The DEXA measurements from all four
vertebrae were averaged (mean) to produce an effective single measurement representative
of the whole lumbar vertebrae.

The MR data were acquired from first, third and fifth lumbar vertebra (L1, L3 and L5)
using both IDEAL imaging and MRS. The IDEAL imaging resulted in measurement of FF
from each vertebra. MRS resulted in measurement of FF, unsaturation index (Ul), and
water/lipid full width at half maximum (FWHM) from each vertebra. The data from MRS
for the measurement of FF and Ul were processed using the linear combination model
(LCM) and the FWHM were measured using the SAGE tool described previously in
Chapter 3. A mean increase of 1% FF was observed from L1, L3 and L5 in general, which
suggested an increased FF in lower lumbar vertebrae when compared with upper lumbar
vertebrae. The measurements from each vertebra using IDEAL and MRS were averaged
(mean) to produce an effective single measurement representative of the whole lumbar
vertebrae.

All the volunteers in this thesis were selected from the HBM study, and were either the
index, spouse or relative populations. The individual populations were further classified
into HBM, borderline HBM and controls by using their DEXA Z-scores from the first
lumbar vertebra (L1) and the hip region. The criteria for the classification were set by the
primary investigators of the HBM study, which has been followed in this thesis. The
classification criteria are different for each type of population. The HBM categorisation
criteria for index and spouses were either: (i) a L1 Z-score greater than or equal 3.2 in
addition to a hip Z-score greater than or equal to 1.2, or (ii) a hip Z-score greater than or
equal to 3.2 in addition to L1 Z-score greater than or equal to 1.2. For relatives the criteria

for HBM categorisation was based on them having a sum of L1 and hip Z-scores to be
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greater than or equal to 3.2. The criteria for the borderline HBM categorisation for only the
index population was based on them having their L1 or hip Z-score to be between 3.0 and
3.2. The categorisation of controls was applied to all the relatives who did not fulfil the
criteria for HBM and borderline HBM [36]. The combined criteria for the classification of

all the volunteers are illustrated in Figure 8-1.

Criteria for Volunteer Classification

M [ndex & HBW

A Relative & HBM
+ Index & Borderline HBM

Hip_Z-score

® Relative & Control

@ Spouse & Control

L1_Z-score

Figure 8-1 The scatter plot of the hip and L1 Z-scores of all the volunteers who underwent MR
examination with regions based on the individual criteria. The blue region is the criteria for HBM
categorisation for all the index and spouses. The region between the green lines is the criteria for

borderline HBM categorisation for the index population. The region above the red line is the criteria for
HBM categorisation for all the relatives. The red region is the criteria of controls for all the relatives.
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The 52 female individuals who underwent MR data acquisition were categorised based
on the described classification criteria (see Table 8:2 and Table 8:3). A total of 38
individuals were classified as HBM, two individuals were classified as borderline HBM
and the remaining 12 individuals were classified as controls. The two borderline HBM
individuals were excluded from analysis due to their much smaller population size, thus the

results from the remaining 50 individuals were used for statistical analysis.

Volunteers HBM Bo;dglr\ili ne Controls Total
Index 30 2 0 32
Relatives 8 10 18
Spouses 0 0 2 2
Total 38 2 12 52

Table 8:2 Details of the volunteers who underwent MR data acquisition. The volunteers are described with

their individual populations and their subsequent categorisation.

8.1.1 Missing Data

At distal radius two HBM classified volunteers did not have pQCT measurements due
to non availability of the equipment and due to gross motion artefact. Thus the pQCT
measurements from distal radius contained 36 individuals from the HBM and 12
individuals from the control population for statistical analysis (see Table 8:3).

The quantitative measurements from MRI at distal radius were dependent on the
functionality of the processing software and the signal uniformity in the image. The images
from distal radius for some volunteers were affected with unsuccessful processing (as
detailed in section 7.1.3), which resulted in exclusion of BVF and TA measurements for
them during statistical analysis. A total of 12 BVF measurements were excluded, out of
which nine were from the HBM and three were from the control population. Thus from the
50 BVF measurements at distal radius, there were 29 individuals from the HBM and 9
individuals from the control population available for analysis (see Table 8:3). A total of two
TA measurements from the HBM population were also excluded. Thus from the total of 50
TA measurements, there were 36 individuals from the HBM population and 12 individuals
from the control population available for analysis (see Table 8:3).
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At distal tibia one HBM classified volunteer did not have pQCT measurements due to

non availability of the equipment. Thus the pQCT measurements from distal tibia contained
37 individuals from the HBM and 12 individuals from the control population for statistical
analysis (see Table 8:3). The BVF and TA measurements from distal tibia were processed
from all the 50 individuals in the HBM study.

A total of two HBM classified volunteers did not have DEXA data during the study
(2008-2010) from lumbar vertebrae as well as the BMI data. An additional HBM classified
volunteer did not have MR measurements from lumbar vertebrae due to her refusal for

lumbar spine examination.
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Index Sex Age BMI Relationship Classification Missing Data
1 Female 64 26.57 Index HBM
2 Female 68 27.69 Index HBM No BVF and Texture at Radius
3 Female 57 30.26 Index HBM
4 Female 59 26.49 Index HBM
5 Female 27 - Index HBM No DEXA
6 Female 82 29.49 Index HBM
7 Female 38 27.29 Index HBM No BVF at Radius
8 Female 66 25.08 Index HBM
9 Female 74 34.25 Index HBM
10 Female 71 ) Index HBM No DEXA and No BVF & Texture at
Radius
11 Female 66 26.93 Index HBM No BVF at Radius
12 Female 58 39.16 Index HBM No BVF at Radius
13 Female 61 25.46 Index HBM No BVF at Radius
14 Female 55 36.65 Index HBM
15 Female 49 35.88 Index HBM No BVF at Radius
16 Female 60 36.58 Index HBM
17 Female 64 23.12 Index HBM
18 Female 71 37.11 Index HBM No BVF at Radius
19 Female 79 27.19 Index HBM No pQCT at Radius and Tibia
20 Female 62 24.32 Index HBM
21 Female 72 32.44 Index HBM
22 Female 61 35.35 Index HBM No BVF at Radius
23 Female 56 34.37 Index HBM No pQCT at Radius
24 Female 74 26.17 Index HBM
25 Female 55 28.08 Index HBM
26 Female 44 39.11 Index HBM
27 Female 65 25.08 Index HBM
28 Female 44 22.98 Index HBM
29 Female 64 35.03 Index HBM
30 Female 52 31.20 Index HBM
31 Female 62 33.97 Index Borderline HBM Excluded from statistics
32 Female 61 23.76 Index Borderline HBM Excluded from statistics
33 Female 26 25.35 Relative HBM
34 Female 72 26.84 Relative HBM
35 Female 68 30.32 Relative HBM
36 Female 43 28.65 Relative HBM
37 Female 68 28.90 Relative HBM
38 Female 60 21.93 Relative HBM
39 Female 59 33.61 Relative HBM
40 Female 42 24.51 Relative HBM
41 Female 61 25.20 Relative Control
42 Female 70 43.81 Relative Control No BVF at Radius
43 Female 41 30.33 Relative Control
44 Female 48 23.44 Relative Control
45 Female 44 25.85 Relative Control
46 Female 42 25.25 Relative Control
47 Female 39 31.52 Relative Control
48 Female 55 31.23 Relative Control
49 Female 80 29.10 Relative Control No BVF at Radius
50 Female 43 26.56 Relative Control
51 Female 59 23.09 Spouse Control No BVF at Radius
52 Female 49 26.27 Spouse Control

Table 8:3 The list of volunteers who underwent MR examination with details of their clinical features.
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8.2 Magnetic Resonance versus X-ray Technigues

The aim in this section is to identify associations and differences between MR and
quantitative X-ray techniques by using the Pearson linear correlation. The measurements
from MR, pQCT and DEXA were compared with each other at multiple skeletal sites for all

the volunteers.

8.2.1 Volumetric BMD versus BVF

The BVF measurement from MRI quantifies the density of the trabecular bone
network and the volumetric BMD from pQCT measures the density of matter present inside
the region of interest (ROI) in the trabecular bone region. The hypothesis in this section
was that these two density measurements from the bones provide similar information, thus
the aim was to observe good correlation between the two measurements at both distal
radius and tibia.

Results demonstrated significant positive correlation (see Figure 8-2 & Figure 8-3)
between volumetric BMD and BVF at both radius (R* = 0.563, p < 0.001) and tibia (R? =
0.670, p < 0.001). In conclusion the results demonstrated that volumetric density
measurement from pQCT correlate well with structural measurement from MRI at both
radius and tibia, indicating that both the modalities are quantifying similar properties of the

bone.

172



Victor R. Lazar

PhD Thesis (2008 — 2011)

December 2011

40

35

BMD versus BVF from Radius

O fe)

=

R*=0.5631

& Total

50 100 150 200 250 300
BMD (mg/cm?)

350

400

Figure 8-2 The scatter plot for correlation between volumetric BMD and BVF at distal radius. Note the
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Figure 8-3 The scatter plot for correlation between volumetric BMD and BVF at distal tibia. Note the
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8.2.2 Bone Area versus Trabecular Area

The bone area from pQCT measures the total area of the bone including the cortex and
the trabecular bone component, and the trabecular area from MRI measures only the area of
the trabecular bone component. The pQCT data were acquired in low resolution and thus
they were not able to effectively differentiate between cortical and trabecular bone regions,
hence the total bone area from pQCT data were used. T;-weighted images were used for
MR data acquisition from distal radius and tibia in this thesis, and they were not able to
effectively segment the cortical bone component, and thus only the trabecular bone
component was evaluated. The acquisition of IDEAL images in future could possibly be
used for the segmentation of both cortical and trabecular bone. The hypothesis in this
section was that the dimensional properties of the bone measured using pQCT and MRI
would be very similar, thus the aim was to observe good correlation between the two
measurements at both distal radius and tibia.

Results demonstrated significant positive correlation (see Figure 8-4 & Figure 8-5)
between bone area and trabecular area at both radius (R? = 0.758, p < 0.001) and tibia (R? =
0.733, p < 0.001). In conclusion the results demonstrated that bone area measurement from
pQCT correlates well with trabecular area measurement from MRI at both radius and tibia,
indicating that both the modalities are able to quantify the dimensions of the bone and are

very similar.
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Figure 8-4 The scatter plot for correlation between pQCT bone area and MRI trabecular area at distal

radius. Note the significant correlation between the two measurements.
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Figure 8-5 The scatter plot for correlation between pQCT bone area and MRI trabecular area at distal

tibia. Note the significant correlation between the two measurements.
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8.2.3 Volumetric BMD versus Entropy

The statistical test between volumetric BMD and Entropy demonstrated (see Figure
8-6 & Figure 8-7) no significant correlation for radius (R* = 0.070, p = 0.075), but mild
positive correlation was observed for tibia (R? = 0.106, p = 0.023). In conclusion the results
demonstrated poor to mild correlation between volumetric BMD and Entropy at distal

radius and tibia, indicating a weak relationship between the two techniques.
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Figure 8-6 The scatter plot for correlation between pQCT BMD and MRI Entropy at distal radius. Note the

poor correlation between the two measurements.
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Figure 8-7 The scatter plot for correlation between pQCT BMD and MRI Entropy at distal tibia. Note the

mild correlation between the two measurements.
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8.2.4 Volumetric BMD versus Textural Analysis

The MRI data from trabecular bone region were processed to measure four textural
properties that quantify the different types of pixel intensity variations in the trabecular
bone, which is an indirect method of observing the structural properties of the bone. The
hypothesis in this section was that the TA measurements from the bone would be related to
volumetric density measurements from pQCT, since both are measuring the structural
information of the bone. The aim of this section was to investigate which TA property, if
any correlates with pQCT at distal radius and tibia. pQCT data were not included for TA
measurements since the pQCT images were acquired in very low resolution and were not

able to differentiate the trabecular network within the bone.

8.2.4.1 Volumetric BMD versus TA Contrast

The statistical test between volumetric BMD and TA Contrast demonstrated (see
Figure 8-8 & Figure 8-9) significant positive correlation for radius (R® = 0.313, p < 0.001)
and tibia (R*> = 0.205, p = 0.001). In conclusion the results demonstrated moderate
correlation between volumetric BMD and TA Contrast at distal radius and tibia, indicating
that the TA Contrast which measures the local variation of pixel intensity in the image is

providing structural information that matches moderately with the volumetric BMD.
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Figure 8-8 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Contrast at distal

radius. Note the good correlation between the two measurements.
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Figure 8-9 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Contrast at distal

tibia. Note the good correlation between the two measurements.
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8.2.4.2 VVolumetric BMD versus TA Correlation

The statistical test between volumetric BMD and TA Correlation demonstrated (see
Figure 8-10 & Figure 8-11) significant negative correlation for radius (R? = 0.245, p <
0.001) and tibia (R* = 0.357, p < 0.001). In conclusion the results demonstrated good
correlation between volumetric BMD and TA Correlation at distal radius and tibia,
indicating that the TA Correlation which measures the local linearity of pixel intensity in
the image is providing structural information that matches well with the volumetric BMD.
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Figure 8-10 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Correlation at

distal radius. Note the good correlation between the two measurements.
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BMD versus TA Correlation from Tibia
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Figure 8-11 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Correlation at
distal tibia. Note the good correlation between the two measurements.

8.2.4.3 Volumetric BMD versus TA Energy

The statistical test between volumetric BMD and TA Energy demonstrated (see Figure
8-12 & Figure 8-13) good to mild negative correlation for radius (R*> = 0.398, p < 0.001)
and tibia (R*> = 0.111, p = 0.019). In conclusion the results demonstrated good correlation
between volumetric BMD and TA Energy at distal radius and tibia, indicating that the TA
Energy which measures the sum of squared elements in the processed matrix is providing

structural information that matches well with the volumetric BMD.
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Figure 8-12 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Energy at distal

radius. Note the good correlation between the two measurements.
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Figure 8-13 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Energy at distal

tibia. Note the mild correlation between the two measurements.
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8.2.4.4 Volumetric BMD versus TA Homogeneity

The statistical test between volumetric BMD and TA Homogeneity demonstrated (see
Figure 8-14 & Figure 8-15) good negative correlation for radius (R? = 0.447, p < 0.001) and
tibia (R> = 0.223, p < 0.001). In conclusion the results demonstrated good correlation
between volumetric BMD and TA Homogeneity at distal radius and tibia, indicating that
the TA Homogeneity which measures the closeness of distribution of elements in the
processed matrix is providing structural information that matches well with the volumetric
BMD.
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Figure 8-14 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Homogeneity at

distal radius. Note the good correlation between the two measurements.
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Figure 8-15 The scatter plot for correlation between pQCT volumetric BMD and MRI TA Homogeneity at

distal tibia. Note the good correlation between the two measurements.

8.2.5 DEXA versus Water and Lipid FWHM from MRS

The four DEXA measurements from lumbar vertebrae measure the areal density of the
vertebrae (see Table 8:1). The FWHM of spectroscopy peaks (water and lipid) from lumbar
vertebrae is related to the T,* which is influenced by the magnetic susceptibility effect of
the bones and marrow, and believed to be the surrogate marker of the density of the
trabecular bone and marrow. The hypothesis in this section was that the FWHM of water
and lipid peaks from the bone would be related to density measurements from DEXA, since
both are measuring the structural information of the bone, thus the aim was to observe good
correlation between DEXA and FWHM.

8.2.5.1 Z-score versus Water and Lipid FWHM from MRS

The statistical test between Z-score and water FWHM at lumbar vertebrae
demonstrated (see Figure 8-16) moderate positive correlation (R* = 0.168, p = 0.004),
indicating that the water FWHM which measures the density of the trabecular bone is

providing density information that matches well with the Z-score.
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Figure 8-16 The scatter plot for correlation between Z-score and water FWHM at lumbar vertebrae. Note

the moderate correlation between the two measurements.

The statistical test between Z-score and lipid FWHM at lumbar vertebrae demonstrated

(see Figure 8-17) good positive correlation (R? = 0.234, p < 0.001), indicating that the lipid

FWHM which measures the density of the trabecular bone marrow is related to the Z-score

of the vertebra.

100

90

80

70

60

50

40

Lipid FWHM {Hz)

30

20

10

Z-scoreversus Lipid FWHM

o
% S o
o

8 @_w/'f
o
Wo@°
© > O o

<
<
R?=0.2343 ,/Q"; %
oo

© Total

Z-score

10

Figure 8-17 The scatter plot for correlation between Z-score and lipid FWHM at lumbar vertebrae. Note

the good correlation between the two measurements.
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8.2.5.2 T-score versus Water and Lipid FWHM from MRS

The statistical test between T-score and water FWHM at lumbar vertebrae
demonstrated (see Figure 8-18) moderate positive correlation (R* = 0.144, p = 0.008),
indicating that the water FWHM which measures the density of the trabecular bone is

providing density information that matches well with the T-score.
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Figure 8-18 The scatter plot for correlation between T-score and water FWHM at lumbar vertebrae. Note

the moderate correlation between the two measurements.
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(see Figure 8-19) good positive correlation (R? = 0.268, p < 0.001), indicating that the lipid
FWHM which measures the density of the trabecular bone marrow is related to the T-score

of the vertebra.
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Figure 8-19 The scatter plot for correlation between T-score and lipid FWHM at lumbar vertebrae. Note

the good correlation between the two measurements.
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8.2.5.3 Areal BMC versus Water and Lipid FWHM from MRS

The statistical test between areal BMC and water FWHM at lumbar vertebrae
demonstrated (see Figure 8-20) no significant correlation (R? = 0.027, p = 0.269),
indicating that the water FWHM which measures the density of the trabecular bone is not

directly related to the areal BMC of the vertebra.
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Figure 8-20 The scatter plot for correlation between areal BMC and water FWHM at lumbar vertebrae.

Note the poor correlation between the two measurements.
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The statistical test between areal BMC and lipid FWHM at lumbar vertebrae
demonstrated (see Figure 8-21) no significant correlation (R?> = 0.035, p = 0.206),
indicating that the lipid FWHM which measures the density of the trabecular bone marrow

is not related to the direct areal BMC measurement of the vertebra.
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Figure 8-21 The scatter plot for correlation between areal BMC and lipid FWHM at lumbar vertebrae.

Note the poor correlation between the two measurements.
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8.2.6 DEXA versus Unsaturation Index from MRS

The unsaturation index (Ul) measures the amount of unsaturated fatty acid present in
the bone marrow which is known to decrease with patients who suffer from conditions like
osteoporosis, as well as with low bone density and age. Thus it was believed that the Ul
would decrease with low bone density and would increase with high bone density. Based
on this assumption, the hypothesis in this section was that the Ul would be positively
related to density measurements from DEXA, thus the aim was to observe good positive
correlation between the two techniques.

The Ul was compared with the four DEXA measurements and the results
demonstrated (see Table 8:4) no significant correlation for any of the measurements, which
demonstrated that in this thesis the Ul was not dependent on the density of the bones. The
poor significance could be due to the difficulty in fitting of the 5.3 ppm (olefinic) peak

when the 4.7 ppm (water) peak was large.

Lumbar Vertebrae Unsaturation Index
Pearson correlation (r) 0.2001
Significance (p) 0.1774
Z- -
score Regression y=0.0012x+0.0270
Sample size (N) 47
r 0.1742
T-score P 0.2417
Regression y=0.0012x+0.0284
N 47
r 0.1734
p 0.2437
Areal BMC (g/cm -
(gfem) Regression y=0.0005x+0.0199
N 47

Table 8:4 The Pearson correlation results for comparison of DEXA measurements with Ul at lumbar

vertebrae. Note the poor correlation for all the measurements.
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8.2.7 DEXA versus Fat-Fraction from MR

The FF measures the amount of fat present in the bone marrow which is known to
increase with patients who suffer from conditions like osteoporosis, as well as with low
bone density and age. The hypothesis in this section was that the FF would be inversely
related to density measurements from DEXA, thus the aim was to observe good negative
correlation between the two techniques.

The FF measurements from MRI and MRS were compared with the four DEXA
measurements and the results demonstrated (see Table 8:5) no significant correlation for
any of the measurements, which demonstrated that FF was not dependent on the density of
the bones. The poor significance could be due to the volunteer population who were mostly
with high bone density.

Lumbar Vertebrae FF_MRS (%) FF_IDEAL (%)
r 0.0350 0.1386
p 0.8153 0.3527
Z-score -
Regression y=0.189x+62.826 y=0.470x+54.583
N 47 47
r -0.1664 -0.0623
p 0.2635 0.6772
T-score -
Regression y=—1.015x+66.032 y=—0.223x+56.793
N 47 47
r -0.1234 -0.0265
Areal BMC p 0.4087 0.8597
(g/cm) Regression y=—0.341x+70.772 y=—0.039x+57.056
N 47 47

Table 8:5 The Pearson correlation results for comparison of DEXA measurements with FF from MRI and

MRS at lumbar vertebrae. Note the poor correlation for all the measurements.
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8.3 Associations and Differences between HBM and

Controls

The aim in this section is to identify associations and differences between the
individual populations of HBM-affected individuals and controls by using the
measurements of MR and pQCT and comparing them with potential covariates of age and
BMI. Age was selected as the covariate for all the measurements and BMI was selected as a
potential covariate for only the MR measurements from lumbar vertebrae, since lumbar
vertebrae is more likely to show differences with BMI compared to measurements from
extremities.

The statistical analyses were performed in a logical cascade of individual stages as
explained in Figure 8-22. In this section the two populations of HBM-affected and controls
were grouped for each measurement of MR and pQCT, and then preliminary analysis were
performed by using Pearson linear correlation with covariates of age or BMI to identify
relationships. If neither population correlated with age or BMI, then age and BMI were not
considered to be influential covariates to the data. Thus the data were processed with T-test
to identify the differences in mean between the populations. If either populations correlated
with the covariates, then the covariates were considered influential and additional
processing was applied by calculating the 95% confidence interval (Cl) of the difference
between the slopes of the individual populations to identify if they were different or the
same. If the slopes were different then significant differences were observed between the
populations. If the slopes were the same then further analysis was applied to identify if
there was any significant distance between the parallel slopes. If there were no significant
distances observed between the slopes, then the slopes were assumed to be the same for

both the populations within experimental error.
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Figure 8-22 Flow chart used for the statistical processing of MR and pQCT data to identify associations and differences between HBM and controls.
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8.3.1 Volumetric BMD and Age

The BMD measurements from bones are known to be influenced by age, thus the aim
was to observe significant correlation between age and BMD for either populations of
HBM and controls. The pQCT volumetric BMD measurement from radius and tibia were
correlated with age to identify associations by using the Pearson linear correlation. The
results demonstrated (see Table 8:6, Figure 8-23 & Figure 8-24) that the control population
were significantly correlated with age for both radius (R* = 0.377, p = 0.034) and tibia (R?
= 0.673, p = 0.001) illustrating that volumetric BMD for the control population is
dependent on age. The HBM population did not have significant correlation with age for
both radius (R*> = 0.022, p = 0.390) and tibia (R? = 0.002, p = 0.813) illustrating that
volumetric BMD for the HBM population is not dependent on age.

QCT Radius Volumetric Tibia Volumetric
P BMD (mg/cm®) BMD (mg/cm®)
r 0.1476 0.0403
HBM p 0.3904 0.8128
Regression y=0.372x+185.740 y=0.095x+264.390
Age N 36 37
(years) r -0.6139 -0.8202
p 0.0337 0.0011
Controls -

Regression y=—2.243x+283.380 | y=—2.818x+364.390
N 12 12

Table 8:6 Pearson correlation results between age and pQCT volumetric BMD at radius and tibia in

relation to individual populations. Note the significant correlation for the control population when

compared with the HBM population at both skeletal sites.
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Figure 8-23 The scatter plot for correlation between age and pQCT volumetric BMD at radius in relation

to individual populations. Note the significant correlation for the control population when compared with

the HBM population.
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Figure 8-24 The scatter plot for correlation between age and pQCT volumetric BMD at tibia in relation to

individual populations. Note the significant correlation for the control population when compared with the

HBM population.
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The results demonstrated that age was a significant covariate for pQCT volumetric
BMD measurements at radius and tibia. The 95% CI for the slopes of HBM and controls
were then evaluated to identify if the populations were significantly different after taking
into consideration that age is a significant covariate. The 95% Cls for the difference
between the slopes of HBM and control population was non-zero for both radius (upper
95% CI = 4.462, lower 95% CI = 0.767) and tibia (upper 95% CI = 4.508, lower 95% CI =
1.319), which demonstrated that there is a significant difference between the two

populations and pQCT data were able to differentiate the populations.
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8.3.2 Bone Area and Age

The aim in this section was to observe whether bone area from pQCT changed with
age and also to identify if there was any significant difference in bone area between HBM
and control population. The results demonstrated (see Table 8:7) no significant correlation
between age and bone area for either populations at both radius and tibia, which

demonstrated that age was not a covariate for bone area measurements.

QcT Radius Bone Area Tibia Bone Area
P (mm?) (mm?)
r -0.1457 -0.0549
HBM p 0.3967 0.7468
Regression y=—0.638x+426.020 | y=—0.552x+1180.600
Age N 36 37
(years) r -0.2954 0.2945
P 0.3513 0.3527
Controls R -

gression | y=—1 082x+402.630 y=2.256x+975.310
N 12 12

Table 8:7 Pearson correlation results between age and pQCT bone area at radius and tibia in relation to

individual populations. Note the poor correlation for all the measurements at both skeletal sites.

The results demonstrated that age was not a significant covariate for pQCT bone area
measurements at radius and tibia, thus T-test was applied to identify if there was any
significant differences between the HBM and control populations from the bone area
measurement. The T-test results demonstrated a significant difference between HBM and
controls at radius (p = 0.023), but no significant differences were observed at tibia (p =
0.186). In conclusion, the results from T-test illustrate that the bone area is different
between HBM and controls at radius, but they are not different at tibia.
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8.3.3 BVF and Age

The aim in this section was to observe whether BVF from MRI changed with age and
also to identify if there was any significant difference in BVF between HBM and control
population. The results demonstrated (see Table 8:8) no significant correlation between age

and BVF for either populations at both radius and tibia, which demonstrated that age was

not a covariate for BVF measurements.

MRI Radius BVF (%) Tibia BVF (%)

r -0.1182 -0.0686
p 0.5415 0.6824

HBM -
Regression | y=—0.014x+25.388 | y=—0.010x+28.062
Age N 29 38
(years) r 0.1243 -0.3532
p 0.7500 0.2601

Controls R .
EQressIon | y=0.027x+20.927 | y=—0.046x+27.574
N 9 12

Table 8:8 Pearson correlation results between age and MRI BVF at radius and tibia in relation to

individual populations. Note the poor correlation for all the measurements at both skeletal sites.

The results demonstrated that age was not a significant covariate for MRl BVF
measurements at radius and tibia, thus a T-test was applied to identify if there was any
significant differences between the HBM and control populations from the BVF
measurement. The T-test results demonstrated (see Figure 8-25 & Figure 8-26) a significant
difference between HBM and controls for both radius (p < 0.001) and tibia (p < 0.001). In
conclusion, the results from T-test illustrate that MRI measured BVF is able to differentiate
between HBM and controls at radius and tibia, but not related to age.
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BVF at Distal Radius

301

T
R Coonirols

Volunteer Classification

Figure 8-25 Box plot for BVF measurement at distal radius in relation to HBM and controls.
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Figure 8-26 Box plot for BVF measurement at distal tibia in relation to HBM and controls.
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8.3.4 Trabecular Area and Age

The aim in this section was to observe whether trabecular area measured from MRI
changed with age and also to identify if there was any significant difference in trabecular
area between HBM and control population. The results demonstrated (see Table 8:9) no
significant correlation between age and trabecular area for either populations at both radius

and tibia, which demonstrated that age was not a covariate for trabecular area

measurements.
MRI Radius Trabecular Tibia Trabecular
Area (mm?) Area (mm?)

r -0.2816 -0.0524
HBM p 0.0961 0.7548
Regression | y=-1.152x+383.530 | y=—0.553x+1027.400
Age N 36 38
(vears) r -0.2696 0.1945
P 0.3967 0.5446

Controls R .
GQression | y=-0.931x+324.600 |  y=1.879x+834.680
N 12 12

Table 8:9 Pearson correlation results between age and MRI trabecular area at radius and tibia in relation

to individual populations. Note the poor correlation for all the measurements at both skeletal sites.

The results demonstrated that age was not a significant covariate for MRI trabecular
area measurements at radius and tibia, thus a T-test was applied to identify if there was any
significant differences between the HBM and control population from the trabecular area
measurement. The T-test results demonstrated a significant difference between HBM and
controls for radius (p = 0.024), but no significant differences were observed at tibia (p =
0.175). In conclusion, the results from T-test illustrate that MRI measured trabecular area is

able to differentiate between HBM and controls at radius, but not at tibia.
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8.3.5 Entropy and Age

The results demonstrated (see Table 8:10) significant correlation between age and
Entropy for the control population at distal radius and no significant correlation was
observed for the HBM population, which demonstrated that age was a covariate for Entropy
measurement at radius. No significant correlation was observed between age and Entropy

for all the population at distal tibia, thus age was ruled out as a covariate at tibia.

Radius Entropy Tibia Entropy
MRI
(a.u.) (a.u.)

r 0.1266 -0.2302
p 0.4620 0.1645

HBM .
Regression y=0.001x+6.875 | y=—0.002x+7.033
Age N 36 38
(years) r -0.6987 -0.4833
P 0.0115 0.1114

Controls R .
EQression | y=—0.006x+7.230 | y=—0.004x+7.102
N 12 12

Table 8:10 Pearson correlation results between age and MRI1 Entropy at radius and tibia in relation to
individual populations. Note the good correlation of Entropy from radius with age for the control

population.

The results demonstrated that age was a significant covariate for Entropy
measurements at radius (see Figure 8-27 & Table 8:10), thus 95% CI for the slopes of
HBM and controls were evaluated to identify if the populations were significantly different
after taking into consideration that age is a significant covariate. The 95% Cls for the
difference between the slopes of HBM and control population was non-zero for radius
(upper 95% CI = 0.0138, lower 95% CI = 0.0001) which demonstrated that there is a
significant difference between the two populations and MRI is able to differentiate the

populations.
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Figure 8-27 The scatter plot for correlation between age and MRI Entropy at radius in relation to
individual population. Note the significant correlation for the control population when compared with the

HBM population.

The results also demonstrated that age was not a significant covariate for Entropy
measurements at tibia, thus T-test was applied to identify if there was any significant
differences between the HBM and control population from the Entropy measurement. The
T-test results demonstrated no significant difference between HBM and controls for tibia (p
= 0.504). In conclusion, the results from T-test illustrate that MRI measured Entropy at

tibia is not able to differentiate between HBM and controls.
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8.3.6 Textural Analysis and Age

The aim in this section was to observe whether TA measurements from MRI were
influenced by age and also to identify if there was any significant difference in TA between

HBM and control population at both radius and tibia.

8.3.6.1 TA Contrast and Age

The results demonstrated (see Table 8:11) significant correlation between age and TA
Contrast for the control population at distal tibia and no significant correlation was
observed for the HBM population, which demonstrated that age was a covariate for TA
Contrast measurement at tibia. No significant correlation was observed between age and

TA Contrast for all the population at distal radius, thus age was ruled out as a covariate at

radius.
Radius TA Contrast Tibia TA Contrast
MRI
(a.u) (a.u.)

r -0.1113 -0.2825
p 0.5182 0.0857

HBM .
Regression y=—0.008x+4.296 y=—0.016X+5.554
Age N 36 38
(years) r -0.5502 -0.6051
P 0.0638 0.0371

Controls R -
egression y=—0.039x+5.266 y=—0.032x+6.285
N 12 12

Table 8:11 Pearson correlation results between age and MRI TA Contrast at radius and tibia in relation to
individual populations. Note the good correlation of TA Contrast from tibia with age for the control

population.

The results demonstrated that age was a significant covariate for TA Contrast
measurements at tibia (see Figure 8-28 & Table 8:11), thus 95% CI for the slopes of HBM
and controls were evaluated to identify if the populations were significantly different after
taking into consideration that age is a significant covariate. The 95% Cls for the difference
between the slopes of HBM and control population contained zero (upper 95% CI =
0.0527, lower 95% CI = -0.0199) which demonstrated that there was no significant
differences between the slopes. Further CI test was applied to observe if there was any
significant distance observed between the intercepts of the two slopes. The 95% CI for the
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vertical distance between the intercepts of the slopes contained zero (upper 95% CI =
0.616, lower 95% CI = -0.303), which demonstrated that there were no significant distance

between the slopes. Thus the results demonstrated that there were no significant differences

between the two populations and MRI was not able to differentiate the populations.
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Figure 8-28 The scatter plot for correlation between age and MRI TA Contrast at tibia in relation to
individual population. Note the significant correlation for the control population when compared with the

HBM population.

The results also demonstrated that age was not a significant covariate for TA Contrast
measurements at radius, thus T-test was applied to identify if there was any significant
differences between the HBM and control population from the TA Contrast measurement.
The T-test results demonstrated significant difference between HBM and controls for radius
(p = 0.041). In conclusion, the results from T-test illustrate that MRI measured TA Contrast

at radius is able to differentiate between HBM and controls.
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8.3.6.2 TA Correlation and Age

The results demonstrated (see Table 8:12) significant correlation between age and TA
Correlation for the control population at distal tibia and no significant correlation was
observed for the HBM population, which demonstrated that age was a covariate for TA
Correlation measurement at tibia. No significant correlation was observed between age and

TA Correlation for all the population at distal radius, thus age was ruled out as a covariate

at radius.
MRI Radius TA Tibia TA

Correlation (a.u.) | Correlation (a.u.)
r 0.1798 0.2832
p 0.2940 0.0849

HBM .
Regression y=0.001x+0.476 | y=0.001x+0.345
Age N 36 38
(years) r 0.5192 0.6409
p 0.0836 0.0247

Controls R -
EQression | y=0.004x+0.432 | y=0.002x+0.294
N 12 12

Table 8:12 Pearson correlation results between age and MRI TA Correlation at radius and tibia in relation
to individual populations. Note the good correlation of TA Correlation from tibia with age for the control

population.

The results demonstrated that age was a significant covariate for TA Correlation
measurements at tibia (see Figure 8-29 & Table 8:12), thus 95% CI for the slopes of HBM
and controls were evaluated to identify if the populations were significantly different after
taking into consideration that age is a significant covariate. The 95% Cls for the difference
between the slopes of HBM and control population contained zero (upper 95% CI =
0.0005, lower 95% CI = -0.0035) which demonstrated that there was no significant
differences between the slopes. Further CI test was applied to observe if there was any
significant distance observed between the intercepts of the two slopes. The 95% CI for the
vertical distance between the intercepts of the slopes (upper 95% CI = -0.006, lower 95%
Cl = -0.057) was non-zero, which demonstrated significant distance between the intercepts
of the slopes. Thus the results demonstrated that there were significant differences between

the two populations with parallel slopes, and MRI was able to differentiate the population.
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Figure 8-29 The scatter plot for correlation between age and MRI TA Correlation at tibia in relation to
individual population. Note the significant correlation for the control population when compared with the
HBM population.

The results also demonstrated that age was not a significant covariate for TA
Correlation measurements at radius, thus T-test was applied to identify if there was any
significant differences between the HBM and control population from the TA Correlation
measurement. The T-test results demonstrated significant difference between HBM and
controls for radius (p = 0.019). In conclusion, the results from T-test illustrate that MRI
measured TA Correlation at radius is able to differentiate between HBM and controls.
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8.3.6.3 TA Energy and Age

The results demonstrated (see Table 8:13) no significant correlation between age and
TA Energy for either populations at both radius and tibia, which demonstrated that age was

not a covariate for TA Energy measurements.

MRI Radius TA Energy Tibia TA Energy
(a.u.) (a.u.)
r -0.0385 0.1785
HBM p 0.8234 0.2836
Regression | y=-0.0000x+0.0244 | y=0.0000x+0.0205
Age N 36 38
(years) r 0.4716 0.5719
P 0.1217 0.0520
Controls R .
egression y=0.0002x+0.0168 | y=0.0001x+0.0153
N 12 12

Table 8:13 Pearson correlation results between age and MRI TA Energy at radius and tibia in relation to

individual populations. Note the poor correlation of TA Energy for all the measurements.

The results demonstrated that age was not a significant covariate for MRl TA Energy
measurements at radius and tibia, thus T-test was applied to identify if there was any
significant differences between the HBM and control population from the TA Energy
measurement. The T-test results demonstrated a significant difference between HBM and
controls for radius (p = 0.038), but no significant differences were observed at tibia (p =
0.749). In conclusion, the results from T-test illustrate that MRI measured TA Energy is

able to differentiate between HBM and controls at radius, but not at tibia.
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8.3.6.4 TA Homogeneity and Age

The results demonstrated (see Table 8:14) significant correlation between age and TA
Homogeneity for the control population at distal radius and tibia and no significant
correlation was observed for the HBM population, which demonstrated that age was a

covariate for TA Homogeneity measurement at radius and tibia.

MRI Radius TA Tibia TA
Homogeneity (a.u.) | Homogeneity (a.u.)
r 0.1129 0.2622
HEM p 0.5121 0.1117
Regression | y=0.0002x+0.5106 | y=0.0004x+0.4700
Age N 36 38
(years) r 0.6048 0.6739
P 0.0372 0.0163

Controls R -

€Qression | y=0 0020x+0.4514 | y=0.0010x+0.4434
N 12 12

Table 8:14 Pearson correlation results between age and MRI TA Homogeneity at radius and tibia in
relation to individual populations. Note the good correlation of TA Homogeneity with age for the control

population of radius and tibia.

The results demonstrated that age was a significant covariate for TA Homogeneity
measurements at radius and tibia (see Figure 8-30, Figure 8-31 & Table 8:14), thus 95% ClI
for the slopes of HBM and controls were evaluated to identify if the populations were

significantly different after taking into consideration that age as a significant covariate.

208



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

At radius the 95% Cls for the difference between the slopes of HBM and control
population was non-zero (upper 95% CI = -0.0001, lower 95% CI = -0.0034) indicating a
significant difference between them. Thus the results demonstrated that there were
significant differences between the two populations, and MRI was able to differentiate the
population.

At tibia the 95% Cls for the slopes of HBM and control population contained zero
(upper 95% CI = 0.0004, lower 95% CI = -0.0015) which demonstrated that there was no
significant differences between the slopes. Further Cl test was applied for tibia
measurements to observe if there were any significant distance observed between the
intercepts of the two slopes. The 95% CI for the vertical distance between the intercepts of
the two slopes contained zero (upper 95% CI = 0.007, lower 95% CI = -0.017), which
demonstrated that there were no significant distance between the slopes. Thus the results
demonstrated that there were no significant differences between the two populations and

MRI was not able to differentiate the populations.
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Figure 8-30 The scatter plot for correlation between age and MRI TA Homogeneity at radius in relation to
individual population. Note the significant correlation for the control population when compared with the

HBM population.
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Figure 8-31 The scatter plot for correlation between age and MRI TA Homogeneity at tibia in relation to
individual population. Note the significant correlation for the control population when compared with the
HBM population.
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8.3.7 Water and Lipid FWHM from MRS with Age and BMI

The aim in this section was to observe whether water and lipid FWHM from MRS
were influenced by age and BMI, and also to identify if there was any significant difference
in water and lipid FWHM between HBM and control population at lumbar vertebrae

The results demonstrated (see Table 8:15) no significant correlation between age and
water/lipid FWHM as well as BMI and water/lipid FWHM for all the populations which
demonstrated that age and BMI were not covariates for water and lipid FWHM

measurement at lumbar vertebrae.

MRS Water FWHM (Hz) | Lipid FWHM (Hz)
r 0.2428 0.0322
p 0.1477 0.8498

HBM .
Regression y=0.183x+58.073 |  y=0.026x+61.285
Age N 37 37
(years) r -0.1091 -0.2756
P 0.7356 0.3859

Controls = -
EQression | y=—0,087x+66.398 | y=—0.247x+67.240
N 12 12
r 0.0286 -0.0563

p
HEM _ _ 0.8704 0.7482
egression y=0.056x+67.113 | y=—0.122x+66.249
BMI N 35 35
(kg/m) r -0.1882 -0.1595
P 0.5581 0.6205

Controls R .
€gression | y=-0.342x+71.569 | y=—0.326x+63.524
N 12 12

Table 8:15 Pearson correlation results for age and BMI with water and lipid FWHM at lumbar vertebrae

in relation to individual populations. Note the poor correlation for all the measurements.
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The results demonstrated that age and BMI were not a significant covariate for water
and lipid FWHM measurements at lumbar vertebrae, thus T-test was applied to identify if
there was any significant differences between the HBM and control population from both
water and lipid FWHM measurements. The T-test results demonstrated a significant
difference between HBM and controls for both water FWHM (p = 0.032) and lipid FWHM
(p = 0.020). In conclusion, the results from T-test demonstrated that MRS measured
FWHM which is a surrogate measurement of trabecular bone and marrow density is able to

differentiate between HBM and controls at lumbar vertebrae.
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8.3.8 Unsaturation Index from MRS with Age and BMI

The aim in this section was to observe whether Ul from MRS was influenced by age
and BMI, and also to identify if there was any significant difference in Ul between HBM
and control population at lumbar vertebrae

The results demonstrated (see Table 8:16) non significant correlation for age and BMI
with Ul for all the population which demonstrated that age and BMI were not covariates for

Ul measurement at lumbar vertebrae.

MRS Unsaturation Index
r -0.0392
P 0.8178
HBM :
Regression y=—0.0000x+0.0364
Age N 37
(years) r 0.1813
p
Controls : 22128
Regression y=0.0002x+0.0158
N 12
r 0.1561
p
B . _ 0.3704
egression y=0.0004x+0.0208
BM |2 N 35
(kg/m?) r 0.2281
p
Controls : DATST
Regression y=0.0006x+0.0097
N 12

Table 8:16 Pearson correlation results for age and BMI with Ul at lumbar vertebrae in relation to

individual populations. Note the poor correlation for all the measurements.

The results demonstrated that age and BMI were not a significant covariate for Ul
measurement at lumbar vertebrae, thus T-test was applied to identify if there was any
significant differences between the HBM and control population from Ul measurement.
The T-test results demonstrated non significant difference between HBM and controls for
the Ul measurement (p = 0.095). In conclusion, the results from T-test demonstrated that
MRS measured Ul which is a measurement of the amount of unsaturated fatty acid in the

bone marrow is not able to differentiate between HBM and controls at lumbar vertebrae.
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8.3.9 Fat-Fraction from IDEAL with Age and BMI

The aim in this section was to observe whether FF from IDEAL imaging was
influenced by age and BMI, and also to identify if there was any significant difference in
FF between HBM and control population at lumbar vertebrae

The results demonstrated (see Table 8:17) significant correlation between age and FF
from IDEAL for both the HBM and control population, but no significant correlation was
observed between BMI and FF from IDEAL for both the HBM and the control population.
Thus the results demonstrated that BMI was not a significant covariate for FF

measurement, but age was a significant covariate for FF measurement.

FF from IDEAL
MRS (%)
r 0.5364
p 0.0006
HBM ;
Regression | y=0.291x+39.218
Age N 37
(years) r 0.6446
p
Controls - D025
Regression y=0.378x+35.038
N 12
r -0.1142
p
HBM . 0.5134
Regression | y=—0.157x+61.353
BMI N 35
(kg/m?) r 0.0643
p
Controls . 05120
Regression y=0.101x+52.056
N 12

Table 8:17 Pearson correlation results for age and BMI with FF from IDEAL imaging at lumbar vertebrae
in relation to individual populations. Note the significant correlation with age for both the HBM and

control populations.

The results demonstrated that age was a significant covariate for FF measurement at
lumbar vertebrae (see Table 8:17 & Figure 8-32), thus 95% CI for the slopes of HBM and
controls were evaluated to identify if the populations were significantly different after

taking into consideration that age is a significant covariate. The 95% Cls for the difference
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between the slopes of HBM and control population contained zero (upper 95% CI = 0.232,
lower 95% CI = -0.406) which demonstrated that there were no significant differences
between the slopes. Further CI test was applied for FF measurements to observe if there
was any significant distance observed between the intercepts of the two slopes. The 95% CI
for the vertical distance between the intercepts of the slopes contained zero (upper 95% ClI
= 3.599, lower 95% CI = -4.410), which demonstrated that there were no significant
distance between the slopes. Thus the results demonstrated that there were no significant
differences between the two populations and MRI measurement of FF from the vertebrae
which quantifies the amount of fat in the bone marrow was not able to differentiate the

population.
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Figure 8-32 The scatter plot for correlation between age and FF from IDEAL at lumbar vertebrae in

relation to individual populations. Note the significant correlation for both the populations.
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8.3.10 Fat-Fraction from MRS with Age and BMI

The aim in this section was to observe whether FF from MRS was influenced by age
and BMI, and also to identify if there was any significant difference in FF between HBM
and control population at lumbar vertebrae

The results demonstrated (see Table 8:18) significant correlation between age and FF
from MRS for both the HBM and control population. The results also demonstrated
significant correlation between BMI and FF from MRS for the HBM population, but not
the control population, indicating that BMI is a significant factor for HBM subjects. In
conclusion the results demonstrated that both age and BMI were significant covariates for

FF measurement at lumbar vertebrae.

MRS FF from MRS (%)
r 0.5598
p 0.0003
HBM :
Regression y=0.499x+33.460
Age N 37
(years) r 0.6594
p
Controls : —
Regression y=0.628x+30.127
N 12
r -0.3977
p
B . 0.0180
Regression y=—0.915x+90.820
BMI2 N 35
(kg/m?) r -0.0867
p
Controls : 07883
Regression | y=—0.167x+67.930
N 12

Table 8:18 Pearson correlation results for age and BMI with FF from MRS at lumbar vertebrae in relation
to individual populations. Note the significant correlation with age for both the HBM and control

populations, and the significant correlation with BMI for the HBM population.

The results demonstrated that both age and BMI were significant covariates for FF
measurement at lumbar vertebrae (see Table 8:18, Figure 8-33 & Figure 8-34), thus 95% CI

for the slopes of HBM and controls were evaluated to identify if the populations were

216



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

significantly different after taking into consideration that age and BMI as significant
covariates.

The 95% Cls for the difference between the slopes of HBM and control population
was evaluated by keeping the age as the covariate and the results contained zero (upper
95% CI = 0.385, lower 95% CI = -0.644) which demonstrated that there were no significant
difference between the slopes. Further CI test was applied for FF measurements to observe
if there was any significant distance observed between the intercept of the two slopes. The
95% CI for the vertical distance between the intercept of the slopes contained zero (upper
95% CI = 2.999, lower 95% CI = -9.911), which demonstrated that there were no
significant distance between the slopes. Thus the results demonstrated that there were no
significant differences between the two populations and MRS measurement of FF from the
vertebrae was not able to differentiate the populations with age as the covariate.

The 95% Cls for the difference between the slopes of HBM and control population
was evaluated by keeping the BMI as the covariate and the results contained zero (upper
95% CI1 = 0.692, lower 95% CI = -2.188) which demonstrated that there was no significant
differences between the slopes. Further CI test was applied for FF measurements to observe
if there was any significant distance observed between the intercept of the two slopes. The
95% CI for the vertical distance between the intercept of the slopes contained zero (upper
95% CI = 8.493, lower 95% CI = -6.506), which demonstrated that there were no
significant distance between the slopes. Thus the results demonstrated that there were no
significant differences between the two populations and MRS measurement of FF from the

vertebrae was not able to differentiate the populations with BMI as the covariate.
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Figure 8-33 The scatter plot for correlation between age and FF from MRS at lumbar vertebrae in relation

to individual population. Note the significant correlation for both the population.
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Figure 8-34 The scatter plot for correlation between BMI and FF from MRS at lumbar vertebrae in

relation to individual population. Note the significant correlation for the HBM population.
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8.4 Comparison of FF from IDEAL and MRS

The FF measurements acquired using IDEAL imaging and MRS was compared with
each other, by using MRS as the gold standard measurement. The comparison was
performed by using Bland-Altman plot to identify if both the techniques provided similar
information. The FF measurements from each vertebra acquired using IDEAL and MRS
were averaged (mean) to produce an effective single measurement representative of the
whole lumbar vertebrae. The results demonstrated (see Figure 8-35) a clear trend where the
FF from IDEAL was always overestimating for lower FF values and underestimating for
higher FF values when compared with MRS. This trend was observed in all the lumbar
vertebrae under investigation and has also been previously demonstrated in this centre [173,
194].

Bland-Altman Plot for Comparison
of FF from IDEAL and MRS
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Figure 8-35 The Bland-Altman plot for comparison of FF from IDEAL and MRS.

Further investigation of the individual FF values demonstrated (see Figure 8-36) that
the dynamic range for the FF values from IDEAL were smaller when compared with MRS

and this was observed as the trend in the Bland-Altman plot.
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Figure 8-36 The display of FF measurements from IDEAL and MRS.

The possible reason for the poor range of the IDEAL technique may be due to the

acquisition method, since the IDEAL technique that was used in this thesis was a three-

point Dixon technique and it is well known [109, 110] that this method of acquisition

assumes fat and water as only two components, but in reality fat has up to six components

that can be seen in vivo. The IDEAL technique may not be able to separate fat and water as

efficiently as MRS, and thus results in contamination of fat and water images.

The solution may be achieved by using advanced IDEAL technique like IDEAL-IQ

that recognises the multiple components of fat and acquires data with better representation

of fat and water [110].
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8.5 General Discussion

In conclusion, the results from this section fulfilled both the aims of: (i) good
correlation between MR and X-ray quantitative techniques and (ii) effective differentiation
of affected and non-affected populations based on MR quantitative measurements.

The results from distal radius and tibia demonstrated good correlation between pQCT
volumetric density measurements with MRI measurements of BVF, entropy and four TA
properties (see Figure 8-2, Figure 8-3, Figure 8-7, Figure 8-8, Figure 8-9, Figure 8-10,
Figure 8-11, Figure 8-12, Figure 8-13, Figure 8-14 & Figure 8-15) illustrating that the MRI
method of bone quantification is providing similar information to pQCT and is also
providing additional structural properties from TA that cannot be measured by pQCT. The
results from lumbar vertebrae illustrate that FWHM of water and lipid peaks, which are the
surrogate markers of trabecular bone and marrow density correlate well with areal DEXA
measurements from spine in relation to Z-score and T-score (see Figure 8-16,.Figure 8-17,
Figure 8-18 & Figure 8-19). There were no significant correlations observed between areal
BMC and any of the MR measurements. The FF and Ul from MR also did not correlate
with any of the DEXA measurements, which conflicts with the results from previously
published works.

At distal radius and tibia, some of the MRI measurements were able to differentiate the
HBM and the control populations, which demonstrated the potential of using MR
measurements for identification of bone abnormalities. At lumbar vertebrae, the FWHM of
water and lipid peaks were able to differentiate the populations with good significance. The
measurements of Ul and FF were not able to differentiate between the populations, which
also conflicts with the results from previously published works, probably due to this thesis
containing a new population of HBM-affected individuals.

The results in this thesis illustrate that quantitative measurements from MR are
providing information similar to X-ray quantitative techniques and are also able to
differentiate between different types of populations based on their bone properties.
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9 Conclusion and Developments

9.1 Conclusion

The techniques of magnetic resonance imaging and spectroscopy (MRl & MRS) have
been successfully used at multiple skeletal sites to acquire quantitative information in
relation to bone quantity and quality. Acquisition protocols have been successfully
optimised at 3.0 T to acquire different types of quantitative data.

In-house software has been successfully developed and validated to process and
quantify bone data from multiple skeletal locations. The method of textural analysis has
been successfully used for bone quantification at extremities with promising results. The
software has been successfully used in a cohort of volunteers to identify differences in their
bone condition.

The MRI data from distal radius and tibia were compared with peripheral quantitative
computed tomography (pQCT) and the results demonstrated good correlation between each
other for most of the MRI measurements, which demonstrated that the MRI method of
quantitative data acquisition is as good as the gold standard techniques with the added
advantage of acquiring new information that is not achieved by other modalities.

The MRI data from distal radius and tibia were used for comparisons of subjects of
high bone mass (HBM) and normal controls, and the statistical analysis shows that MRI
measurements of bone volume fraction (BVF), entropy and some textural properties at
distal radius and tibia were able to differentiate the HBM and the control populations.
These results illustrate that MRI data are able to identify the structural and density changes
in bones in relation to this bone condition.

The MRI and MRS measurements from lumbar vertebrae were compared with dual-
energy X-ray absorptiometry (DEXA) measurements from lumbar vertebrae to identify
relationships and differences. The FWHM of both water and lipid peaks were moderately
related with spinal areal DEXA measurements and were also able to differentiate the HBM
and the control populations. These results illustrate that MRS data can give useful structural
and chemical composition and are able to differentiate changes in relation to different bone

conditions.
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The fat-fraction (FF) measurements from imaging and spectroscopy at lumbar
vertebrae were correlated with areal DEXA data and the results demonstrated no significant
correlation between the two measurements, which negates the observations from previous
studies that have demonstrated a negative relationship between FF and areal DEXA data
from the lumbar vertebrae. This conflict in the results may be due to the presence of the
HBM subjects who may have different biological changes in the bone. The FF data were
also correlated with age and body mass index (BMI) for both populations, and the results
demonstrated a linear increase in FF with age for both the HBM population and controls,
and there were no significant differences observed between HBM and controls.

Previous studies [179, 182, 183, 194, 201, 205, 217, 218, 237] have demonstrated a
linear increase in FF with age for controls, and also an increase in FF for osteoporosis (OP)
affected individuals. The OP subjects have lower bone density which is believed to cause
higher FF in the bone marrow. The results in this thesis demonstrated a higher FF for the
HBM and they were also similar to the normal subjects. The observations from this thesis
illustrate that FF from the lumbar vertebrae is positively related to age but not to the areal
bone density measurements. The HBM condition was more dependent on the structural
property (FWHM) of the bone rather than the changes in bone marrow composition (FF).

The unsaturation index (Ul) from MRS is the measure of the amount of unsaturated
fatty acids present in the bone marrow. Previous studies [217, 238] have demonstrated a
decrease in Ul with OP when compared with controls. The results in this thesis
demonstrated no significant correlation between Ul and areal DEXA measurements, as well
as the Ul measurements were also not able to differentiate between the HBM and control
population.

The combined results from this thesis demonstrate that MRI and MRS are both
sensitive techniques for quantifying bone quantity and bone quality, and that they are ready
to be applied to studying the bones of patients for observing changes in relation to bone
abnormalities. The results from this thesis add to other work in the international community
that use MR modality and its multiple quantitative measurements to study the HBM-
affected population. This thesis shows the value of adding these techniques and software
for the non invasive non-ionising evaluation of bones that could be added onto clinical

scans in patients.
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9.2 Limitations

The current thesis has several limitations. The sample size for HBM and controls was
limited and was not balanced in terms of number of subjects which may reduce the power
of the statistical tests used, leading to true differences not being detected. Larger and more
balanced populations would be ideal for effective evaluation in future. This thesis was also
limited to caucasian women due to their greater prevalence in the HBM study population,
and thus the results are specific to this group. Populations with equal number of men and
women would be preferable in future. The images from distal tibia were acquired using a
birdcage head coil which resulted in reduced signal-to-noise ratio (because of a poor filling
factor) when compared with the wrist coil that was used for image acquisition at distal
radius. ldeally a dedicated coil should be used for distal tibia. The IDEAL imaging
technique used in this thesis is known for poor differentiation of fat and water signals,
resulting in contamination of water and fat images, because of the small number of echoes
used (three). The advanced IDEAL sequence, IDEAL IQ, with more echoes for better
modelling of all of the fat peaks should more effectively differentiate fat and water in
future. At distal radius and tibia, data were acquired as T;-weighted SE images providing
structural information only, but high-resolution IDEAL images from extremities could be
used for quantifying both structural and bone marrow composition.
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9.3 Preliminary Work Towards Future Directions

The aim in future is to use the full potential of the MR techniques to acquire better and

additional quantitative information from musculoskeletal regions.

9.3.1 Ovarian Cancer Bone Project

It is known that both chemotherapy and hormonal therapy can cause a loss of bone
density and a concomitant increase in the risk of osteoporosis for men and women
potentially causing severe morbidity [40, 42, 239]. Detailed data and long-term experience
to assess the risks are urgently needed, and constitute an important research topic. MR
imaging and spectroscopy offer the potential to study bone strength and marrow
composition non-invasively.

This thesis illustrates that the quantitative MRI and MRS techniques that have been
developed are sensitive enough to demonstrate clear differences between study populations.
It is hoped that these techniques will provide useful information in on-going studies of
breast and ovarian cancer chemotherapy patients. The hope is that MRI and/or MRS will be
able to detect subtle changes in bone density and structure, and bone marrow quality
(red/yellow marrow fraction) which will permit a better scientific understanding of
treatment side-effects and, perhaps, a clinically useful way of identifying those individuals
who are at greater risk of future bone fractures who would, therefore, benefit from some
kind of prophylactic therapeutic intervention.

The aim of the chemotherapy project is to acquire pre-baseline, during- and post-
treatment MR data at lumbar vertebrae to identify changes in bone properties due to the
cancer treatment. R&D and ethics approval were acquired from the local NHS trust and the
local research ethics committee respectively for the project. The MR data are acquired by
using the IDEAL MRI acquisition from all the lumbar vertebrae and single voxel PRESS
MRS at first, third and fifth lumbar vertebrae (L1, L3 and L5). Parameter maps of FF will
be produced off-line from the IDEAL images which would then be compared to FF values
from MRS data, a presumed gold-standard, in all the patients. Trabecular density will also
be estimated from MRS by analysing the width of the spectral peaks, along with
spectroscopic Ul which would allow us to explore bone integrity in terms of both structural

and functional parameters. Longitudinal changes will be assessed using Friedman’s rank
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test for k related samples. Preliminary data were acquired as pre and post treatment

acquisition from one ovarian cancer patient as described in Figure 9-1.

1.3 ppm Fat
Peak

MRS
spectra
fromL5
Vertebrae

4.7 ppm Water
Peak

>

Figure 9-1 The MR IDEAL chemical-shift images (providing separate water- and fat-only images)
obtained sagitally through the lumbar spine to obtain the fat fraction of bone as shown in the colour map.
The spectrum on the right shows the corresponding gold-standard chemical data from the body of L5, as
obtained from the VOI shown in blue on the colour map, with the water and dominant fat peaks resonating

at 4.7 and 1.3 p.p.m. respectively.

226



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011

9.3.2 Development of Advanced Imaging at Distal Radius

All the data in this thesis for distal radius were acquired by using the eight channel
phased array (PA) coil. The use of the PA coil resulted in images being affected by
inhomogeneity artefacts. The data from this thesis did not use any of the default correction
techniques of PURE or SCIC (see Chapter 7). The aim is to examine these methods in the
scanner and to identify the ideal processing tool that could be used for all image acquisition
in future.

The aim in future is to acquire high-resolution IDEAL imaging at distal radius and
tibia, which could be used as a single image acquisition to measure combined quantitative
information of bone structure and FF, with added advantage of cortical bone segmentation
that could be used for the measurement of cortical thickness. Preliminary results from one
of the best IDEAL acquisition at distal radius, by using the wrist coil, demonstrated (see
Figure 9-2) improved image quality with good differentiation of trabecular structures in the
fat-only image, but there were mild flow artefacts observed in the water-only image. The
images were acquired with a slice thickness of 1 mm and with an in-plane resolution of 156
x 117 um. Note the improvements in image quality when compared with previously

acquired fat (see Figure 5-5) and water only (see Figure 3-18) images.
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Figure 9-2 The high-resolution IDEAL images acquired at 4% length of distal radius by using the wrist
coil. The image on top contains the water-only component and the image on the bottom contains the fat

only component. Note the good image quality from both the images.

The results illustrate the potential of acquiring high-resolution IDEAL images at distal
radius and tibia to collect additional quantitative information from the bones. Further work
is required to optimise these acquisitions with newer and better IDEAL sequences (e.g.
IDEAL-IQ) that are able to differentiate fat and water with better precision due to the use of

an increased number of echo-times that differentiate the multiple fat components [110].
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9.3.3 Analysis of Skeletal Muscle by Using MRI and MRS

The aim in future is also to acquire quantitative information from muscles that could
be used as an adjunct to markers of bone strength, as bone and muscle strength are inter-
linked [195, 240-244]. The muscles could be evaluated using imaging and multi-nuclear
spectroscopy (e.g. *H, *P).

Preliminary experimental data were acquired at calf region by using IDEAL imaging
and 'H spectroscopy. The IDEAL images (see Figure 9-3) were acquired using the knee
coil and with a slice thickness of 1 mm. The images provided good separation of the fat and
water components for measurement of FF, and with good delineation of the individual
muscles in the calf region. The spectrum was acquired at soleus muscle by using the single
voxel PRESS technique. The acquired spectrum (see Figure 9-4) provided information of

the individual components of intramyocellular lipids (IMCL) and extramyocellular lipids

(EMCL), and additional metabolite information in relation to creatinine (Cr2 and Cr3) and
trimethylamines (TMA).

Figure 9-3 IDEAL images from calf region. The image on the left illustrates the water component with the
yellow box illustrating the position of the MRS acquisition voxel. The image on the right illustrates the fat

component. Note the good image quality with delineation of the individual muscles.

229



Victor R. Lazar PhD Thesis (2008 — 2011) December 2011
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Figure 9-4 Single voxel ‘*H PRESS spectrum from soleus muscle, with illustration of the various

metabolites.

The results illustrate the potential of acquiring MR data at muscular regions, which
could be used for clinical or research analysis of abnormalities and diseases in muscles as
well as adjacent skeletal tissues. Additional metabolic data could also be acquired by using
31p spectroscopy (e.g. ATP/ADP concentrations) and other types of imaging techniques

(e.g. diffusion, perfusion) in the future.
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9.3.4 Optimal Classification of VVolunteers from the HBM Study

The volunteers in the HBM study comprised primary index people who were selected
based on their previous DEXA scores, in addition to their relatives and/or spouses. All
subjects were classified by the principal investigators of the HBM study at Bristol with a
set of default classification criteria for HBM, borderline HBM and controls, by using their
Z-scores from first lumbar vertebra and hip (see Figure 9-5). All the statistical analyses in
this thesis were based on the recommended criteria for the wider study [36], which were
different for each type of family member, as explained in Chapter 8 (with the index and
spouses treated in the same way and relatives treated differently when identifying HBM-
affected individuals). For classification of the individual populations the investigators have
used the old (pre-study) Z-scores for some people and the new (intra-study) Z-scores for
others. The criteria were also different, and complex for each population due to varied

clinical reasons like age and genetic compatibility.

. | M Index & HBM
g A Relative & HBM
'i_l + Index & Borderline HBM
= ® Relative & Control
@ Spouse & Control
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=l
-2
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Figure 9-5 Reproduces Figure 8-1 and shows the classification scheme used in this thesis for each type of

populations.
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The aim in this final section is to illustrate the potential of using an alternative criterion
that could be simpler in differentiating the HBM-affected and control volunteers. The
alternative criterion was based on the genetics work by Little et al. [224] for investigation
of high bone mass due to a mutation in LRP5 gene. Their work determined a clear
difference between affected individuals and controls and they recommended a criterion
which differentiated them effectively, based on the combined Z-score of hip and spine
being greater or lower than 4. Their criterion worked well for all types of populations as
well as for different age groups. The aim in future is, therefore, to use the simplified
criterion for re-classification of all subjects into HBM-affected and controls and then to
determine how results and conclusions are affected. The exclusive use of the most recent
DEXA measurements only for classification is also to be investigated.

Following is an example plot (see Figure 9-6) for all the volunteers in this thesis who
were classified based on the new criterion and also by using the DEXA scores
recommended by the Bristol team. Based on the new classification, one relative who was
previously classified as HBM has now been reclassified as control, thus there are now 13
controls (an increase of 8%). The previously classified HBM individuals still remain as
HBM-affected, and the two index borderline HBM individuals are now reclassified as
HBM. Thus there are now 39 HBM-affected individuals (an increase of 3%).
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Figure 9-6 Presents the actual Z-score data that was used in this thesis for the classification and also
shows the single line used in the simpler scheme of Little et al. The red region is for controls and the white
region is for HBM-affected. The symbols used for each datum are the same as used in Figure 9-5, and this

shows that one relative who was previously classified as HBM has now become a control. The two index
borderline HBM individuals are now classified as HBM, and all the index HBM individuals still remain
HBM. Note that there is one relative who has a combined Z-score of 4.0 and lies exactly on the criterion

line and is classified as HBM-affected.
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Following is an example plot (see Figure 9-7) for all the volunteers in this thesis who

were classified based on the new criterion and by using only the intra-study DEXA scores.
Based on the new classification, one relative who was previously classified as HBM has
now been reclassified as control, thus there are now 13 controls (an increase of 8% over
Figure 9-5). The previously classified HBM individuals still remain as HBM-affected, and
the two index borderline HBM individuals are now reclassified as HBM. Two index
individuals did not undergo DEXA examination during the study, thus they were excluded.

Now there are 37 HBM-affected individuals (a decrease of 3% over Figure 9-5).
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Figure 9-7 Presents intra-study Z-score data only and also shows the single line used in the simpler
scheme of Little et al. The symbols used for each datum are the same as used in Figure 9-5 & Figure 9-6,
and there is no difference in the number of newly classified HBM and controls when compared with
Figure 9-6, except for two missing data from index individuals who did not have DEXA examination
during the study. Note that there is one relative who has a combined Z-score of 4.0 and lies exactly on the

criterion line and is classified as HBM-affected.

The change in criteria showed negligible changes for the number of individuals being

reclassified as HBM-affected or controls.
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9.4 Future Work

9.4.1 Repeatability of MR Measurements

The MR technique has demonstrated the potential of acquiring various types of in vivo
data from bones, which have been processed to measure different types of quantitative
information. It is important to note that only some of the quantitative data (e.g. FF, BVF)
have been previously assessed to illustrate the repeatability of the results. The MR
measurements from patients may be affected by various factors like instrumental changes,
data analysis, physiological activity, diet, medications and age which may result in
variations in some or all of the MR data. The aim in future is also to acquire repeated
measurements from volunteers, both HBM and controls, to observe possible changes in the

MR measurements.
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