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ABSTRACT

MULTI-RESOLUTION STUDY OF TOPOGRAPHICAL AND ZONAL PROPERTIES
OF OSTEOARTHRITIS IN ARTICULAR CARTILAGE USING MICROSCOPIC MRI
AND POLARIZED LIGHT MICROSCOPY
by

Farid-Ahmed Wajihuddin Badar

Advisor: Yang Xia, Ph.D.

Articular cartilage is a thin layer of connective tissue found in diarthrodial joints
that overlay the opposing ends of bones and acts as lubricating surfaces to distribute
stress and reduce friction with the help of synovial fluid. Hyaline cartilage contains an
abundance of water molecules that are essential to the behavior and function of cartilage,
the negatively charged proteoglycans that influence the biomechanical properties of the
tissue, and the collagen fibers that act as the rebar or reinforcement bars to preserve the
structural integrity of the tissue. Cartilage supports the applied load and distributes stress
based on its intrinsic material properties, together with its underlying bone. At different
surface locations of any single diarthrodial joint, the properties of cartilage are prone to
have many morphological and molecular variations topographically, which are mainly
due to the patterns of mechanical loading for any specific joint. Any change in the
morphological and molecular properties of the cartilage and bone is likely to directly
impact the clinical diagnoses of joint diseases such as osteoarthritis (OA).

In addition to the topographical variations, cartilage also has a number of depth-
dependent variations over its thin thickness, which begins in the non-calcified cartilage
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with articular laminae and the unequal thickness of sub-tissue zones. Conceptually, the
non-calcified cartilage is commonly subdivided based on the orientations of collagen
fibers and chondrocytes, into three histological zones. They are the superficial (SZ),
transitional (TZ), and radial (RZ) zones. The non-calcified cartilage interfaces with the
calcified cartilage and subchondral bone plate (SBP) through the tidemark (TM).

This dissertation has seven chapters, which describe a number of multi-resolution
projects that use high-resolution imaging to determine the topographical and depth-
dependent variations in cartilage, in order to diagnose OA at its earliest stages. The
dissertation begins with a brief introduction of background and literature review
(Chapters 1-2), continues with the description of the materials and methods (Chapter 3),
and summarizes three published peer-reviewed journal articles (Chapters 4-6). The
dissertation ends with a summary and comments on future directions (Chapter 7).

Among the three research projects described in this dissertation, the first project
(Chapter 4) investigates the improvement in the OA detection in cartilage by the
interpolation of T2 images, in the situation when the native MRI resolution is insufficient
to resolve the depth-dependent T2 characteristics in articular cartilage. The second
project (Chapter 5) establishes the topographical and zonal T2 patterns of multi-
resolution MRI in medial tibial cartilage in a canine model of OA, initiated by anterior
cruciate ligament (ACL) transection surgery, which was studied after 8-weeks and 12-
weeks post-surgery. The third project (Chapter 6) quantifies the interface region between
the non-calcified cartilage and the subchondral bone plate, which includes the deep
portion of the non-calcified articular cartilage and the zone of calcified cartilage (ZCC)
using a dual-modality microscopic imaging study.
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CHAPTER ONE

INTRODUCTION

The term “articular cartilage” and the pathology of the cartilage disease were first
described in a 1743 scientific publication by William Hunter, in which he described the
avascular and aneural tissue as “universally allowed to be a very troublesome disease;
that it admits of a cure with more difficulty than carious bone; and that, then destroyed, it
is never recovered” (Hunter, 1743). This finding still holds true, after nearly two hundred
and seventy nine years, where the scientific research community studying osteoarthritis
(OA) still struggles in finding effective methods of early detection and non-invasive cure
of the disease (Collins, Hart, & Mills, 2019). In a recent report, the Centers for Disease
Control and Prevention (CDC) has reported that 1 in 7 adults has osteoarthritis ("United
States Bone and Joint Initiative: The Burden of Musculoskeletal Diseases in the United
States (BMUS)," 2020). This debilitating disease thus affects around 18.7 million people
in the working age group, which puts a large strain on the economy, an annual medical
cost around 65.5 billion dollars due to various cartilage diseases (Barbour, Helmick,
Boring, & Brady, 2017). Hence, there is a great importance and urgency in the
measurement of the structural and compositional property changes in articular cartilage,
in order to detect the early signs of osteoarthritis for clinical diagnosis and reversible
preventive care.

Articular cartilage is a heterogeneous tissue crucial for the functionality and
mobility of a diarthrodial joint (Buckwalter, Mankin, & Grodzinsky, 2005; Maroudas,
1979; Zernia & Huster, 2006). It provides a smooth bearing surface with low net friction
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allowing for free motion of joint and maintenance of mechanical stress and strain without
any long-term deformation. Morphologically, cartilage is a thin layer of soft tissue
covering the ends-of-joints. The tissue contains a small number of chondrocytes (cells),
and an extensive extracellular matrix that is mainly comprised of collagen fibrils,
negatively charged proteoglycans, and water (Ficat & Maroudas, 1975; Venn &
Maroudas, 1977). Along its thin thickness (depth), cartilage is commonly subdivided into
three histological zones, which starts with a layer of finely packed fibers called the
lamina and the superficial zone (SZ) in which the collagen fibers are aligned parallel to
the tissue surface. The collagen fibers within the tissue below the SZ change their
orientation rather randomly, appropriately labelled as the transitional zone (TZ). The
tissue ends with relatively thicker fibers that are aligned perpendicular to the tissue
surface in the radial or deep zone (RZ) whose ends are bound into the cartilage-bone
interface (i.e. tidemark) and a relatively thin layer of calcified cartilage below the RZ
(Benninghoff, 1925; Buckwalter & Mankin, 1998b; Xia, 2008).

Many morphological changes that arise in any of these zones are early signs of
cartilage degradation, which causes the tissue to further lose its load-bearing ability. Such
degradation in cartilage eventually leads to the most common degenerative joint disease,
called osteoarthritis (Spandonis, Heese, & Hall, 2004; Turkiewicz et al., 2014). The most
investigated and commonly found OA is in the tibiofemoral joint (knee joint) where the
tibial joint surface can have varying amounts of concentrations and interactions among
the molecular constituents and have complex topographical variations at different surface
locations, even just a few millimeters apart (Brama et al., 2009; Jurvelin, Arokoski,
Hunziker, & Helminen, 2000; Weiss, Rosenberg, & Helfet, 1968; Xia, 2000a; Xia,
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Moody, Alhadlag, & Hu, 2003). Subtle modifications to the molecular environment and
ultrastructure in cartilage eventually leads to OA (Armstrong & Mow, 1982; Buckwalter
& Martin, 1995).

Radiographic tools, such as X-ray or computer tomography (CT), can at best
detect late or advanced stages of OA, due to their insensitivity to the water molecules and
proteins in cartilage (Buckland-Wright, Macfarlane, Williams, & Ward, 1995; Hunter et
al., 2015; Ley, Bjornsdottir, Ekman, Boyde, & Hansson, 2016; Vignon et al., 2003). In
contrast, magnetic resonance imaging (MRI) is one of the few diagnostic tools that can
assess the integrity of articular cartilage without any invasive methods, due to its
excellent sensitivity to the dynamic environment of water molecules in the tissue. MRI
has been used extensively in various musculoskeletal systems for clinical and research-
based diagnosis of morphological and molecular changes. Being non-invasive and
sensitive to the motions of water molecules, MRI has the undisputable potential to
become the leading diagnostic tool for cartilage health (Choi & Gold, 2011; Conaghan,
2006; Huang & Schweitzer, 2014; Matzat, Van Tiel, Gold, & Oei, 2013; Mosher, Walker,
Petscavage-Thomas, & Guermazi, 2013; Nemec et al., 2011; Pakin, Cavalcanti, La
Rocca, Schweitzer, & Regatte, 2006; Wang, Teichtahl, & Cicuttini, 2016; Wang, Wang,
Deng, Liu, & Ling, 2015). Several MRI protocols such as T2 (T2 anisotropy), T1p, T1
with the use of contrast agents, and diffusion can in principle detect the changes in
cartilage health due to the development of musculoskeletal diseases, osteoarthritis in
particular (Alhadlaq, Xia, Moody, & Matyas, 2004; Binks et al., 2013; Matzat, Kogan,
Fong, & Gold, 2014; Newbould, Miller, Tielbeek, et al., 2012; Regatte, Akella, Lonner,
Kneeland, & Reddy, 2006; Smith et al., 2001; Welsch et al., 2008).
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The clinical method of OA detection using different MRI protocols, however, still
requires further improvement and statistical justification. A major cause of this
insufficient diagnostic ability is the relatively large voxel size in clinical MRI, in
comparison with the relatively thin thickness of cartilage over which there is notable
change in the molecular concentration and fiber orientation (Xia, 2007). Consequently,
many properties that change naturally in the tissue, such as topographical distributions of
the collagen orientation and proteoglycan concentration, can mask the changes in
cartilage caused by the degradation processes when the MRI resolution is insufficient
(Badar & Xia, 2017; Greaves, Gilbart, Yung, Kozlowski, & Wilson, 2009; Pakin et al.,
2006; Regatte & Schweitzer, 2007; Wyatt et al., 2015). With the implementation of the
knowledge gathered by many animal studies including this dissertation, we aim to
contribute to the improvement of clinical MRI for the early detection of osteoarthritis.

1.1 Specific Aims

In this dissertation, several multi-resolution studies of osteoarthritic cartilage in
canines were carried out to demonstrate the required resolution and the importance of
topographical variations in the detection of early-stage osteoarthritis. To mimic the
clinical MRI setting for the diagnosis of osteoarthritis, a large-bore-size magnet for
animal MRI was also used in order to correlate the whole-joint MRI properties with the
microscopic MRI (uMRI) properties measured from smaller cartilage-bone specimens in
our own lab. Quantitative T2 data was collected from five sites over the medial tibia to
build a topographical map of the disease progression, which considered the measurement
of zonal variations. Statistical analysis was carried out to detect the differences in the

topographical and zonal changes in cartilage across the medial tibial plateau from the
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early to late-stages of osteoarthritis, using the Pond-Nuki model (Pond & Nuki, 1973) of
ACL transection on a canine joint. uUMRI and polarized light microscopy (PLM) were
also used in this dissertation to determine the quantitative measure of T2 anisotropy in the
calcified region of articular cartilage.

The specific objectives of the studies were as follows

1. To investigate the improvement in the detection of osteoarthritis in cartilage by
the interpolation of T2 changes in the situation when the MRI resolution is
insufficient to resolve the depth dependent T2 characteristics, with unequal
division of tissue thickness. (Badar & Xia, 2017)

2. To evaluate the topographical and depth-dependent properties (T2) from the
early- and late-stages of OA in canine articular cartilage over the medial tibial
plateau using low- and high-resolution MRI (Badar, Lee, Qu, & Xia, 2021).

3. To investigate the dipolar interaction in the zone of calcified cartilage of a healthy
canine humeral joint using the ultra-short echo (UTE) sequence in uMRI and
correlating with optical retardation and azimuth with the use of PLM. (Badar &
Xia, 2021)

1.2 Organization of the Dissertation

This dissertation is divided into seven chapters. Since a chapter represents an
individual paper published in a journal, there is some repetition between the texts in these
chapters.

Chapter 2 details the background of articular cartilage, clinical imaging of

cartilage with osteoarthritis, and preclinical imaging tools for articular cartilage.



Chapter 3 is an overview of the materials and methods used in these studies of
osteoarthritic cartilage. Section 3.1 describes the two 7T MRI systems used for the study
and the application of image interpolation to improve the measurement of OA; section
3.2 describes the method of site and region-based disease progression analysis for the
detection of OA progression; and section 3.3 describes the use of different MRI
sequences to measure T2 anisotropy in the non-calcified and calcified cartilage. Polarized
light microscopy was used to verify the quantitative measure of uMRI.

Chapter 4 describes how to improve the definition of zonal division in clinical
like low-resolution MRI to accurately measure early-stage OA. With the aid of clinical
like settings in an animal-whole-body MRI, this study was able to define the zonal tissue
changes in articular cartilage at the least adequate resolution to study the changes due to
OA. This result has been published in Quantitative Imaging in Medicine and Surgery
(Badar & Xia, 2017)

Chapter 5 evaluates the osteoarthritic progression of articular cartilage over the
canine medial tibia as a function of low- and high-resolution MRI. Using quantitative T2
data from gradient echo and spin echo sequences respectively, across five topographical
locations across the medial tibia and four histological zonal sections of the articular
cartilage. The T2 data was used to compare the progression of OA across four stages of
osteoarthritis to healthy knee joints. Complex relationships were found in the tissue
properties as a function of disease progression based on the topographical and zonal
properties of the tissues. This study was the first quantitative and highest multi-resolution
characterization of cartilage at five topographical locations over the medial tibial plateau

with fine zonal resolution in an animal model of OA, which would benefit future
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investigations of human OA in clinical settings. This study has been published recently in
Magnetic Resonance Imaging (Badar et al., 2021).

Chapters 6 is a dual-modality microscopic imaging study that quantified the
interface region between the non-calcified cartilage and the subchondral bone plate. The
magic angle effect in the deep region of the non-calcified cartilage as well as the zone of
calcified cartilage in uMRI is analyzed, which was further supported by quantitative
polarized light microscopy. With an enhanced understanding of the tissue properties in
this interface region, it will potentially be possible to monitor the changes that are
instrumental to the initiation and development of osteoarthritis and other joint diseases.
This work has been published in Microscopy Research & Technique (Badar & Xia,
2021).

Chapter 7 summarizes the dissertation and provides further discussions on future

directions for ongoing research.



CHAPTER TWO

BACKGROUND

In this chapter, the backgrounds of osteoarthritic cartilage and experimental
setups of cartilage imaging are discussed. It begins with the description of the
morphology and structural aspects of articular cartilage that make it a unique system in
mammalian joints. The chapter then introduces the fundamentals of MRI, microscopic
MRI, and the application of MRI to articular cartilage. The magic angle effect and its
implications to cartilage MRI are discussed. The final section of this chapter discusses
PLM, together with its application to articular cartilage and the correlation between PLM
and MRI.

2.1 Articular Cartilage

Articular cartilage is a connective tissue found in various diarthrodial joints in
animals and human. Cartilage acts as an interface between the ends of bones to form the
skeletal framework that supports the body as a whole (Buckwalter et al., 2005; Maroudas,
1979). The smooth and frictionless motion in joints is due to the properties of articular
cartilage together with the viscous fluid in the joint cavity called synovial fluid (Mankin
& Buckwalter, 1996). Since mature cartilage is avascular and aneural, the delivery of
nutrients and the removal of metabolic wastes in cartilage are highly dependent upon the
presence of the synovial fluid (Hall, Horwitz, & Wilkins, 1996; Mankin, 1994), via
passive diffusion as well as active loading/unloading activities.

There are three distinct cartilage types: hyaline, named from the Latin word

“hyalinus” which translates as “smooth” or “glass-like”, which is the most abundant type
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of cartilage in the body (Gray, Burstein, Lesperance, & Gehrke, 1995); fibrocartilage,
which can be found in intervertebral discs of the spine, the menisci of the knee, and on
the opposing surfaces of bones with immovable joints (Benjamin & Evans, 1990; Gray et
al., 1995); and elastic cartilage which is much like hyaline cartilage however has
stretchable properties found in vocal chords in the larynx and forming parts of the ear.
The focus for this study is the properties of hyaline cartilage which will be discussed
further in detail in the rest of this dissertation.

2.1.1 Extracellular Matrix

Hyaline cartilage consists of a small number of chondrocytes (cells) embedded in
an extensive extracellular matrix (ECM), which contains mainly water, collagen fibers
and proteoglycans. The extracellular matrix of cartilage (Figure 2.1) provides the
structural and physiological environment for the living chondrocytes. The water and
macromolecules in ECM are synthesized and maintained by the cellular component of the
tissue (Buckwalter & Mankin, 1998a). On a compositional level, the major components
of the ECM are water (65-80% of the wet weight (w.w.)), collagen (~15% w.w.), and
proteoglycans (PG) (~5% w.w.) (Ficat & Maroudas, 1975; Maroudas, Bayliss, & Venn,
1980; Maroudas & Venn, 1977; Venn & Maroudas, 1977). Chondrocytes are about 2% in
weight/volume.

2.1.1.1 Water

Water is the most abundant component of the ECM, which has a depth dependent
variation on a morphological scale, with its highest concentration at the articular surface
that gradually decreases with the depth, until the lowest concentration at the calcified

region. As a key contributor to the biomechanical properties of articular cartilage, water
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provides hydro-like pressure that protects the structural integrity of cartilage under
repetitive loading and shear forces. Most of the water molecules in healthy cartilage can
be said to be able to move around relatively “freely” in the ECM, serving as a medium
for the exchange of nutrients and waste between the cells and the synovial fluid. A small
percentage of water can be said to be “bound” with the collagen molecules, which plays
an important role in the structural organization of the collagen-proteoglycan network in
the ECM (Torzilli, Rose, & Dethmers, 1982). The total water present in the ECM
depends on the fixed-charge density and the organization of the collagen-proteoglycan
matrix (Basser, Schneiderman, Bank, Wachtel, & Maroudas, 1998). In addition, water
provides the ECM with its viscoelastic properties and maintains its shape and size-
reversible properties (Buckwalter & Mankin, 1998a; Maroudas, Wachtel, Grushko, Katz,
& Weinberg, 1991).

2.1.1.2 Collagen

Collagen, a protein, is the major macromolecular component of many connective
tissues (e.g., cartilage, tendon, meniscus, skin, and blood vessels of most mammals).
Cartilage can have several different types of collagen, with 80% to 90% of the total
collagen being the type II fibers (Huber, Trattnig, & Lintner, 2000), which has a triple
helix structure with three polypeptide chains (Eyre, 1991). The collagen fibers resist
tensile loads, bind PGs, and withstand the swelling pressure (Maroudas, 1976).
Morphologically, the collagen fibers in articular cartilage form a 3D organizational
network, which gives the tissue along the depth its distinctive zonal structure. The
integrity of the collagen matrix is critical to the balance between the fluid and solid

components of tissue for its healthy function.
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Defined by the orientation of the collagen fibers within a healthy non-calcified
cartilage, the tissue is commonly subdivided into three distinct structural zones: the
superficial (or tangential) zone (SZ) closer to the surface where the thin collagen fibers
are packed and aligned parallel to the articular surface for a better sheer force dissipation;
the transitional (intermediate) zone (TZ) where the fibers are loosely packed and are in a
mostly random order of orientation; and lastly the radial (deep) zone (RZ) where
gradually thickening collagen fibers are more densely packed and oriented perpendicular
to the articular surface acting as anchors to the cartilage structure (Benninghoft, 1925;
Huber et al., 2000).

2.1.1.3 Proteoglycans

Proteoglycans are a special class of aggregated glycoproteins (aggrecans) with
numerous attached, unbranched, and highly charged glycosaminoglycan chains
(Hardingham, 1999). Glycosaminoglycans (GAGs) are macromolecular polysaccharides
with a linear-chain structure (Figure 2.1). Proteoglycans are a major contributor to the
biomechanical properties of cartilage. In essences, the structures of the collagen matrix in
cartilage gives the tissue its unique shape; the filling of the highly charged GAG
molecules between the fibers gives the tissue its unique biomechanical properties and
makes articular cartilage tissue not only strong in tension but also resistant to
compression (McDevitt, 1973). High concentration of aggrecans pulls water into the
tissue and keeps it there, which creates a large osmotic pressure. This occurs due to the
highly negatively charged anionic groups on the aggrecans that attracts counter-ions such
as sodium (Na"). A concentration difference of ions within cartilage and outside of

cartilage creates an imbalance between freely diffusible ions and anions causing the water
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to be drawn into the tissue. The water thus swells the tissue, which puts the collagen
network under tension and therefore creating an equilibrium (Maroudas & Venn, 1977).
Hence, articular cartilage provides and sustains a rigid but yielding load-bearing property,
dependent on the characteristics of the collagen network and the retention of aggrecans
due to the high concentration of proteoglycans.

2.1.1.4 Chondrocytes

Cells in human articular cartilage account for about 2% of the total volume in
adult human cartilage (Hunziker, Quinn, & Hauselmann, 2002). It is these small amounts
of cells, named chondrocytes, that are responsible for the synthesis and overall
maintenance of the tissue over a lifetime. The concentration of the cells decreases
gradually from the surface of the tissue, where the cells are densely packed, to the deep
region of the tissue, accounting for just a third of cells that are found in the surface region
of the tissue (Mitrovic, Quintero, Stankovic, & Ryckewaert, 1983). The shape of the cells
is highly dependent on the local alignment and packing of the collagen. In the superficial
zone, the chondrocytes are thin and flattened due to the highly packed parallel collagen
fibers. In the transitional zone, more round-shaped cells can be found as the fibers within
this region are more randomly arranged. In the radial zone, the cells have a more ellipsoid
shape due to the incrementally thicker collagen fibers that are anchored into the tidemark.
It has been reported that changes to the ECM environment due to high stress factors (such
as impact injury or tissue wear and tear) or chemical changes can lead to cell synthesis

responses (Urban, 1994).
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Figure 2.1 Extracellular matrix of articular cartilage has three major components,
collagen (type II), proteoglycans (aggrecan), and water (not shown). Highly negatively
charged proteoglycans and collagen fibrils interact to provide articular cartilage its
compressive and tensile properties.
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2.1.2 Histological Composition of Articular Cartilage

Articular cartilage at a histological level is very heterogenous and highly ordered
(Figure 2.2). Since cartilage is firmly attached to the underlying subchondral bone, the
tissue has a non-calcified region and a calcified region. This calcification-based division
is indicated by the tidemark, which is a wavy and often irregular line that can often be
observed in hematoxylin and eosin stained sections (Redler, Mow, Zimny, & Mansell,
1975). As we have mentioned before, the non-calcified cartilage is commonly sub-
divided based on the orientation and the structure of the collagen matrix into three zones:
the superficial zone (SZ), the transitional zone (TZ), and the radial zone (RZ). Since RZ
is the thickest among the three zones, RZ in this dissertation is further subdivided into
two sub-zones as the collagen properties vary across the zone (Buckwalter & Mow, 1992;
Lee & Xia, 2013). A thin layer of mineralized tissue lies below the tidemark, which is
called as the zone of calcified cartilage (ZCC) and serves as the structural interface or
buffer to the subchondral bone plate (Brighton, Kitajima, & Hunt, 1984; Hunziker et al.,
2002). In traumatic events, such as sport or battlefield injuries, damage to ZCC can
initiate the cartilage degradation (Li et al., 2013; Radin & Rose, 1986). The zone of
calcified cartilage has been studied insufficiently for its roles in cartilage disease
progression, mainly due to its very thin thickness (Aizah, Chong, & Kamarul, 2019;
Brandt, Radin, Dieppe, & Van de Putte, 2006; Deng et al., 2016; Findlay & Kuliwaba,

2016).
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Figure 2.2 a) Hematoxylin and eosin section of AC, b) light intensity image of AC and c)
schematic representation of articular cartilage showing the relative thickness and
orientation of the collagen fibers (short lines) in different histological zones (SZ, TZ, RZ
and ZCC) and the size and orientation of the chondrocytes (traced cell shapes). (The
collagen fibers and chondrocytes are not drawn to scale.)
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2.1.3 Topographical Properties of Tibiofemoral and Humeral Joints

The knee (tibiofemoral) joint is probably the most studied joint in OA research
because of the high incidence of OA associated with the joint (and its easy access). The
knee joint is a complex mechanical organ, the smooth movement of which is supported
and controlled by multiple structural components (femur, tibia, patella, ligaments, and
tendons). Different surfaces of cartilage within any single knee joint can have different
modes of contact and motion (e.g., rolling, sliding, twisting) during physiological
activities such as walking, which are likely tailored to different reactions to an applied
load (Bullough, Yawitz, Tafra, & Boskey, 1985). Figure 2.3 shows the top view of a
canine tibia, where the topographical surface variation is clearly visible over the entire
tibial plateau. The cross-sectional slices from anterior to posterior directions reveal
clearly the significant topographical (i.e., site to site) variations of both lateral and medial
tibial plateaus, which likely provides effective load dissipation (Koo & Andriacchi,
2007).

There are large variations in the cartilage thickness from lateral to central
direction on the lateral plateau and central to medial on the medial plateau. In canine
tibia, cartilage around the central region (not covered by the meniscus) is thicker than in
the periphery region (covered by the meniscus). Cartilage thickness also varies from the
anterior to posterior direction. Topographical variations have been found in many
properties of tibial and condyle cartilage, including thickness, shear modulus,
birefringence, water content, GAG content and collagen content (Alhadlaq et al., 2004;
Appleyard et al., 2003; Anders Bjelle, 1975; Bjelle, 1976; Lee et al., 2014; Lee et al.,
2015; Terukina et al., 2003; Weiss et al., 1968; Zimny & Redler, 1974). Multidisciplinary
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Figure 2.3 Topographical nature of articular cartilage in canine tibia. Tibial plateau surface without the menisci and the respective
slices (1-5) cut from the tibia. The slices show the variations in the cartilage thickness and topographical variations from medial to
lateral are significant. Cartilage is the opaque (milky color) tissue above the bone.
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correlations among the tibial parameters have been well documented (Lee et al., 2014;
Lee et al., 2015; Lee, Badar, Matyas, Qu, & Xia, 2016). Chapter 5 in this dissertation is a
study of the importance of the topography of canine tibial joint as a function of MRI
resolution based on disease progression (Badar et al., 2021). As OA progresses, the
differences between healthy and OA tissues could become increasingly site-specific and
load dependent. Even with the progress of age, there are site-specific changes in water
and collagen content in asymptomatic cartilage (Brama, TeKoppele, Bank, Van Weeren,
& Barneveld, 1999).

Cartilage from the shoulder joint (a ball and socket joint between the scapula and
the humeral head) has also been well-documented in many animal cartilage studies,
which is probably due to its availability as an easily accessible spare tissue. Compared to
the knee cartilage, humeral cartilage has a much simpler contour as shown in Figure 2.4,
which has been used as a classical three-layer model of AC in several studies (Xia,
Moody, Burton-Wurster, & Lust, 2001). However, topographical variations are also
known in humeral cartilage, including morphological, biochemical and biomechanical
properties (Armstrong, Read, & Price, 1995; Bullough et al., 1985; Farquhar, Bertram,
Todhunter, Burton-Wurster, & Lust, 1997; Fragonas et al., 1998; Kiviranta, Tammi,
Jurvelin, & Helminen, 1987; Korvick & Athanasiou, 1997; Meachim, 1971; Rogers,
Murphy, Cannon, & Briggs, 2006; Xia, Moody, Alhadlaq, Burton-Wurster, & Lust,
2002). These variations are also age- and sex-dependent (Kincaid & Van Sickle, 1981;

Meachim, 1971; Xia, 2003), which show the complexity of the issue.
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Figure 2.4 Topographical nature of articular cartilage in canine humeral head. Three slices from the central location of the humeral
head are shown (1-3). The respective slices (1-3) of the humeral joint cut show little variations in the cartilage thickness and
topographical variations are insignificant.
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2.2 Osteoarthritis

The degradation of cartilage is the hallmark of osteoarthritis, which is the most
common musculoskeletal disease that affects millions of people in our society (Buckland-
Wright, Macfarlane, Lynch, Jasani, & Bradshaw, 1995; Huang & Schweitzer, 2014;
Matyas, Ehlers, Huang, & Adams, 1999; Vignon et al., 2003; Watson, Carpenter, Hall, &
Tyler, 1996). OA is a progressively degenerative disorder of the diarthrodial joints with
damage occurring from the articular cartilage to the subchondral bone. OA can be classified
into a long-term or a short-term disease, where the long-term is defined by the “wear and
tear” of articular cartilage due to the repetitive use of the joints over many decades mostly
occurring in seniors, whereas the short-term should have an identifiable cause due to
localized trauma (e.g., sport injuries, battlefield injuries) or weight or genetic disorders.
While long-term OA in most cases is the result of one or multiple short-term events that
have been neglected for long periods of time. OA is characterized in pathology by an
imbalance in the ECM leading to proteoglycan loss, osteophyte formation, synovitis, and
subchondral bone changes. A gradually progressive OA allows for different pathological
degradations of cartilage at different time points, at lesion sites on a joint surface, and in
different histological zones, which makes an accurate diagnostic standard difficult to
establish (McDevitt, Gilbertson, & Muir, 1977).

2.2.1 Diagnostic Classification

Clinically, the disease is characterized by a number of individual disorders such
joint pain, stiffness, limitation of movement and local inflammation. These disorders
have little systemic effect (Flores & Hochberg, 1998). Structurally OA can affect not
only the articular cartilage but also the subchondral bone, ligaments, and synovial
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membranes (Wenham & Conaghan, 2013). A clear and precise diagnosis of early OA is
important for two reasons. Firstly, it allows for an early identification of disease before
advanced degeneration occurs. And secondly, it also identifies patients with high risk of
progression (Kon, Filardo, & Marcacci, 2011). The study of OA for its natural
progression and diagnostic interventions in humans is a complicated, mainly because OA
is mostly commonly presented to physicians in its late stages and any measure of early
OA i1s highly unachievable. Hence, animal models have been used over many decades
where a detailed evaluation of early to late stages of disease progression for diagnostic
and/or therapeutic strategies is possible. These animal model studies provide a bridge
between animal findings and the process of OA in humans (Seibel, Robins, & Bilezikian,
1999).

2.2.2 Animal Models of Osteoarthritis

Canine models are advantageous in OA studies over other animal models, mainly
due to the vast amount of data available from previous cartilage studies. A well-defined
and studied model in canines is the Pond-Nuki model (Pond & Nuki, 1973), where the
anterior cruciate ligament (ACL) is transected in the stifle joint. Signs of early lesions
include cartilage softening, fibrillation and erosion, which has been reported
predominately in the medial tibial plateau. With similarities to human OA, the Pond-Nuki
model is a practical and useful model to validate the study of OA progression and the
diagnostic markers associated with OA (Seibel et al., 1999). This model has been used
for the study of disease progression in this dissertation where the development of

sensitive measures by a noninvasive MRI quantification of the topographical and
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morphological changes in early OA would be valuable for monitoring disease
progression and for evaluating the treatment efficacy.

2.2.3 Medical Imaging of Osteoarthritis

Although OA and other joint diseases have been studied extensively, there are no
effective interventions that can hinder or even reduce the degradation progression. Both
clinicians and researchers in the field of osteoarthritis recognize the ever-increasing
importance of non-destructive and non-invasive imaging in OA for early diagnosis,
prognosis, and follow-up care and treatment. One key reason that has prevented any
successful diagnostic and interventional procedures is our inability to accurately detect
the early diseases.

The most commonly used and cheaply available imaging metric for diagnosing
and measuring clinical efficacy in OA is the joint space narrowing, which can be
measured by radiographic procedures (Mazzuca et al., 2003). It can at best detect late
stages of OA (Buckland-Wright, Macfarlane, Williams, et al., 1995; Hunter et al., 2015;
Ley et al., 2016; Vignon et al., 2003). Other related measurements in radiography include
abnormalities, such as cysts, osteophytes, and subchondral sclerosis (Guermazi et al.,
2013). These measurements are unreliable as it must factor in the lack of pre-imaging
markers for the patient before the onset of the disease. Despite these limitations,
radiography remains a go-to standard for an imaging-based diagnosis of OA and a final
assessment in the clinic for the measurable changes of the synovial joints due OA.

2.3 Magnetic Resonance Imaging

This section briefly describes the basic concepts of Magnetic Resonance Imaging

that are needed to understand its application in osteoarthritic cartilage.
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2.3.1 Nuclear Magnetic Resonance

Magnetic Resonance Imaging is the imaging version of a physics phenomenon
called Nuclear Magnetic Resonance (NMR). The magnetic properties of atomic nuclei
can be described by the means of their nuclear spin angular momentum (.8) and their
magnetic moment (u). In the classical description of NMR, § can be considered as a
vector that has a unique value for each particular nuclear spin — either an integer or halt-
integer. S is an intrinsic property of the nucleus, and its value depends on composition of
the element. The magnitude of spin angular momentums is given by

IS| = (s(s+1))"? (h/2x) (2.1)
where s is the spin quantum number and has a half integer or integer value. Isotopes of
the same element may have different spin number (i.e., s = ¥ for hydrogen (‘H) and s = 1
for deuterium (*H)). The z component of S is quantized as

S:=m (h/2rn) (2.2)
where h is Planck’s constant an m is the magnetic quantum number which has (2s + 1)
values between s and -s.
For hydrogen nuclei (spin = 1/2) in thermal equilibrium in an external magnetic field Bo,
there are two allowed energy levels, hence two possible directions for the spin angular
momentum, S; = =£1/2 (h/2r). Since the lower energy level is more populated, a
macroscopic magnetization forms in any practical specimen due to the population
difference between the spins at the two allowed levels.

The magnetic moment (u) of a nucleus is associated with its angular momentum

n=7 (2.3)

where y is known as the gyromagnetic ratio.
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In the absence of an external magnetic field Bo, the energy levels are degenerate
for all nuclear spins. In the presence of an external magnetic field, a single nucleus with
spin-1/2 can have one of the two allowed energy levels. The transition between the two
levels can be induced by absorption or emission of quanta with the energy of

E =-m(h/2r)yBy (2.4)
The selection rule in quantum mechanics states that Am must be £1, so transitions are
only possible between adjacent energy levels. Therefore, the difference in energy for
spin-'2 nucleus should be

AE = (h/27) yBo (2.5)

and the resonance frequency is defined by

®g=yBy (2.6)
which is called Larmor frequency in NMR and MRI.

A complete (or partially) saturated system will return to the thermal equilibrium
state in two different relaxation processes. Firstly, absorbed energy will redistribute
within the spin system in which there is a transition of a nucleus from a higher to a lower
level accompanied by a transition from a lower to a higher state, a process called spin—
spin (transverse) relaxation. Secondly, there will be a gradual loss of energy to the
neighboring nuclei in the system, collectively called the lattice, resulting from transitions
of nuclei from the upper state to the lower state. This second process is spin—lattice
(longitudinal) relaxation. The time constants that characterize these two processes are T2
and T1, respectively. The time constants T1 and T2 yield valuable information about the

local interactions experienced by nuclei.
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Figure 2.5 An illustration of the macroscopic magnetization of an ensemble in an external
magnetic field (Bo). Without By the spins are oriented randomly (left), and the net
magnetic moment (M) is zero. The ensemble in By, the spins align with this field with a
slight excess of spins aligning parallel to the field (right), leading to a non-zero net
magnetic moment Mo. The magnitude of the net magnetic moment is approximately
proportional to the magnitude of the external magnetic field.
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2.3.2 Spin Relaxations

Any practical sample contains an enormous number of nuclei. The ensemble
average of the nuclear spins in the sample is called the macroscopic magnetization M.
Without an external magnetic field, all spins are randomly oriented, which results a net
zero M. When the sample is placed in an external magnetic field Bo and under thermal
equilibrium, each spin can be said to be in either spin up (+) or spin down (-) direction.
Due to the large number of nuclear spins in any practical sample, the transverse
component of M in the transverse plane is averaged to zero due to the even distribution of
the phase angles of the nuclei. The longitudinal z component of M arises from the
difference in the populations between the upper and lower energy states. Since there is an
excess of spins that are aligned parallel to Bo, a non-zero M occurs, which is parallel to
with the direction of the external magnetic field Bo. The magnitude of the equilibrium
magnetic moment, Mo, is proportional to the population difference between the spins in
the two energy levels for spin-1/2 nuclei.

Newton’s second law describes the time evolution of the macroscopic
magnetization in an external magnetic field, by equating the torque to the rate of change

of the angular momentum as:

am
dt

=y(M X B) (2.7)
When B=Bok, the above equation has a solution that corresponds to a processional
motion about k at the rate wo (Larmor frequency).

We can apply a second magnetic field Bi(t) to the nuclear spins and introduce a

frame of reference that rotates about By at frequency  that is close or at wo. In this
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rotating frame, one component of B(t) can become stationary, which interacts with the
magnetization vector M.
Two distinct forms of relaxation occur to M, which now represents the individual

nuclear spins in the specimen, after the application of a B field (RF pulse) to the system.

They are:
dM, _  M,—M,
rraiaiaion (2.8)
M, My
and T = T (29)

where T1 and T2 have been defined earlier in this Chapter and M | is the transverse

component of the magnetization M. The time that is required for the spin system to return
to thermal equilibrium with its surroundings after the end of the excitation field Bi(t) is
defined by T1. The time that characterizes the decay of phase coherence between the
individual spins in the transverse plane is defined by T2. Since T2 processes arise from
both the fluctuations of local magnetic fields and the influence of static magnetic fields
while T1 processes arise only due to the fluctuating magnetic field at the resonance
frequency, T1 > T2 for any spin system.

The change in the magnetization following an excitation is independently caused
by external magnetic fields and the relaxation processes, and can be described

mathematically by the Bloch equation:

dm Myi +Myj  (M,—Mg)k
[ i yJ _I_( 0) ]

T = YMxB) — |2 . (2.10)

In this equation, B is the sum of both the static and RF field components, and M is the net

magnetization vector. Consider the situation (Figure 2.3) where a 90° pulse is applied by
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the B1 field which causes the net magnetization to be rotated by 90° into the transverse
plane. After the B1 pulse is turned off, the two relaxation processes can be characterized
by the solutions to the Bloch equations as:

Transverse Relaxation: M, (t) = M, (0)e /T2 (2.11)

and

Longitudinal Relaxation: ~ M,(t) = M(0)(1 — e~%/T1) (2.12)
These equations can be incorporated into the MRI experiments, which generate either T1-
weighted and T2-weighted images of the sample. These relaxation-weighted images are
common in MRI and provide a measure of tissue characteristics via the signal intensity of
MRI. Careful use of imaging parameters results in different tissue contrasts and is often
helpful for gathering complementary information for diagnostic purposes.

Signal-to-noise ratio (SNR) is theoretically proportional to several fundamental
quantities in the experiments, primarily the characteristics of the nuclear spins and the
strength of By. Since protons have the highest gyromagnetic ratio (i.e., y > yN?), the
strongest signal intensity can be found in proton MRI (i.e., MRI of water-containing
specimens). Other inherent cautions in practical experiments deal with the image
artifacts, which include motion artifacts, inhomogeneities of either the By or B fields,
and susceptibility artifacts caused by inhomogeneity of the specimen structures. The
presence of metal in human body (i.e., an artificial joint or wires of heart pacemakers)
can also distort the uniformity of the main magnetic field, hence producing image

artifacts.
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Figure 2.6 A classical view of a Spin echo (a) and Inversion Recovery (b) pulse sequence
showing the evolution of the magnetization (M). T2 (spin-spin; transverse) and T1 (spin-
lattice; longitudinal) are measured using the two sequences.
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2.3.3 MRI of Articular Cartilage

Being non-invasive and sensitive to the molecular motions, MRI has undisputable
potential to become the leading diagnostic tool for cartilage health (Choi & Gold, 2011;
Conaghan, 2006; Huang & Schweitzer, 2014; Matzat et al., 2013; Mosher et al., 2013;
Nemec et al., 2011; Pakin et al., 2006; Wang et al., 2016; Wang et al., 2015). In modern
clinics, MRI is the best noninvasive imaging technique currently available for the
assessment of articular cartilage because of its excellent soft-tissue contrast (Disler,
Recht, & McCauley, 2000; Gold et al., 2006; Gold, Chen, Koo, Hargreaves, & Bangerter,
2009). MRI can detect a number of degradation biomarkers in joint tissues, including
cartilage morphometry, fissuring, partial- or full-thickness cartilage defects, bone marrow
lesions, bone shape/attrition, and subchondral bone area (Conaghan et al., 2006; Hunter et
al., 2011). Although these MRI biomarkers measure tissue morphology, they have been
used to monitor the progression of cartilage damage and the effectiveness of treatment. In
addition, several quantitative MRI parameters can potentially measure biochemical and
physiological information about articular cartilage (Burstein & Gray, 2006; Eckstein,
Burstein, & Link, 2006).

2.3.4 Quantitative MRI Measures of Cartilage

Quantitative MRI parameters such as T2 relaxation time have been used
extensively for the diagnostic assessment of OA cartilage (Alhadlaq & Xia, 2004;
Kurkijarvi, Nissi, Kiviranta, Jurvelin, & Nieminen, 2004; Lee et al., 2015). T2 relaxation
in cartilage can reflect the mobility of water molecules in their local environments, which
show anisotropic properties in cartilage and other collagen-rich tissues (Xia, 1998; Xia,

Zheng, Szarko, & Lee, 2012). For the simplest notion in relation to osteoarthritis
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cartilage, a high T2 value implies a tissue having less proteoglycans, less organized
collagen matrix, more extracellular water, and looser interactions between water and
macromolecules (Hannila, Raina, Tervonen, Ojala, & Nieminen, 2009; Hanninen,
Rautiainen, Rieppo, Saarakkala, & Nissi, 2017; Li et al., 2007; Millington et al., 2007;
Stahl et al., 2007).

Since the dynamic motion of water molecules can be influenced by the structural
properties of the collagen matrix in articular cartilage (Xia, Moody, & Alhadlaqg, 2002),
T2 in cartilage has strong depth and orientational dependencies (the magic angle effect),
when standard spin-echo (SE) or gradient-echo (GE) based MRI sequences are used. This
sequence-dependence in MRI makes the accurate measurement of tissue thickness
difficult (Shao et al., 2017; Wang & Xia, 2012). In addition, the echo time in SE and GE
based imaging sequences is a finite number in range of several 10s of milliseconds,
which can lead to weak signals in the deep portion of articular cartilage, due to the
densely packed collagen matrix. This low MRI signal can make the visualization and
quantification of T2 in the deep RZ and ZCC impossible (Wang, Badar, & Xia, 2018). In
order to visualize ZCC, special imaging sequences such as ultra-short echo time (UTE)
imaging sequences can be used in MRI, which have a much shorter echo time (as short as
a fraction of a millisecond) (Bae et al., 2010; Du et al., 2013; Nykénen et al., 2020; Shao
etal., 2016).

In clinical MRI, study of the ZCC is mainly limited to qualitative comparisons
between long and short echo-time images due to the resolution limitation and
orientational limitation (Bae, Biswas, Chen, Chang, & Chung, 2014). In uMRI, both SE
and UTE sequences have been used to study the deep cartilage and ZCC but without
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complementary correlation at optical resolution (Mahar, Batool, Badar, & Xia, 2018).
The use of UTE sequences helps in determining the very short T2 characteristic of
biological tissue (Du et al., 2013; Fabich, Sederman, & Holland, 2016). In the cartilage-
bone specimens, the deep portion of the non-calcified cartilage, ZCC and subchondral
bone plate (SBP) have intermediate to short T2 due to the amount of the minerals and
strong dipolar interaction (Shao et al., 2016). When the cartilage-bone specimens are
oriented at 54.7° (magic angle) to the magnetic field, the tissue appears thicker and
brighter in the GE/SE-based imaging sequences, which allows the accurate measurement
of tissue thickness (Wang et al., 2018). To visualize and quantify the deep RZ and ZCC,
one needs the UTE sequences, which could have TE as short as tens to hundreds of ps.

2.4 Polarized Light Microscopy

2.4.1 Polarized Light

Maxwell’s theory defines light as an electromagnetic wave that oscillates in two
component fields, an electric field and a magnetic field that are perpendicular to each
other on the x-axis and y-axis respectively while propagation is along the z-axis. A beam
of light in which all the vibrations are in one direction can be called linearly polarized
light. Linearly polarized light propagates only along a single directional plane. Devices
that transmit a beam of light in a single plane are called linear polarizers. The orientation
of the plane of polarization can be adjusted by rotating the linear polarizer about its beam
axis (Kliger, Lewis, & Randall, 1990a, 1990b). Measurement of birefringence in a
specimen can be carried out when the plane of propagation of the analyzer (a linear
polarizer placed after the specimen) is crossed to the plane of propagation of the polarizer

(a linear polarizer placed before the specimen). For materials that have anisotropic
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properties, intrinsic birefringence is observed when the plane of propagation of the

polarizer and the reference axis of the materials are at 45° apart (Modis, 1991).
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Figure 2.7 Illustration of the process of circularly polarized light produced from
non-polarized light. By allowing light to pass through a combination of a linear polarizer
followed by a quarter wavelength plate, circularly polarized light is produced.

Circularly polarized light is a particular case of polarized light when the x and y
vectors of the electric components are 90° out of phase, therefore the tip of the resultant
vector maps out a circle as it propagates along the z direction (Kliger et al., 1990b). The
advantage of circularly polarized light over linearly polarized light is that circularly

polarized light can observe birefringence of a specimen in any direction (Modis, 1991).
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Therefore, it is a useful tool in the observation and measurements of materials or
biological tissues that are intrinsic with isotropic or anisotropic properties.

Circularly polarized light is produced in practice with a combination of a linear
polarizer and a quarter-wave plate. A quarter wave plate causes the phase of passing
polarized light to be retarded by a quarter of a wavelength (90°). At an orientation of 45°,
the plate forms circular polarized light (Figure 2.7). Hence, quarter wave plates are a
useful tool to examine the optical path differences in materials with intrinsic
birefringence. Polarized light microscopes are highly equipped and designed to provide
high resolution 2D images of biological specimens. Most polarizing microscopes can be
outfitted with a digital camera that is connected to a computer to capture and analyze
high-resolution images from birefringent materials or biological samples.

2.4.2 Polarized Light Microscopy of Articular Cartilage

Polarized light microscopy is a gold standard measure of anisotropic properties in
any biological as well as non-biological material (Oldenbourg & Mei, 1995). Due to its
anisotropic nature associated by the depth-dependent collagen fiber orientations, articular
cartilage requires a sensitive and high-resolution imaging technique to describe the
morphological aspects of the overall histological variation from a healthy to an
osteoarthritic cartilage. Polarized light microscopy can enhance the image contrast and
aid in an indirect measure of the morphological characteristics of collagen fibers in
cartilage (Xia et al., 2003). With the computation of birefringent images from PLM,
quantitative high-resolution measurements can provide further insights into tissue
structures measured by non-invasive pMRI (Xia, Moody, Alhadlaq, et al., 2002). The
structural data from MRI T2 anisotropy generally requires validation through correlation
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with data from an independent (and better resolution) method. For articular cartilage,
PLM offers such a method for the quantitative validation and correlation of the MRI data.

Quantitative PLM can calculate two 2D images from the same tissue section, one
image describes the collagen fiber orientations, and the second image describes the
optical retardation. Figure 2.8 shows a pair of the retardation and azimuth (angle) maps
from a histological section (6 um in thickness), which were obtained from a normal
canine cartilage-bone specimen. 1D profiles are also extracted. The azimuth or angle
image/profiles is a representation of a voxel-averaged collagen fiber orientation, where
the fibers in the superficial zone and radial zone are perpendicular to each other, which is
a quantitative confirmation of the well-known feature of a healthy cartilage in which
collagen fibers have a 90° orientational difference between the surface and deep tissues.
The azimuth map has been used for the quantitative division of cartilage tissue into the
histological sub-tissue zones (Lee & Xia, 2013; Xia et al., 2001). The second
image/profile, the retardation, represents the voxel-averaged collagen fiber organization
and packing density, which retards the polarized light from a quantitatively measured
wavelength (nm).

For an osteoarthritic cartilage, the azimuth image/profile would show an overall
change in the fiber orientation while the retardation changes would provide a detailed
understanding of the changes to the fiber organization and packing density and the
overall impact to the biomechanical structure of articular cartilage (Alhadlaq et al., 2004).
A subtle feature about the azimuth map in cartilage is the randomization of the
transitional zone, which from an overall point of view is not quite random but has an

intrinsic orientation embedded within the whole cartilage. On the depth-dependent
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profile, the 0° to 90° azimuth transition aligns well with the minimum retardation, which

represents the transitional zone where the fibers are locally isotopic and randomly

oriented.
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Figure 2.8 PLM images from a 6 pum thick articular cartilage histological section;
a) retardation map, b) azimuth map, and c¢) 1D retardation and azimuth profiles represent
the depth-dependent average from the ROI selected from the center of each map.
Retardation map is represented as a grayscale image scaled from 0 to 20 nm, while the
azimuth map is blue, white/black, and red colors representing the average collagen fiber
orientation. Blue represents 0° while red represents 90° fiber orientation.
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CHAPTER THREE

MATERIALS AND METHODS

This chapter describes the overview of materials and methods used in this study
of the healthy and osteoarthritic canine articular cartilage. Section 3.1 investigates the
improvement in the detection of osteoarthritis in cartilage by the interpolation of T2
images, in the situation when the native MRI resolution is insufficient to resolve the
depth-dependent T2 characteristics in articular cartilage (Badar & Xia, 2017), which will
be discussed further in Chapter 4. Section 3.2 describes the topographical and zonal T2
patterns of multi-resolution MRI in medial tibial cartilage in a canine model of
osteoarthritis, initiated by the ACL transection surgery, and studied after 8-weeks and 12-
weeks post-surgery (Badar et al., 2021), which will be discussed further in Chapter 5.
Finally, section 3.3 describes the dual-modality microscopic imaging study quantifying
the interface region between the non-calcified cartilage and the SBP, which includes the
deep portion of the non-calcified articular cartilage and the zone of calcified cartilage
(ZCC) with the aid of uMRI and PLM (Badar & Xia, 2021), which will be discussed
further in Chapter 6.

3.1 Image Interpolation Improves the Zonal Analysis of Cartilage in MRI

3.1.1 Sample Preparation

Twelve mature canines, where six were non-operated controls and the other six
each had the anterior cruciate ligament transected on one of the knees 12 weeks prior to
sacrifice. One knee from each of the six non-operated canines was labeled as control (N)

(three left knees and three right knees). Six operated knees from six animals were labeled
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as OA and six non-operated adjacent knees were labeled as contralateral (C). These
canine joints belonged to a multidisciplinary study of the OA progression in our lab,
which was approved by the institutional animal care and use committee (IACUC).
Recently, a blind study of the gross anatomic disease progression in these canine joints
has been completed (Kahn et al., 2016). Using the OARSI scores of 0-4 that graded
different parts of a joint (Cook et al., 2010), the 12-week contralateral tibias had a score
of 1, while the 12-week transected tibias (OA) had a score of 2; the difference was
statistically significant. After excess tissues (muscles and skin) were trimmed, all
unopened knee capsules were placed in a sample holder and imaged (within 24 hours of
sacrifice) in a Varian MRI system with a 7T/20 cm horizontal magnet (Henry Ford
Hospital, Detroit, MI) — the system is termed as macro-MRI in this report. After the
imaging of the intact joints, each joint capsule was opened to harvest rectangular
cartilage-bone blocks from the medial tibial plateau, with each block representing a
different topographical location on the joint surface. Each specimen had an intact
interface between cartilage and bone, with an approximate size of 3x3x4~5 mm?. The
blocks were immersed in physiological saline solution, which also contained ImM of Gd-
DTPA? contrast agent (pertaining to a T1 study (Lee et al., 2014)) and 1% protease
inhibitor cocktail (Sigma, MO). The specimens were maintained at 4°C (never frozen)
and later imaged using uMRI.

3.1.2 MRI Protocols

Quantitative T2 imaging in macro-MRI used a commercial multi-slice multi-echo
(MSME) pulse sequence on a 7T/20cm horizontal magnet. The field of view (FOV) was
set at 5 cm with a matrix size of 256 x 256, which yielded an approx. 200 um pixel size.
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The repetition time was 3 sec with a total scan time of 51.2 minutes; and the ten echo
times had an increment of 10 ms with the minimum echo time at 10ms. Ten image slices,
each having a thickness of 1 mm, were acquired, approx. 2.5 mm apart from each other.
Microscopic MRI (uMRI) experiments run at Oakland University (MI) on the specimens
harvested from the same locations of the macro-MRI have been reported and were used
as a reference (Lee et al., 2014; Lee et al., 2015; Lee et al., 2016). Briefly, quantitative T2
imaging used a magnetization-prepared imaging sequence on a Bruker AVANCE II
system with a 7T/9 cm vertical magnet (Bruker Instrument, Billerica, MA). The FOV was
set as 0.45 cm and a slice thickness of 0.8 mm, resulting in a 2D pixel size of 17.6 um.
Other experimental details can be found in the papers cited above. T2 images for both
macro-MRI and uMRI were calculated using a single exponential model using MATLAB
(MathWorks, Natick, MA) with a good correlation factor between data and model within
the tissue region. Further explanation of the single exponential model using MATLAB
(and other software) is presented in Appendix B of the dissertation.

3.1.3 Interpolation of Macro-MRI Images

The native image in macro-MRI (256x256 matrix, with a nominal pixel size of
200 um) was reconstructed to 512x512 (nominal pixel size of 100 um) using two
different methods. The first method (termed “FID 512”°) was carried out on the Varian
NMR spectrometer, utilizing the original time-domain Free Induction Decay (FID) data
and the Fourier Transform reconstruction option (zero-filling). The second method
(termed “Imagel 512”) was carried out utilizing the image-domain 2D T2 images
(256x256) and the bicubic interpolation procedure in a public domain software ImageJ®
(version 1.4.3, NIH, MD, USA).
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3.1.4 Division of Sub-Tissue Zones in Cartilage

The T2 profiles at both 200 pm/pixel and 100 um/pixel were extracted from the
2D T2 images from five topographical locations on the medial tibia for each of the six
healthy (N), contralateral and OA knees and included the averaging of two adjacent
columns to improve the signal to noise ratio (SNR). A count of sixty data points for each
disease state resulted from six joints from five locations with two data pixels (ROI) per
division. Since the column averaging was perpendicular to the direction of the cartilage
depth, the depth resolution was still 200 um or 100 um. These T2 profiles were further
analyzed using KaleidaGraph® (version 4.5.2, Synergy, PA, USA) by three methods of
sub-tissue division. The first two methods divide the cartilage depth (thickness) into two
equal-thickness divisions (Upper 1/2 and Lower 1/2), and three equal-thickness divisions
(Upper 1/3, Middle 1/3, and Lower 1/3), respectively. These equal-thickness division
methods are similar to the common practice implemented in clinical MRI diagnosis of
cartilage OA, since accurate morphological division of human cartilage is not easily
available in clinical MRI due to the low pixel resolution. Our method divided the
cartilage depth into three unequal-thickness zones (SZ, TZ, RZ), based on the average
zonal thickness data from the known imaging and morphological findings at 17.6 pm
resolution (Lee et al., 2015; Lee et al., 2016; Lee & Xia, 2013), with the first two pixels
each representing the SZ and TZ respectively and the remaining pixels being assigned (as
average) to the RZ. To resolve the issue of varying thicknesses across the selected tibial
ROI, the T2 profiles were scaled at relative thickness with the articular surface (AS) as 0

and the bone-tissue interface as 1.
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3.1.4 Statistical Analysis

A one-way ANOVA with Tukey-Kramer HSD with a level of .017 (using JIMP®)
was performed on all specimens of the medial tibia, to pairwise compare T2 differences
among healthy (N), contralateral (C) and OA samples at two different resolutions, with
the three distinct types of division methods. For a highly effective result, a resultant p-
value of less than 0.01 was considered significant.

3.2 Topographical and Zonal Patterns of T2 Relaxation in Osteoarthritic Tibial Cartilage
by Low- and High-resolution MRI.

3.2.1 Sample Preparation

With the approval of the institutional review committees, nineteen mature canines
were acquired from a dedicated facility, then quarantined onsite for two weeks with the
proper care at the University of Calgary, Alberta. Prior to surgery, the conformation and
gait of each animal was studied to exclude animals that had pre-existing anatomic or gait
abnormalities. The surgical and care procedures, which are available upon request,
satisfied the guidelines of the related regulatory agencies. Seven of the nineteen canines
were non-operated healthy controls (N, 14 knees), and the rest of the twelve canines had
the anterior cruciate ligament (ACL) in one knee transected 8 weeks (80A, 6 knees) and
12 weeks (120A, 6 knees) prior to sacrifice. The other knees in the surgical groups were
untouched and labeled as the contralateral knee (8C and 12C, each 6 knees). After the
excess tissues were trimmed off at sacrifice, all unopened knee capsules were imaged in a
7T MRI Then each joint capsule was opened to harvest five rectangular cartilage-bone
blocks from its medial tibia. Each block was about 3x3x5 mm? in size, representing a

specific topographical location on the medial joint surface (Figure 3.1).
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IMT

Figure 3.1 An illustrative topographic map of medial tibia joint divided into five locations
(thick solid rectangular) representing each of the five cartilage bone plugs selected for
uUMRI studies. The five locations are labelled as Anterior (AMT), Exterior (EMT),
Posterior (PMT), Central (CMT) and Interior (IMT) respectively. The dotted curved line
represents the meniscus covered area in the medial tibial surface. Three mMRI slices are
marked by the dot-dash lines that cover the five locations.
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3.2.1 Low-Resolution MRI Protocols

All unopened knee capsules were imaged in quantitative MRI T2 experiments on
a Varian MRI system with a 7T/20cm horizontal-bore magnet (Santa Clara, CA) and used
the multi-slice multi-echo (MSME) pulse sequence. The FOV was 5cm with a matrix size
of 256x256, which yielded a 200um pixel size. These images were then interpolated in
post-processing into 100um per pixel size, which are labeled as macro-MRI (mMRI) in
the remainder of this report. The repetition time was 3 sec; 10 echo times were used, with
the minimum echo time of 10ms and each increment at 10ms with a total scan time of
about 52 minutes. At each echo time, 10 slices were acquired, each with a slice thickness
of Imm (approx. 2.5mm apart from each other, running at interleaving sequences). Each
joint thus had 100 T2*-weighted images, whose time-domain data were reconstructed
(including zero padding) from a matrix size of 256x256 to 512x512, yielding the final
pixel size of 100um (Badar & Xia, 2017). Ten quantitative T2* images at 10 different
slice locations were calculated based on these weighted images. The locations of three
mMRI slices and the subsequent five uMRI cartilage-bone plug locations are shown in
Figure 3.1.

3.2.3 High-Resolution MRI Protocol

All small specimens were immersed in physiological saline solution, which also
contained ImM Gd-DTPA? contrast agent and 1% protease inhibitor cocktail (Sigma,
MO). The specimens were maintained at 4°C (never frozen) and imaged quantitatively in
a different 7T micro-MRI (Bruker AVANCE II 300 micro-imager). The acquisition
matrix was 256x128, which was reconstructed into 256x256 matrix, resulting in a pixel
size of 17.6 um (labeled as uMRI). The field of view was 4.5 mm with a slice thickness
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of 0.8 mm. The repetition time (TR) was set at 500 as all samples were soaked in Gd-
DTPA? (for T1 experiments). The T2-weighted images were acquired using a CPMG
magnetization-prepared imaging sequence with five echo times (2, 8, 20, 50, and 100 ms)
and total scan time of approximately 1 hour and 30 minutes (Xia, 1998; Zheng & Xia,
2009b).

Two sets of uUMRI images were acquired for each specimen with the normal axis
to the cartilage surface being oriented at 0° and 55° to the external magnetic BO field,
which were used to calculate two orientation-dependent T2 images. These two
orientations in the quantitative T2 imaging were necessary since T2 characteristic in
articular cartilage is known to have strong magic angle effect (Xia, 1998, 2000b), which
has its origin in the dipolar interaction in spin dynamics. The angles of 0° and 55° to the
external magnetic field are the two orientations that give the maximum and minimum
influence of the dipolar interaction to the depth-dependent T2 characteristics.

3.2.4 Image and Statistical Analysis

The high-resolution T2 profiles in uMRI were divided into four zones using a
well-established method of zonal division (Lee & Xia, 2013; Xia et al., 2001), where the
bell-shaped curve of a depth-dependent T2 profile (0°) is divided into four individual
zones. The division for the low-resolution profile in mMRI considered the fact that the
average thickness of SZ and TZ was each 80-120um for this type of canine tissue (Lee et
al., 2014; Xia, Wang, Lee, & Badar, 2011), hence assigning the first and second pixels as
SZ and TZ for mMRI respectively, with the rest of the profiles as the two equal parts of
RZ (RZI and RZII). Both mMRI and uMRI quantitative T2 maps were calculated using a
single exponential decay on pixel-by-pixel basis with the aid of a MATLAB code. The
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exponential decay equation used in the code allows for a more rigorous calculation of T2.
Further explanation of the single exponential model using MATLAB (and other software)
is presented in Appendix B of the dissertation.

One-way ANOV A with Bonferroni correction test using KaleidaGraph was
performed on all specimens from each of the five topographical locations (AMT, EMT,
PMT, CMT and IMT) of the medial tibia, comparing T2 relaxation times among healthy
(N), contralateral (8C and 12C) and osteoarthritic (8OA and 120A) cartilage in each of
four unequal-thickness zones (SZ, TZ, RZI and RZII) by mMRI and uMRI (0° and 55°).
Pairwise statistical tests were also carried out between healthy (N) and both contralateral
joints (8C and 12C), and between healthy (N) and both osteoarthritic joints (§OA and
120A). Pairwise statistical comparisons were also carried out between comparable
disease groups. A resultant p-value of less than 0.05 was considered significant.

3.3 The Interface Region Between Articular Cartilage and Bone by uMRI and PLM at
Microscopic Resolution

3.3.1 Sample Preparation

Five cartilage-bone rectangular plugs (~3x3x5 mm?) were extracted from the
central region of a healthy canine humeral head. The animal was sacrificed for an
unrelated biomedical study, which was approved by the relevant Institutional Review
Committee. The intact joint was frozen immediately at -80°C after euthanizing and
thawed at 4°C before the specimen harvesting. Nearly identical canine humeral cartilage-
bone specimens, which were from the same tissue source over the last 25 years, have

been studied in our lab for numerous micro-imaging projects across multiple imaging
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modalities (Badar et al., 2021; Lee & Xia, 2013; Xia, 2008; Xia, Farquhar, Burton-
Wurster, & Lust, 1997; Zheng, Xia, & Badar, 2011).

3.3.2 uMRI Experimental Setup

The uMRI system (Oakland University, MI) used in this work was a
Bruker AVANCE IIIHD console and a 7 Tesla/89 mm vertical-bore superconducting
magnet, together with the micro-imaging accessory and a 3mm solenoid coil (Bruker,
Billerica, MA). Three 2D imaging sequences were used, a gradient echo (GE) sequence,
a magnetized-prepared spin-echo (Mprep.SE) sequence and a UTE sequence, to collect
T2 data of the cartilage-bone specimens at both 0° and 55° (magic-angle) orientations
with respect to the external magnetic field Bo. (Note that GE and UTE sequences
generate T2* data instead of T2 data. To simplify the labeling, we use T2 in the
dissertation.) Two orientations in the quantitative T2 imaging were necessary since T2
characteristics in articular cartilage are known to have the magic angle effect (Xia, 1998),
which has its origin in the dipolar Hamiltonian in spin dynamics. The angles of 0° and 55°
to the By are the two orientations that give the maximum and minimum influences on the
depth dependent T2 characteristics, yielding the T2 anisotropy in articular cartilage. All
three sequences used the same geometry settings, with a FOV of 3 mm and a matrix size
of 256x128 (post-reconstruct to 256x256; for GE and Mprep.SE) and 256x256 for UTE,
yielding a 11.7 um/pixel resolution for all three imaging sequences. All uMRI sequences
used a slice thickness of I1mm. The GE sequence used a TR of 2000 ms and had five echo
times (TE) of 7, 14, 21, 28 and 35 ms. The Mprep.SE sequence used a CPMG T2 contrast
header segment (Zheng & Xia, 2009a) that used a TR of 2000 ms and had five TEc of 2,
8, 20, 40 and 60 ms. The UTE sequence used a TR of 100ms and had five echo times at
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0.235,0.3, 0.5, 0.6 and 1 ms. To avoid intensity saturation between individual UTE
proton maps due to changing receiver gain and parameters, the identical receiver gain,
and parameters were set for each of the individual UTE experiments. To quantify T2 in
SE and T2* for GE and UTE in non-calcified and calcified cartilage, a single exponential
fit to the image intensities was carried out for all ROIs, with a variable baseline (S = So +
axe CTET2) where Sy is the average noise (baseline) selected from a region outside the
tube and a is the maximum intensity measured minus the baseline (So) at the earliest
TEc). Further explanation of the single exponential model using MATLAB (and other
software) is presented in Appendix B of the dissertation.

3.3.3 Histological and Optical Imaging Setup

To correlate between uMRI and PLM, the cartilage-bone specimens imaged first
by uMRI were fixated in 10% neutral buffered formalin overnight at 4°C. The fixated
cartilage-bone specimens were sent to a histology service (Yale Pathology Tissue
Services, New Haven, CT) to section into 6 pm slices using the paraffin method. Multiple
slices from the five individual specimens were processed through histology; adjacent
slices were alternatively either unstained (for quantitative PLM) or processed with the
Hematoxylin and Eosin (H&E) staining protocol (for qualitative visualization of ZCC).
All unstained slices were imaged in our lab by a quantitative PLM system, which consists
of a digital setup (Cambridge Research & Instrumentation, Woburn, MA) that is mounted
on a polarized light microscope (Leica, Buffalo Grove, IL). The output of the CCD
camera was processed to generate two quantitative images: the optical retardation (in
units of nm) that describes the voxel averaged collagen organization and the azimuth (in

units of deg®) that quantifies the voxel average collagen orientation (Oldenbourg & Mei,
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1995). A selected number of slices were imaged multiple times at different
magnifications. With the use of a 5x, 10x, 20x, or 40x objective, our PLM system has
pixel resolutions of 2 um, 1 um, 0.5 pm, or 0.25 pm, respectively. The H&E-stained
sections were imaged by the same optical microscopy and captured by a Canon Rebel T4i
digital camera. The H&E images were taken using white light in the Leica microscope
and the camera in manual mode using fixed settings to avoid any intensity variation from
one image capture to another. The color images of the H&E-stained sections were
adjusted by correcting the hue and saturation levels with the help of the ImageJ software,
to differentiate the ZCC better visually from the NCC and SBP. The pixel sizes in the
Canon images were calibrated with the use of a resolution scale to match the pixel sizes
of the quantitative PLM images.

3.3.4 Data and Statistical Analysis

For the exponential fitting, a region of interest (ROI) was selected in each zone
(8Z,TZ,RZ1,RZ2 and ZCC) of the specimen from which the average signal at each TEc
was collected. The single exponential fit was used to calculate the T2 or T2* (with the
error E and goodness of fit (R2)). From the average of five cartilage-bone plugs, a profile
plot was calculated using a ten-pixel ROI selected from the center of each pMRI T2 map
(both 0° and 55° sample orientations) which covered the entire thickness of cartilage and
extended into SBP. A one-dimensional (1D) profile from the selected 2D ROI was
generated by row-wise averaging (together with the standard error) along the cartilage
depth. For each quantitative PLM image, an ROI containing 60 parallel neighboring
columns, which would have approximately the same width as the ROI thickness in

UMRI, were averaged to produce one 1D profile. Since the averaging was row-wise, the
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spatial resolutions of the 1D profiles along the tissue depth are 11.7 um for uMRI and 2
um for PLM. All 2D images and 1D profiles, where each came from one independent
imaging experiment, used the identical scaling and settings without any additional
manual adjustment. The post-acquisition image and statistical analyses used the public-
domain software ImageJ and the commercial software KaleidaGraph. A one-way
ANOVA with Bonferroni correction was used to compare the 0° and 55° mean UTE-T2*

values in the ZCC (p < 0.05 was considered significant).
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CHAPTER FOUR

IMAGE INTERPOLATION IMPROVES THE ZONAL ANALYSIS OF CARTILAGE
T2 RELAXATION IN MRI

4.1 Introduction

Morphological changes of articular cartilage due to osteoarthritis can be detected
by several clinical MRI sequences such as T2 and T2 anisotropy, T1p, T1 (with the use of
contrast agent), and diffusion (Alhadlaq et al., 2004; Matzat et al., 2014; Newbould,
Miller, Toms, et al., 2012; Regatte et al., 2006; Smith et al., 2001; Welsch et al., 2008).
Early OA detection using MRI, however, remains unsatisfactory in the clinic. A major
reason for this inadequate clinical diagnosis is the relatively large voxel size in
comparison with the thin thickness of articular cartilage over which the molecular
concentration and orientation changes are significant (Xia, 2007). Consequently, several
changes can occur in the tissue simultaneously, for example, due to topographical
distributions of the collagen orientation and proteoglycan concentration, natural wear and
tear, or degradation due to non-physiological activities (i.e., impacts during sport, work,
or battlefield). At the current standard of clinical whole-body scanners, detection of these
changes is inadequate for the best and earliest diagnosis of OA.

This chapter describes a multi-resolution imaging study of canine tibial cartilage
that had surgically induced OA. First, the T2 images of intact knees were acquired at 200
pum pixel resolution, which mimicked the resolution obtainable in clinical MRI of human
joints. The joints were subsequently opened and the cartilage-bone specimens at the

locations that were imaged previously were harvested and imaged again at 17.6 pm pixel
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resolution. 2D T2 maps were calculated from both MRI experiments. We applied an
image interpolation algorithm to investigate whether the reconstruction of the 200 um
images to 100 pm images could improve the detection sensitivity in MRI. Since the most
important feature of cartilage degradation is its depth-dependent zonal divisions, we
aimed to investigate if different interpolating and zonal division methods could improve
the detection of early OA.

4.2 Results

4.2.1 Multi-Resolution T2 Maps

A T2 map of a healthy medial tibia using the 7T macro-MRI imaged at the
resolution of 200 um/pixel (Figure 4.1a) showed the pixilation of a low-resolution whole
joint image that is commonly seen in clinical MRI. The white region of interest (ROI)
box depicted the region on the tibia from which a cartilage-bone specimen was later
imaged at 17.6 um/pixel in uMRI. Just like the original image (Figure 4.1b), similar
ROIs were selected from the reconstructed images (100 um/pixel) by two different types
of interpolation methods: the ImageJ reconstruction (Figure 4.1c) and the FID
reconstruction (Figure 4.1d). Both reconstruction methods clearly produced smoother
images (Figures 4.1¢ and 1d) that are lesser pixelated than the original image (Figure
4.1b) with minor differences in the different regions of the joint. The smaller ROI within
Figures 4.1b-1d depict ROIs from which depth-dependent T2 profile analyses were
performed and a similar location from which pMRI data were analyzed.

4.2.2 Multi-Resolution T2 Profiles

From the two-dimensional T2 maps, the depth-dependent T2 profiles for both
healthy and OA cartilage (Figure 4.2a) were extracted from the ROI, with and without the
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~ 6 mm

Figure 4.1 Macro-MRI T2 map of a healthy canine medial tibia. (a) Quantitative T2
images of a canine medial tibia from macro-MRI in a sagittal slice. The white square
shows the selected ROI, which is enlarged on the right: (b) the ROI with the original
resolution (~ 200um/pixel), (c) the ROI with the bicubic interpolated resolution
(100um/pixel) in ImagelJ software, and (d) the ROI with the FID-based reconstructed
resolution (100pum/pixel) in the Varian NMR spectrometer. The white rectangle on b, ¢
and d represent the ROI selected for depth-dependent profiles. The 0 to 100ms gray scale
is used for all images.
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image interpolation. Even though the images in Figures 4.1c and 1d had slight overall
differences, the profiles showed near identicalness of the two interpolation methods as
well the resolution difference between the original image and the interpolated images.
The horizontal error bars in the original (256) T2 profile showed the pixel location at 200
um and the site reference to the pixel locations at 100pm. Since a 200 um pixel is
substantial in size when compared with the cartilage thickness (about 600-1000 pm), the
T2 value at 200 um/pixel was placed in the middle of each large voxel in the horizontal
scale (i.e., at the 100 um location), as a representation of an average T2 value of the
finite-sized voxel. For the 100 um pixels, the T2 values were placed at the beginning,
mid-point, and end of each 256-pixel location. The most significant difference in T2
between healthy and OA cartilage is shown to occur near the top 20% of the tissue
(Figure 4.2a). A careful inspection of the error bars and the comparison of the
interpolated images using both methods showed that the time-domain (FID)
reconstruction resulted in a slightly less noisy profile, and as such, was used for the rest
of the analysis.

Comparison between the macro-MRI T2 profile of healthy cartilage (N), which
were harvested from the ROI shown in Figure 4.1a, and their equivalent uMRI T2
profiles (Figure 4.2b) showed significant similarity. The high-resolution uMRI data
showed significantly more information in terms of the depth-dependency of cartilage T2
when compared to the macro-MRI data. The zonal markings on the uMRI profiles clearly
indicated the resolution differences between the macro-MRI (~200 and 100 pm) and
UMRI (~20 pm). This comparison demonstrated that the missing information in the low-
resolution MRI is mainly in the top 20% of the cartilage in a typical clinical MRI setting.
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Figure 4.2 T2 comparison of healthy and OA cartilage using different interpolation and
resolution methods. (a) The depth-dependent T2 profiles of healthy (N) cartilage (a) and
OA cartilage (b) depicting the influence of different image interpolation, shown in Fig
1(b)-(d). The articular surface (AS) is marked with 0 and the cartilage-bone interface
(TM) with 1. (b) The depth-dependent T2 profiles of healthy cartilage between puMRI
(~20pm/pixel) and macro-MRI (both original and interpolated pixel sizes) with tissue
divided into the three distinct zones: Superficial (SZ), Transitional (TZ) and Radial (RZ)
zones.
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This missing information would depend on the ROI selection and the partial volume
effect, which are critical for the early OA detection. The subtle yet critical difference
between the 200 um and 100 um T2 profiles (N, healthy) where the 100 um profile
showed the lamina effect that is evident also in the 20 um T2 profile (Xia, 2005; Xia et
al., 1997). This difference is also documented in Table 4.1 in the unequal division of zone
column (in bold) where the T2 pattern for 200 um is SZ > TZ > RZ whereas the 100 um
follows a pattern of TZ > SZ > RZ, similar to the findings of healthy tissue T2 profiles in
UMRI. This is a key finding in the importance of the reconstruction and minimum
resolution needed for zonal division.

4.2.3 Statistical Comparison of Low- and High-Resolution T2 MRI Data

T2 profiles of the images at 200 um/pixel resolution (Figure 4.3) and the “time-domain”
interpolated images at 100 um/pixel resolution (Figure 4.4) showed statistical findings
among three different division methods (the two equal-thickness division, the three equal-
thickness division, and the three unequal-thickness zones), and among three types of
cartilage (healthy, contralateral, OA).

Table 4.1 summarizes the statistical findings (shown in Figure 4.3 and Figure 4.4)
as mean and standard error of the mean (SEM) with their respective statistical p-values.
Several conclusions can be drawn from the comparisons of the three division methods
based on the strong statistical results.

1. The subtle differences between the 200 pm/pixel data (Figure 4.3) and the 100
um/pixel data (Figure 4.4) show that the image interpolation can improve the OA
detection by MRI T2, even when the imaging resolution is still insufficient to

resolve the structural zones in cartilage. This is best illustrated in the three equal-
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thickness division (Figure 4.4.b), where the middle 1/3 gains T2 sensitivities to
OA after image interpolation.

Comparing the two and three equal-thickness division methods (Figure 4.3a/4.4a
vs. Figure 4.3b/4.4b), it is clear that the three equal-division method is more
sensitive than the two equal-division — it is capable of picking up the differences
between healthy and contralateral cartilage, as well as between contralateral and
OA cartilage when the image interpolation is used. This shows the improvement
of image resolution, in both acquisition and analysis, should be the top priority in

clinical MRI development.

. The more revealing division method is the unequal-thickness zonal division,

which requires the knowledge of the true zonal structure in cartilage, obtainable
only by histology or uMRI. This unequal zonal division is capable of detecting
the T2 changes not only between healthy and OA cartilage, but also between
healthy to contralateral cartilage (Figure 4.3¢ and Figure 4.4¢), in both 200
um/pixel and 100 um/pixel images. The latter difference between healthy and
contralateral cartilage in SZ cannot be seen in any of the equally divided regional
analysis (Figure 4.3a-b and 4.4a-b) at both resolutions (200 um and 100 um).

This is a significant finding.
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Figure 4.3 Statistical comparison between healthy (N), contralateral and OA groups
based on the two equal (a), three equal (b) and three unequal (¢) division of the T2
profiles at 200um resolution. The statistical significances are donated as * (<0.01).
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Table 4.1 T2 values comparing healthy (N), contralateral (C) and OA cartilage (mean £ SEM) at two resolutions using the three

methods of tissue division; namely two-equal, three-equal, and three-unequal divisions (using “FID 512” method).

mean = SEM (ms) p-value
Resolution Method Zone N C OA ANOVA Nv.C Nv. OA Cv.OA
Two Equal ~ UPPer(12)  4L66+1.19 4523+1.35 53.06% 141 <.0001 01257  <.0001 0.0001
Division [ ower(1/2)  22.39+0.87 23.01+£1.12 23.49+0.66 0.6902 08834  0.6659 0.9212
- Upper (1/3) 4533 +121 4991+134 6037+1.57 <.0001 0.0524 <.0001  <.0001
ree
Equal Middle (1/3) 32.37+1.26 2898+1.03 31.99+0.87 03074 03241  0.9696 0.4545
200 pm Division
Lower (1/3)  19.62+0.78 20.28+0.89 20.79+0.55 03172 03161  0.4943 0.9436
- SZ 46.38 £ 1.46 55.82+1.69 69.54+2.14 <.0001 0.0008 <.0001  <.0001
ree
Unequal TZ 40.86£1.35 41.08+1.69 49.03+1.70 0.0003  0.995 0.0011 0.0015
Division
RZ 23.52+£093 24.84+1.19 2585+0.71 02408  0.6047  0.2113 0.7357
Two Equal ~ Upper (1/2)  44.02+128 4321+101 51.86+122 <.0001 08773  <.0001  <.0001
Division  Lower(1/2) 23.14+0.87 21.52+0.51 23.82+0.53 0.0422  0.1915 0.7494 0.0383
Three Upper (1/3)  48.25+1.40 50.62+122 62.03+1.63 <.0001 04704 <.0001  <.0001
100 um Equal Middle (1/3) 35.31+1.29 30.81+0.84 3547+0.95 0.0020  0.0074  0.9934 0.0053
Division p wer(13) 21.42+0.79 20.07+051 22.36+049 00325 02697  0.5286 0.0251
Three SZ 47.26+1.69 56.62+1.87 68.85+2.11 <.0001 0.0018 <.0001  <.0001
gve_q}lal TZ 52.74+1.56 52.16+1.53 6439+1.78 <.0001 09657 <.0001  <.0001
1vV1S10n
RZ 29.21+£0.98 27.23+0.67 3137+0.71 0.0016 0.1923  0.1389 0.0010

* p-value < 0.01 was considered statistically significant (Sample size of 60 for each N, C and OA samples).
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4.3 Discussion

It is rare that one has the opportunity to study approximately the same cartilage
specimens using both macro-MRI at 200 pm resolution and uMRI at 17.6 um resolution,
quantitatively, with the same MRI parameter (T2 relaxation), at the same field strength
(7T), and with both healthy and well-characterized osteoarthritis. Given our extensive
experience with similar canine cartilage at microscopic resolutions (Alhadlaq et al., 2004;
Lee et al., 2016; Mittelstaedt, Kahn, & Xia, 2016; Xia et al., 2001), the multidisciplinary
properties of this type of cartilage are well understood. Our study of canine tibial
cartilage at 200 um per pixel by macro-MRI has approximately the same length scale in
comparison to the clinical MRI of a thicker human tibial cartilage at a fraction of
millimeters per pixel using a whole-body MRI scanner, both resolving about 3 pixels
across the thickness of cartilage based on the clinical settings implemented.
Consequently, this animal MRI study and the common human MRI scans share a similar
structural averaging in cartilage within each depth-dependent pixel, as well as the
averaging between cartilage and its surrounding tissues (Xia, 2007). Since T2 is an
important indicator in MRI study of cartilage damage due to OA (Lee et al., 2016; Wei et
al., 2015; Wyatt et al., 2015), this project could help better illustrate the issues of MRI
resolution at early stages of osteoarthritic cartilage.

4.3.1 The Zonal Thickness Approximation

Some of the early lesions in human OA can be localized near/around the surface of the
tissue (Hwang et al., 1992). The averaging of the surface tissue in diagnostic imaging
could therefore hide vital information that is essential to the detection of early OA. Many
clinical MRI analyses often compare just one bulk T2 value between the healthy and OA
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cartilage (Chang et al., 2013; Ross et al., 2012). With the improvement of clinical MRI
technology, resolving cartilage thickness in 2-4 or more pixels becomes possible for
quantitative human MRI (Bangerter, Taylor, Tarbox, Palmer, & Park, 2016).
Consequently, these pixels of equal size could be used to represent different depths of
cartilage (Shao et al., 2016; Welsch et al., 2009). This type of depth-dependent regional
analysis is superior to the bulk analysis since a regional analysis separates the different
characteristics between surface and deep cartilage. Since the combined thickness of both
SZ and TZ is likely less than 1/3 of the total thickness, an equal thickness division
essentially groups the complex surface structures of cartilage into one pixel, which could
mask subtle changes of T2 in early OA (Figure 4.2). This project clearly demonstrates the
additional detection sensitivity gained from the image interpolation, even when the
original data is inadequate to resolve the zonal structure of cartilage. The approach in this
animal cartilage study could be equally applied to clinical MRI of human cartilage, based
on the scaling of imaging resolution in MRI (Xia, 2007).

This study has benefited from the knowledge from pMRI T2 profiles of the same
cartilage (Lee et al., 2014; Lee et al., 2015; Lee et al., 2016), which clearly indicate the
strong and distinct zonal profiles of cartilage T2 over its thickness, especially near the
surface. Proper zonal division permits the best separation of Superficial and Transitional
zones, which increases the sensitivity of the MRI protocol. This study therefore calls for
the determination of the minimum resolution required for MRI of osteoarthritic cartilage.
This determination, however, can be complicated in practice by the heterogeneity of the
zonal structures in cartilage over a joint surface such as tibia or femur (Appleyard et al.,

2003), as well as the dimension and orientation of the imaging voxel, which is commonly
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non-isotropic (Xia et al., 2001). By averaging only within each zone, a much better
detection of the morphological changes occurring in early OA cartilage can be obtained.

4.3.2 Minimal Resolution Requirements for Articular Cartilage

In the post-acquisition image interpolation from the original 256 matrix to a 512
matrix, two different reconstruction methods showed minimal difference. This result is
beneficial to most users since few could have repeated access to the original MRI system
after the data acquisition. Since the scaling factor of two was used in both interpolation
methods, the quantitative information from the interpolation is sufficiently within the
limitations reported by other image interpolation studies where interpolation showed a
statistical improvement in structural changes and reduction of partial volume effect
(Bernstein, Fain, & Riederer, 2001; Du, Parker, Davis, & Cao, 1994; Mayerhoefer et al.,
2009). For canine tibial cartilage, a minimum resolution of 100um/pixel is both necessary
and sufficient, since uMRI results at a much higher resolution showed the thinnest zones
were about 80-100um in thickness (Zhuang, Lee, Badar, Xu, & Xia, 2016).

4.3.3 Experimental and Analytical Limitations

One methodological consideration in this data analysis is the location of the T2
values on the depth scale of cartilage. We placed the T2 values at the center of the pixels
in the depth scale (at 100 pm, 300 um, and so on). Arguments could be formulated to
place the T2 value at the upper edge of the pixels (at Oum, 200 um, and so on). Since the
voxel size is large in comparison with the collagen structure in cartilage, the partial
volume effect is an important factor when deciding the depth location of the first pixel of
the tissue (Liu, Chaudhary, Block, Samsonov, & Kijowski, 2015). We recommend that if
the depth-dependent analysis approach is consistent, which merely represent a relative
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shift of the relaxation profile, the analysis should result in a similar conclusion. However,
it does leave an ambiguity in the profile matching, as the selection is user dependent.
Since the shape of a MRI voxel is commonly elongated (Xia, 2007), the averaging of the
surface reflects the contribution not only from different cartilage but also some
surrounding tissues. This is represented by the surface portion of the T2 profiles in Figure
4.2a, which include two possible scenarios, that is, whether the T2 values in the adjacent
non-cartilage regions is lower or higher than the T2 values of the first cartilage pixel.

4.3.4 Conclusion

We demonstrate that the interpolation of T2 images can better detect OA in
cartilage, in the situation when the MRI resolution is insufficient to resolve the depth-
dependent T2 characteristics in articular cartilage. Several zonal divisions of articular
cartilage were compared using quantitative macro-MRI data. An unequal zonal division
is shown to be much more statistically informative than the typical equal thickness
division used in low-resolution MRI and hence able to detect earlier signs of T2 changes
due to OA. Since the relative length scale of canine cartilage and macro-MRI is nearly
identical to those of human cartilage and whole-body MRI, this image analysis approach

can benefit the clinical detection of early OA in humans.
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CHAPTER 5

TOPOGRAPHICAL AND ZONAL PATTERNS OF T2 RELAXATION IN
OSTEOARTHRITIC TIBIAL CARTILAGE BY LOW- AND HIGH-RESOLUTION

5.1 Introduction

The degradation of cartilage is the hallmark of osteoarthritis (OA), which is the
most common musculoskeletal disease that affects millions of people in our society
(Buckland-Wright, Macfarlane, Lynch, et al., 1995; Huang & Schweitzer, 2014; Matyas
et al., 1999; Vignon et al., 2003; Watson et al., 1996). Given the zonal and topographical
natures of cartilage properties, cartilage degradation must have zonal and topographical
signatures at different stages of OA during its slow progression (Kahn et al., 2016). The
fact that articular cartilage is a thin layer of curved tissue with both topographical and
zonal variabilities make the detection of early OA progression challenging. Among the
non-invasive imaging tools in clinics, magnetic resonance imaging (MRI) is the only
technique that has the sensitivity to the motion of molecules in soft tissue (Wang & Xia,
2013). Several MRI parameters, in particular T2 relaxation time, have been widely used
for the diagnostic assessment of OA cartilage (Alhadlaq & Xia, 2004; Kurkijarvi et al.,
2004; Lee et al., 2015). In biological tissues, T2 relaxation has complex mechanisms that
reflect the mobility of water molecules in their local environments, which can be used to
monitor the anisotropic properties in cartilage and other collagen-rich tissues (Xia, 1998;
Xia et al., 2012). For the simplest notion in relation to osteoarthritis cartilage, a high T2
value implies a tissue having less proteoglycans, less organized collagen matrix, more

extracellular water, and looser interactions between water and macromolecules
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(Blumenkrantz et al., 2008; Hannila et al., 2009; Hanninen et al., 2017; Li et al., 2007,
Millington et al., 2007; Stahl et al., 2007).

In this project that used a canine model of OA, the degradation of cartilage was
triggered by anterior cruciate ligament (ACL) transection surgery (Matyas, Atley,
Ionescu, Eyre, & Poole, 2004; McDevitt et al., 1977) and studied at 8-weeks and 12-
weeks after the surgery. There were five types of tissue: healthy cartilage, OA cartilage 8-
weeks and 12-weeks after surgery, and contralateral cartilage 8-weeks and 12-weeks after
surgery. Cartilage from five topographical locations on the medial tibial plateau was
studied by MRI T2 protocols, each with two zonal resolutions (100um/pixel and
17.6um/pixel). We aimed to investigate the interactions on the MRI T2 OA detection by
different disease progression, at different topographical locations, in different sub-tissue
zones, and using different imaging protocols.

5.2 Results

5.2.1 The mMRI and uMRI Images and Profiles

Figure 5.1 shows the locations of the mMRI and uMRI slices, from which the T2
of cartilage was measured quantitatively. The central mMRI slice (#2) captured three
locations from anterior to posterior (AMT, CMT and PMT), where each topographical
location was studied individually in uMRI. Figures 5.1a/d/g show three identically
located mMRI slices from three specimen groups (N, 8OA, 120A); all had the colored
T2 images of cartilage overlaid on the grey-scale intensity images of knee joint, together
with the corresponding uMRI T2 maps at 0° and 55° orientations. With the progression of
the tissue lesion from healthy (N) to two OA stages (80A, 120A), an incremental
increase in both T2 and tissue thickness can be seen clearly, with the 120A tissue
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Figure 5.1 The mMRI images (a, d, g) of three intact knee joints representing the Normal, 8OA and 120A animals, overlaid by
their quantitative T2 maps (colored, 0-100ms). The mMRI ROI (the white box) shows the approximate region where the cartilage-
bone plugs were harvested for the uMRI 0° and 55° imaging, which were shown under each knee image. The arrow heads in (b)
and (c) mark the thickness of articular cartilage. The direction of the magnetic field B0 is pointing vertically up in the figure; the
angles of 0° and 55° are between the normal axis of the articular surface and the magnetic field direction.



showing the biggest T2 increases (Figure 5.1g) and the clearest swelling in cartilage
across the entire tibial sagittal slice (Figures 5.1h and 11). The phenomenon of tissue
swelling in uMRI clearly indicates that at these degradation stages, (a) there are
disintegrations of the collagen network in 8OA and 120A tissues, and (b) cartilage still
contains measurable PG even at 120A. These mMRI changes vary topographically from
one surface location to another, illustrating the fact that not all cartilage degrades
simultaneously. Hence, a topographical view with zonal resolution is crucial for accurate
diagnostic study of early OA by any imaging tool.

Figure 5.2 shows the depth-dependent T2 profiles at one tibial site (CMT),
comparing healthy cartilage with the OA cartilage. The comparative plots used a relative
thickness to accommodate varying tissue thickness due to tissue swelling. The region of
interest (ROI) on both mMRI and pMRI T2 maps had a consistent width (~200pum). In
the low-resolution mMRI profiles (Figure 5.2a), three features can be observed. First, a
significant elevation of T2 can be seen in the surface tissue between the normal and the
OA cartilage (0 — 0.15 depth). Second, there was no difference in T2 between the 8-
weeks and 12-weeks after the surgery. Finally, for most of the deep cartilage (0.15— 1.0
relative depth), there is little change in T2 values, regardless of whether the tissue is
healthy, 8-weeks or 12-weeks after the surgery.

In the high-resolution uMRI profiles (Figure 5.2b), two specimen orientations in
the magnetic field modulated the T2, where the dipolar interaction has the strongest effect
on T2 at 0° orientation and the least effect on T2 at the 55° (the magic angle). At 0°, the
UMRI T2 profiles appear nearly identical to the mMRI profiles (Figure 5.2a), where the
only sensitivity to the tissue degradation was on the surface of the tissue. When the
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Figure 5.2 Quantitative T2 profiles of the entire cartilage from the images shown in
Figure 5.1, (a) mMRI profiles at 100 um per pixel, (b) uMRI profiles at 17.6 pm per
pixel. The vertical dotted lines mark the sub-tissue zones.
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specimen was oriented at 55° (Figure 5.2b), the progression of cartilage lesion was
clearly different from the corresponding 0° profiles. Two additional features of these
UMRI T2 55° profiles should be noted. First, there was a lack of major differences in the
surface tissue (0 - 0.1 relative depth) between the 8OA and 120A groups, which signals
the lack of further degradation in the surface tissue from 8 weeks to 12 weeks after the
ACL transection. Second, despite the lack of progression in the surface tissues between
80A and 120A, there were significant T2 elevations for the deep tissue (0.2 — 1.0
relative depth) between 8OA and 120A, which indicates that the degradation in the deep
cartilage happened later than the degradation in the surface cartilage.

5.2.2 Topographical and Zonal T2 Patterns among Different Lesion Groups

Quantitative T2 maps for three imaging protocols (mMRI, uMRI 0°, uMRI 55°)
were constructed individually in all five topographical locations on the medial tibial
surface (Figure 3.1). At each location, a depth-dependent profile (Figure 5.2) was
obtained by averaging all the T2 profiles among the animals. These profiles were sub-
divided into the four zones and the quantitative T2 values within each zone were
averaged (Xia et al., 2001; Xia et al., 2012). The progressions of tissue degradation were
analyzed among the five topographical sites (AMT, EMT, PMT, CMT and IMT), among
the four sub-tissue zones (SZ, TZ, RZI, RZII), among the five disease groups (N, 8C,
12C, 80A, 120A), and among the three imaging protocols (mMRI, uMRI 0°, uMRI 55°).

Figure 5.3 shows the topographical T2 patterns in the superficial zone of cartilage
measured by three imaging protocols at one specific topographical site. Since T2 values
of healthy cartilage at different sites of the knees are known to be different (Lee et al.,

2014), simply comparing an averaged T2 value would not reflect the true trend due to the
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degradation. For this reason, we also calculated the topographical and zonal percentage
differences of T2 between various osteoarthritic cartilage and the healthy counterpart, and
used the percentages to color these topographical patterns, where darker red/blue signifies
increased/decreased percentage difference with the normal (uncolored). This use of color
‘hot/cold’” maps highlights any trend of changes that is significant to the disease
progression.

Several trends can be noted for the superficial cartilage. First, a large cluster of
blue colors were noted in the anterior and exterior sites of the contralateral cartilage
(AMT and EMT at 8C and 12C), where both are covered by the meniscus; and a higher
cluster of red and more dark-red colors could be seen in OA cartilage (80A and 120A).
This illustrates that T2 generally increased as the disease progressed from healthy to
severe lesions. Second, although three imaging protocols (mMRI, uMRI 0°, uMRI 55°)
measured approximately the same tissue, they showed different sensitivities towards the
T2 changes. For example, both uMRI 0° and pMRI 55° at the AMT location showed
lower T2 in contralateral cartilage and modest high T2 in 120A cartilage; in contrast,
mMRI showed significantly higher T2 (darker red) for both contralateral and OA
cartilage at the same location (consistent with the information in Figure 5.2). Finally,
each topographical location showed different trends of T2. For example, at the CMT
location, the biggest increases in T2 were in the 8C cartilage (WMRI 0%), which reduced
towards later degradation. At the same time, AMT and PMT locations (which are the

most anterior and posterior locations) have the opposite trends in 8C cartilage.
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Figure 5.3 Topographical T2 maps of the superficial zone cartilage in the medial tibias from three imaging protocols: (a) uMRI at
0° (b) uMRI at 55°, and (¢) mMRI. Each T2 value is averaged among the T2 of all specimens at the same zone and same
topographical location. The three blocks inside the dotted line represent the meniscus covered region, while the other two blocks
represent the exposed region. The darkness of blue and red colors is based on the calculated percentage difference between each
disease stage to the healthy counterpart, where darker red/blue means higher/lower percentage change than the normal, which is
uncolored. The max and min % changes were +30 % in pMRI 0° (a) and 55° (b), and +40% in mMRI (c).
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All other sub-tissue zones were studied similarly as in the SZ maps in Figure 5.3.
We found that cartilage in each topographical zone degrades independently. One essential
finding was that T2 changes in uMRI 0° is more evident in SZ and TZ than the deep
zones, as 0° orientation showed the weakened sensitivity of T2 for the deep cartilage due
to the increased influence of the dipolar interaction on water mobility. Since the intact
joint in mMRI is limited to rotation (identical to the situation for a human in a whole-
body MRI), T2 from the selected cartilage in mMRI is highly dependent on the
orientation with respect to the magnetic field as well as the partial volume effect due to
the limited resolution, which yields mMRI T2 data to have more similarity to uMRI 0°
T2 data.

5.2.3 Zonal T2 Patterns at All Topographical Locations

Topographically distributed zonal T2 data in all five locations and by three
imaging protocols were summarized as values with statistically significant differences
from the healthy (N) counterparts emphasized by bold and underline, and the color
hot/cold maps were scaled based on percentage differences shown in Figure 5.4. The
relevant percentage differences of T2 between various osteoarthritic degradation and the
healthy counterpart were presented in Table 5.1, together with statistical analysis where
any significant differences were made in bold and underlined in Fig 5.4 and marked with
an asterisk in Table 5.1. The averaged data was also presented as the correlated linear
regression plots in Figure 5.5, which presents consistent overall conclusions, shows the

effects of orientational and resolution dependency. Some of the major observations are:
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Figure 5.4 Mean T2 values of all imaging protocols, all topographical locations, starting with the normal to each of the disease
stages through all histological zones (SZ, TZ, RZI and RZII). Covered marks the meniscus-covered region on tibial surface,
(AMT, EMT, PMT); Exposed marks the tibial region that is not covered by the meniscus, (CMT and IMT). The mean T2 values
with underlined bold font imply statistical significance in pair-wise comparison. Color coding (blue, white, red) is based on the
calculated percentage difference between each disease stage to the healthy counterpart: pMRI 0° and pMRI 55° are -30% to +30%,
mMRI is -40% to +40%. The actual percentage differences are in Table 5.



e  When comparing 8C to N, the most striking observation was that in uMRI 0°
data, T2 in AMT and PMT (which are positioned as the most anterior and
posterior locations of the tibial surfaces — both are covered by the meniscus) had
the opposite trends. While T2 changes in AMT statistically decreased in all zones,
T2 changes in PMT statistically increased in all zones. More interestingly, despite
the opposite changes between AMT and PMT, the T2 in SZ at both locations
ended with statistically significant increases at the late stage of the degradation
(80A and 120A). In addition, the T2 in CMT, which is between AMT and PMT,
share the same significance as in PMT. Most mMRI T2 data in the surface tissue
also showed significant increases at advanced OA.

e  When comparing 12C to N, uMRI data showed more significant T2 decreases in
EMT and CMT than mMRI data, especially for EMT where uMRI 55° T2 in all
zones statistically decreased, which was followed by significant increases in 8OA
and 120A. Between (8C — N) and (12C — N), there were more decreases (more
blues) in the (12C — N) comparisons.

e  When comparing 80A or 120A to N, more significant increases in T2 could be
found in all three protocols — more larger increases in the superficial tissue (SZ,
TZ) and more changes in several locations (EMT, IMT), with the exception of
80A uMRI 55° data in AMT, where significant T2 reductions were measured.
Summarizing Figure 5.4, the T2 in SZ had the highest increases among all zones

(comparing all rows) when the disease progressed, which was evident also from the
profiles in Figure 5.2. Among different imaging protocols, uMRI 55° had the most

consistent sensitivities, reflected also by the nearly consistent slopes of the linear

74



regression lines in Figure 5.5. We found that T2 changes measured for each
topographical site were independent of the disease progression but dependent on the
zonal depth as well as the resolution and orientation of articular cartilage.

The data shown in the colored ‘heat’ maps as in Fig 5.4 were also analyzed using
linear regression analysis, by comparing the T2 values between healthy and disease
tissues, in all zones and at all topographical locations. Figure 5.5 shows the summary of
this analysis effort. In these regression plots, the solid diagonal lines indicate that the T2
of the disease tissues (vertical axis) is the same as the healthy tissues (horizontal axis).
Each data point represents the average T2 value, which are shape-coded, as well as color-
coded. When the data points are above/below the diagonal lines, the disease tissues have
a higher/lower T2 than the healthy tissue respectively. The trends of T2s for each
category were fitted linearly and shown as the colored dotted lines. The major findings
from this analysis support the observations from the color maps in Fig 5.4.

5.2.4 Zonal T2 OA Progression Between the Covered and Exposed Regions

To correlate with some previously published regional analysis (Alhadlaq et al.,
2004; Lee et al., 2016) , we grouped all T2 data at five locations (as in Figure 5.4) into
two regions, the meniscus-covered and exposed regions, and showed them in Figure 5.6.
In essence, Figure 5.4 was condensed into Figure 5.6 with the same use of colormaps
based on the percentage significance on the regional analysis (Table 5.2). This average
from 5 locations to 2 regions strengthened the statistical power of the data analysis, at the
price of losing the ability to identify the trends in individual topographical locations. The
major observations in this regional analysis (Figure 5.6) agree with the topographical
location analysis (Figure 5.4). Some of the highlights are:
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Figure 5.5 Linear regression plots of zonal averaged T2 values, comparing healthy (N,
horizontal axis) and disease (vertical axis). (Green 8C, blue 8OA, yellow 12C, and red
120A; solid square AMT, solid circle EMT, diamond PMT, up triangle CMT, down
triangle IMT). For each row of data, the differences between the min T2 and max T2 are
kept the same.
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The effect of location average can be seen clearly when comparing the uMRI
0° 8C regional data (the top two 2" columns in Figure 5.6) with the same 8C
location data (the top five 2™ columns in Figure 5.4). The opposite trends in
two 8C locations (AMT and PMT) in Figure 5.4 were averaged to result in a
mostly non-significant 8C covered data in Figure 5.6. At the same time, the
consistent trend in both 8C CMT and IMT data in Figure 5.4 were averaged to
result in more significant data across all four sub-tissue zones in the exposed
region. Similar observations can be found in other disease progression and
other imaging protocols, for example, the pMRI 0° 80A data between the
location analysis (Figure 5.4) and the regional analysis (Figure 5.6).

When comparing two contralateral cartilages (8C and 12C in Figure 5.6), the
most striking feature is mostly T2 increases (red) in 8C and mostly T2
decreases (blue) in 12C, in both uMRI 0° and uMRI 55°. Interestingly, the
mMRI sensitivity was very different from uMRI (due to the lack of resolution
in mMRI), which had consistent results between 8C and 12C.

When comparing two OA cartilages (§OA and 120A in Figure 5.6), 8OA had
more damage (higher T2) than 120A, especially in the exposed regions,
which solidified the observation of different trends in the zonal changes in the

T2 profiles in Figure 5.1 and 5.2b.
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Figure 5.6 Regional average T2 values of cartilage in all imaging protocols and two
grouped topographical regions, starting with the normal to each of the disease stages
through all the histological zones (SZ, TZ, RZI and RZII). The mean T2 values with
underlined bold font imply statistical significance in pair-wise comparison. Color coding
(blue, white, red) is based on the calculated percentage difference between each disease
stage to the healthy counterpart: uMRI 0° and uMRI 55° are -20% to +20%, mMRI is -
30% to +30%. The actual percentage differences are in Table 5.2.
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5.3 Discussion

To the best of our knowledge, this was the first and highest multi-resolution MRI
study of five topographical patterns of T2 relaxation in tibial surface during OA
progression in a well-established animal model, which is a major step above the previous
studies where only two regional differences were analyzed (Xia et al., 2001; Xia et al.,
2011). The use of multi-resolution enabled the correlation between the zonal
characteristics at high uMRI resolution and the intact joint features at clinical MRI
resolution. The degradation was initiated by the transection surgery of ACL in one knee
with two waiting periods, which precisely defined the degradation period. A number of
significant results were observed in the imaging study, including the overall positive
correlation between the T2 values and tissue degradation, the topographical nature of
tissue degradation over the tibial surface, and the depth dependent nature of
morphological degradation where the surface tissue had the most changes. These findings
were complex due to the multiple parameters that interplay with the data and their
interpretation, including the disease detection based on imaging protocols, the disease
progression as a factor of time, the disease progression per location or region, and the
disease progression in depth over the zones. This study enlightened the importance and
drawbacks to the study of OA progression comparing factors of overall tissue versus
topographical and depth dependent.

5.3.1 Influences on Disease Detection Due to Imaging Protocols

As shown clearly in Figure 5.2, tissue degradation can be detected by the MRI T2
protocols. There are two subtle influences on the sensitivity of T2 detection to cartilage

degradation. First, articular cartilage is known to have a T2 anisotropy in MRI, due to the
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influences of the collagen orientation in the external magnetic field (Xia, 1998; Xia et al.,
1997). When the surface normal of cartilage is parallel to BO, the dipolar interaction has
the strongest attenuation effect on T2, making T2 have the shortest value and reducing its
sensitivity to tissue degradation. In contrast, when the surface normal of cartilage is at 55°
with BO (the magic angle), the dipolar interaction is minimized, making T2 have the
highest sensitivity to tissue degradation. This orientational influence on T2 sensitivity
was the reason to measure T2 at two different orientations (0° and 55°) in this study. In
human MRI (and similarly in our mMRI), the orientation of an intact joint in the magnet
is about 0° and the topographical ROlIs selected from mMRI were predominately at 0°
orientation to the magnetic field, which explains the similarity between the mMRI
profiles (Figure 5.2a) and the uMRI 0° profiles (Figure 5.2b).

Second, for a thin layer of cartilage with a strong depth dependence across its thin
thickness, the imaging resolution significantly impacts the outcome of OA detection by
any imaging method. At low resolution, a large voxel contains more tissue, not only
different structured cartilage but also neighboring tissues (synovial fluid, meniscus,
membranes, etc.) — all having very different MRI properties than cartilage. For these
canine tissues, the zonal thicknesses have been determined in several previous studies
using optical imaging, as approximately SZ 80um, TZ 120pum, and RZ 600um (Lee &
Xia, 2013; Xia et al., 2001). At the mMRI resolution of 100um/pixel, both surface zones
(SZ, TZ) were just one pixel each. At the resolution of 17.6um/pixel in uMRI, there were
about 5 pixels in SZ and 7 pixels in TZ, which were adequate to resolve these thin zones.
This was the reason to quantify cartilage at two different MRI resolutions in this study,

since clinical MRI typically resolves the whole thickness of human cartilage (which is
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much thicker) in 3-5 pixels. Consequently, our mMRI of canine cartilage mimics almost
exactly the tissue averaging scenario in clinical MRI of human cartilage with an
improved unequally divided zonal division of cartilage (Badar & Xia, 2017; Xia, 2007);
at the same time, our uMRI has the ability to examine cartilage degradation in a more
controlled manner than what is available for clinical study. Hence, the results from our
multi-resolution MRI methodology can provide an invaluable translational pathway, from
bench to bedside.

5.3.2 Variations in Disease Progression

OA in humans can take multiple years to progress, which begins with increased
synovial inflammation and an upregulation of degradative enzymes. The avascular and
aneural natures of cartilage structure keeps the early degradation silent to the patients, who
only feel the degradation at its later stages when the pain and stiffness occur. The use of
animal models offers a unique advantage for the study of OA, since the degradation
initiation event can be precisely defined (Pond & Nuki, 1973). The data in this project
showed that cartilage at different post-surgical times had different signatures of the
degradation, which had inconsistent topographical T2 patterns between contralateral and
OA knees. The swelling seen in the images of Figure 5.1 clearly showed the disruption of
the collagen network in both stages of OA cartilage in the presence of sufficient PG in the
tissue. Between the 8-weeks and 12-weeks post-surgery, it seemed the 8-wk OA had fairly
incremental changes when compared with the later timepoint (12 weeks). This observation
was consistent with an earlier anatomic/morphologic report (Kahn et al., 2016) that was
part of this study with similar time points, where the 8-week OA knees were found to have

worse OA changes than the 12-week or even 24-week knees post-surgery. These findings
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could be caused by the overcompensating damages (e.g., swelling) in the 8wk OA joint as
well as the 8wk C joint, which recovered partially at the later time points.

Coming back to the biology of cartilage degradation, the onset of OA causes the
tissue to have more water and less PG. However, any change to a complex tissue would
have consequences. More water and less PG also change the local orientation and
concentration of the collagen fibers, both of which strongly influence the quantitative
measurement of T2. As shown clearly in the magic angle effect of cartilage in MRI, the
fibril orientation can reduce or increase the T2 values in cartilage tissue, depending upon
the precise modification to the local fibril matrix (Lee & Xia, 2013; Xia et al., 2001).
There are therefore multiple factors that can vary the quantitative measurement, towards
opposite directions, in a site-specific, resolution-dependent and orientation dependent
manner. Further studies are needed to verify the biological and biochemical origins of
this observation.

5.3.3 Variations in Zonal Disease Progression

T2 in the surface cartilage has showed high sensitivity towards the disease
progression. As evident from Figure 5.2 and other parts of the results in this report, the
top % of cartilage had a rapid degradation progression during the first 8 weeks post-
surgery (Figure 5.2b), consistent with the finding in previous studies (Lee et al., 2014).
Between 8-weeks and 12-weeks post-surgery, most of additional degradation occurs in
the middle tissue (0.15 — 0.8 relative depth). Given the fact that the early lesions in
human OA are known to localize near/around the surface of the tissue (Hwang et al.,
1992; Pritzker et al., 2006; Squires et al., 2003), the use of high resolution in imaging will
increase the detection sensitivity and differentiation of different tissue degradation. With

82



the improvement of clinical MRI technology, resolving cartilage thickness in more pixels
could become possible for human MRI. It should be noted that since the imaging pixel
size in MRI has a consistent size while the sub-tissue zones in cartilage have variable
thickness, it is the thinnest zone in cartilage that places the requirement for the minimum
resolution that is adequate to resolve the zones in MRI.

5.3.4 Variations in Topographical Disease Progression

This study demonstrates clearly that the tissue degradation is not uniform across
the joint surface; instead, different trends of degradation occur at different locations over
a joint surface. This location variability is compounded with the zonal variability, making
the patterns of OA degradation in the tibial cartilage a time-dependent three-dimensional
matrix. As evident from Figure 5.4 and Table 5.1 in this report, the degradation between
AMT and PMT had opposite trends by both uMRI 0° and 55° protocols. While T2
showed significant decreases in AMT, the trends in PMT (and CMT) were the opposite —
both locations had consistent and statistically significant increases over all zones. This is
likely caused by the differences in the local loading pattern on the tibial surface.

Two different topographical analyses were used in this project, the location
analysis where each of the five independent sites on the medial tibial surface were studied
individually, and the regional analysis where the medial tibial surface was divided into
two regions, covered by the meniscus, and not covered by the meniscus. The regional
analysis certainly benefits from a stronger statistical power in data analysis, which was
used in several of the previous publications (Alhadlaq et al., 2004; Lee et al., 2015; Lee et
al., 2016). The price to pay for a regional analysis is that T2 trends are averaged over a

much larger area on the tibial surface, where different locations within one area are
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known to progress differently during the tissue degradation. Previous studies have also
shown that, after OA progression, the meniscus-covered area changes from the defined
healthy meniscal and exposed regions on the tibia (Appleyard et al., 2003; Kahn et al.,
2016), causing the grouping of sites to move from covered to exposed regions, affecting
the interpretation of disease progression in covered and exposed regions. This project
kept the same group from healthy to each disease stage for consistency whereas the effect
due to OA may change the assignment of the site from one group to another. This project
clearly demonstrates the beneficial value from a more detailed location analysis, and
perhaps a dynamic grouping from locations to regions. The results from this project
provide a background knowledge required for future study of localized knee OA.

5.3.5 Conclusion

The influences of several experimental parameters and methods to the detection
of early OA in cartilage by the ACL transection have been studied in this project. We
observed the positive correlation between the T2 values and tissue degradation, the depth
dependence of tissue degradation where the surface tissue had the most changes, and the
location-dependence of tissue degradation over the tibial surface. To the best of our
knowledge, the uMRI results are the first quantitative and multi-resolution
characterization of cartilage at five independent locations over the medial tibial surface in
an animal model of OA. We showed that in the early degradation of OA, the changes in
cartilage properties are influenced strongly by the ability to image small regions
topographically and small tissue depths zonally. A topographical view with fine zonal
resolution is crucial for diagnostic detection of early OA by any imaging tool. In addition,

the contralateral cartilage can have different degradation patterns than seen in OA
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cartilage. The use of MRI imaging protocols can also influence the data interpretation.
The use of dual resolutions in MRI in this project provides a scalable translational

pathway between bench and bedside.
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Table 5.1 Quantitative T2 percent differences of uMRI 0° (a), uMRI 55° (b) and mMRI
(c) of the individual topographical locations, which were used to color Fig 5.4. The table
starts with the differences of each disease stage (8C, 12C, 80A and 120A) from the
normal (N) followed by the disease group comparison, through all of the histological
zones (SZ, TZ, RZI1 and RZII). AMT, EMT, PMT mark the three meniscus-covered
locations on tibial surface, while CMT and IMT mark the two tibial locations that is not
covered by the meniscus. Any number marked with * signifies the statistical significance
(p<0.05) within the pairwise comparison.

(a)
it 7 Nv. 8C Nv. Nv. Nv. 8Cv. 12C 8Cv. SOA
a site Zone 12C 8OA 120A S8OA Vv.I20A 12C  Vv.120A
SZ -14.28 4.63 13.17*  16.46*  27.32*  21.05* 9.67 331
E TZ -17.18* 1.52 481 5.99 21.95% 4.48 18.69* 1.18
% RZI  -23.15¢  10.01 1.51 4.27 24.64* 575  32.97* 2.76
RZII  -18.12* 947 0.52 15.28*  18.63* 5.83 2747% 1476
SZ 476  -12.55%  18.82*  13.93*  14.09*  26.37* -17.28*  -4.92
E TZ 4.59 7.53 2.73 -1.64 -1.85 589  -12.11*  -4.38
= RZI 2.55 -1.70 0.25 13.28*  -2.80 14.97% 425 13.53*
RZII 3.53 14.95% 0.61 28.30% 293 13.49%  11.43*  27.71*
< SZ 28.82% 6.67 18.60%  21.53*  -10.36*%  14.92% -2227% 296
= E TZ 17.83* 282 2.59 825%  2040% 544  20.63*  -5.67
S & Ru 1851  -5.99 542 -13.62*%  -13.12*  -7.64  -24.43*%  _19.01*
= RZII  11.94* 479 2.26 134 -1420%*  6.12  -16.71*  3.60
SZ 17.88*  -1421* 852 8.43 9.39 579  -31.89* -16.93*
E TZ 16.83%  -9.33% 3.11 -1.68  -13.74*  7.66  -26.06%  -4.79
S Ru 18.68* 1.19 7.52 3.29 -11.20 210  -17.50*  -4.24
RZII  14.44* 1071 2.05 8.49  -1648* 223 3.74 10.53
SZ 7.79 3.63  30.95%  14.18*  23.30*  17.79*  -11.41  -16.95%
= TZ 4.82 2.51 17.62* 074 12.83* 326 230  -18.36%
2 RZI 11.93* 4.93 28.11%* 0.81 16.31*  -4.12 7.02 22732
RZII 5.43 5.35 14.80*  -3.00 8.36 -8.35 008  -16.76*
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()

b site Zone Nv.8C Nv. Nv. Nv. 8C. 12C 8C. 80A
12C S8OA 120A S8OA v.120A 12C v.120A

SZ -11.96* -4.62 -11.33* 8.50 0.64 13.11%* 7.36 19.78*

E TZ -13.97* 3.99 -9.84 9.43* 4.14 5.45 17.93* 19.23*

< RZI -11.17*  12.21*  -13.88* 7.99 -2.711 -4.23 23.30*  21.80%*
RzII  -15.17* 9.58 -25.98* -0.57 -10.92 -10.14 24.66*  25.42%

SZ 7.53 -18.41*  29.34*  28.55*  21.93*  46.35*  -25.85% -0.81

E TZ 4.89 -24.36*  23.63*  23.87* 18.80*  47.54*  -29.16* 0.24

= RZI 1.48 -27.19*  18.87* 12.25% 17.41*  39.11*  -28.63* -6.66
RZI1 4.40 -31.78*  10.73* -8.03 6.34 23.90*  -36.05* -18.72*

n SZ 19.83* -1.25 5.60 6.21 -14.27* 7.46 -21.06* 0.62

e TZ 19.88* -0.32 8.65% 1.57 -11.28* 1.89 -20.20* -7.09
g E RZI 15.90* 1.79 5.35 -4.96 -10.58* -6.75 -14.12*  -10.30*
= RZII 11.85* 0.21 0.55 -13.17*  -11.30* -13.38* -11.65* -13.72*

SZ 11.12%* -9.97* 4.52 -3.84 -6.61 6.14 -21.03* -8.35

E TZ 6.25 -8.12 433 -2.79 -1.92 5.33 -14.35* -7.12

O RZI -0.10 -1.28 6.81 7.12 6.91 8.40 -1.18 0.32
RZI1 -1.82 10.56* 14.36*  27.25% 16.17* 16.80%* 12.38 13.02*

SZ 7.27 0.04 20.24*  23.92% 13.02*  23.89*% -7.23 3.73

= TZ 4.38 -5.55 18.77* 11.37* 14.42* 16.89* -9.92 -7.43
E RZI 4.04 0.85 17.63* -0.60 13.62* -1.45 -3.18 -18.23*
RZII1 0.94 4.50 3.25 -5.96 2.25 -10.45* 3.56 -9.15%
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(©)

) Nv.8C Nv. Nv. Nv. 8Cv. 12C 8Cv. 80A
¢ site  Zone 12C 8OA 120A 80A Vv.I20A 12C  v.I120A
SZ 2754  36.29%  42.93*  59.76* 1586  24.81 8.97 17.98
= TZ -0.60 4.41 27.94%  46.72%  28.52%  42.53* 501 19.42
E RZI 1.12 0.04  2831* 31.56* 2721  31.52*  -1.08 3.33
RZII  -12.88  -6.01 20.10 13.57 3277 19.54 6.88 -6.58
SZ 6.78 1020  4335%  29.13*  36.84*  19.07 3.42 -14.68
= TZ 9.64 760  31.00*  19.15  21.51 11.60 205 -12.02
E RZI 1.22 0.66 15.20 15.42 13.98 14.76 -0.56 0.22
RZII  9.90 1.81 2449 2549 14.68  23.71 -8.09 1.02
SZ -6.21 6.09 11.07 19.89 17.25 13.84 12.29 8.87
2 & TZ 977  -12.93 1.17 -2.88 10.94 10.06 -3.18 -4.05
% E RZI  -19.55% -30.60* 439  -18.41* 23.89* 1236  -11.22 -22.76*
RZII 2468 -3122  -345  -1734  21.28 14.07 -6.66  -13.91
SZ 2.91 1124  3649%  37.03* 33.67* 26.06* 834 0.56
= TZ 310 -11.15 1692 13.64 19.99  24.70 -8.06 -3.30
% RZI  -9.61 9.27 8.77 8.64 18.33 17.87 0.34 -0.13
RZII  -23.78 0.62 2.81 1024  26.55 9.62 24.39 7.44
SZ 39.90* 1044  21.10  31.47*  -1920 2120  -29.76*  10.54
= TZ 6.52 -13.97 6.60 2.18 0.08 16.14 2045  -443
S Rz -1327  -13.66 2.08 -3.89 15.34 9.78 -0.39 597
RZII  -5.52 7.46 -8.85 -5.54 375 -1298  12.96 3.72
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Table 5.2 Quantitative T2 percent differences of all imaging protocols of two
topographical regions (Covered and Exposed), which were pooled from the five location-
data in Table 5.1. The values in this table were used to color Fig 5.5. Any number marked
with * signifies the statistical significance (p<0.05) within the pairwise comparison.

. Nv. Nv. Nv. Nv. 8Cv. 12C 8Cv. SOA
site  Zone 8C 12C 80OA 120A 80A Vv.I20A 12C v.I20A

= SZ 6.96*  -3.92  16.84* 17.13* 9.91*  21.02* -10.88*  0.30

S TZ 236  -3.30 1.82  -0.95 -0.53 2.35 -5.65 2.77

= 2 RZ 0.59 0.61 2.11 2.60 1.52 1.99 0.02 0.49
= O RzZI -023 7.09% -033 16.16*  -0.10 9.10% 731%  16.49%
S g Sz 11.89* -9.60* 18.71* 1.78 6.85 11.38%  21.43*  -16.94*
= 2 TZ 10.22% 371 10.07*  -1.25 -0.16 246  -13.92% -11.31*
& RZI  1447¢ 288  17.32*  2.18 2.87 2070 -11.60%  -15.15%

R RZI  939% 822% 577 321 -3.63 -5.01 -1.18 2.57

= SZ 542  -8.12% 7.87* 1421* 245 2226%  -13.52* 635

S TZ 399 651  737¢ 11.60%  3.38 18.08%  -10.49% 425

i 2 RZ 248 324 327 5.08 0.79 8.31% 571 1.81
w0 RZIIL 043 -578  -5.15  -691*  -5.58 1.13 6.21 -1.76
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CHAPTER SIX

THE INTERFACE REGION BETWEEN ARTICULAR CARTILAGE AND BONE BY
puMRI AND PLM AT MICROSCOPIC RESOLUTIONS

6.1 Introduction

Quantitative T2 in magnetic resonance imaging (MRI) has been used extensively
to measure the dynamic motion of water molecules which can be influenced by the
structural properties of the collagen matrix in articular cartilage (Xia, Moody, &
Alhadlaq, 2002). When imaged using standard spin-echo (SE) or gradient-echo (GE)
based MRI sequences, T2 in articular cartilage has strong depth and orientational
dependencies (the magic angle effect), which makes the accurate measurement of tissue
thickness difficult (Shao et al., 2017; Wang & Xia, 2012). In addition, the finite echo
time (from several to 10s of milliseconds) in SE- and GE-based imaging sequences leads
to a very weak signal for the deep portion of articular cartilage, making the quantification
of T2 in the deep RZ and ZCC impossible (Wang et al., 2018). Having a much shorter
echo time (as short as a fraction of a millisecond), ultra-short echo time (UTE) imaging
sequences have the potential to visualize ZCC (Bae et al., 2010; Du et al., 2013; Nykénen
et al., 2020; Shao et al., 2016). In clinical MRI, study of the ZCC is mainly limited to
qualitative comparisons between long and short echo-time images due to the resolution
limitation and orientational limitation (Bae et al., 2014). In uMRI, both SE and UTE
sequences have been used to study the deep cartilage and ZCC but without

complementary correlation at optical resolution (Mahar et al., 2018).
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In this study, we aimed to quantify T2 in both non-calcified and calcified
cartilage, from the articular surface to the beginning of the subchondral bone plate, using
both SE/GE and UTE MRI sequences, and correlate the quantitative T2 anisotropy results
from microscopic MRI (uMRI) with the quantitative optical birefringence calibration
from polarized light microscopy (PLM). We paid attention to the interface region
between the non-calcified cartilage and the subchondral bone plate, which can be
damaged in post-traumatic injuries, for better understanding of future studies of OA
progressing in the calcified cartilage.

6.2 Results

6.2.1 Intensity Maps of Cartilage-Bone Plug by Three Different Imaging Sequences

Figure 6.1 shows six proton intensity maps of a cartilage-bone specimen by three
different imaging sequences, at both 0° (Figure 6.1.a-.c) and 55° orientations (Figure 6.1.
d-. f). At the 0° orientation where the dipolar interaction is the strongest, the images by
GE (Figure 6.1.a) and Mprep.SE (Figure 6.1.b) clearly show the depth-dependent
intensity variations of cartilage, which agree with the well-recognized fibril orientational
structure in the non-calcified cartilage. In contrast, the intensity image by UTE (Figure
6.1.c) shows a uniform appearance for nearly the entire depth of cartilage, well into the
deep cartilage and calcified cartilage. At the 55° orientation to By (the magic angle),
cartilage by all three imaging sequences shows a uniform appearance, similar to the UTE
image at 0°. The large (white) and small (colors) ROIs represent the overall and

individual zones selected for quantitative analysis, respectively.
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Figure 6.1 T2-weighted intensity maps using a Gradient Echo (GE), magnetized prepared
Spin Echo (Mprep.SE), and Ultra-short Echo (UTE) sequence of cartilage bone plugs at
0° (a, b, and c) and 55° (d, e, and f) respectively (the direction of the B0 is vertically up in
the figure). The white ROI box represents the region of interest for analysis. The smaller
ROIs within represent the zonal locations where red, black, blue, green, and white ROIs
represent SZ, TZ, RZ1, RZ2, and ZCC respectively. All images are displayed using the
same max and min intensity limits.

6.2.2 Single Exponential Fits of ROIs In Individual Zones of Cartilage-Bone Plugs

At the 0° orientation when the normal axis of the surface of the tissue block is
parallel with Bo, GE and Mprep.SE images (Figures 6.2.a and 2.b), T2 can be quantified
in SZ, TZ, and RZ1, where the signal decays can be fit by an exponential function.
However, GE and Mprep.SE images (Figures 6.2.a and 2.b) cannot quantify T2 in the

deepest portion of non-calcified cartilage (RZ2) and cartilage-bone interface (ZCC), due
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to the long TEs and the strong influence of the dipolar interaction on T2. In contrast, the
UTE sequence (Figure 6.2.c) cannot quantify T2 in SZ, TZ and RZ1 due to insufficient
signal attenuation at these ultra-short TEs and, hence, lead to large errors, but can reliably
quantify T2 in the RZ2 and ZCC due to the adequate decay, because of the strong
influence of the dipolar interaction.

At the magic angle (~54.7° to Bo), GE and Mprep.SE (Figures 6.3.a and 3.b)
sequences can quantify higher T2 values due to the minimization of the dipolar
interaction in all the non-calcified cartilage zones (SZ, TZ, RZ1 and RZ2), which give the
tissue its homogenous appearance. Table 6.1 and Table 6.2 summarize the calculated T2
relaxation times and the fitting errors based on the single exponential fit of each zone’s
individual ROI as shown in the images and profiles of Figures 6.2 and 6.3 respectively.
The error and goodness of fit (R?) in the tables describe the type of fitting and are
determined by KaleidaGraph software (Reading, PA). Single exponential fittings of T2
in all four non-calcified zones are significantly accurate (Table 6.2). In contrast, the UTE
sequence (Figure 6.3.c), with its very short echo times, cannot measure a reliable T2 as
the fit lies at the shortest part of the exponential fit whereas T2 of the non-calcified
cartilage at the magic angle has long values. T2 quantification by UTE was reliable only

in the calcified region of cartilage due to its short values (Table 6.1).
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Figure 6.2 The signal attenuations in the five individual zonal locations (SZ, TZ, RZ1,
RZ2 and ZCC) of a cartilage-bone specimen at 0° orientation with the magnetic field were
fitted with a single exponential. The specimen by the GE and Mprep.SE sequences
showed the distinct anisotropic properties of the tissue where the RZ and ZCC had the
overall low signal intensities. The same specimen by the UTE sequence showed little
change in attenuation within the SZ, TZ and RZ1 ROlIs, but measurable decays in RZ2
and ZCC.
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Figure 6.3 The signal attenuations in the five individual zonal locations (SZ, TZ, RZ1,
RZ2 and ZCC) of a cartilage-bone specimen at 55° orientation with the magnetic field
were fitted with a single exponential. The specimen by the GE and Mprep.SE sequences
showed the uniform isotropic properties of the tissue. The same specimen by the UTE
sequence showed little change in attenuation within the SZ, TZ, RZ1 and RZ2 ROlIs, but
measurable decays in ZCC.
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Table 6.1 T2 and T2* values using an exponential fit of one cartilage-bone specimen at 0°
orientation with respect to BO. *** represents errors greater than mean ZCC of GE and SE
T2* values. Data that is underlined represents T2 values that have large errors.
0° Gradient Echo Mprep.SE UTE
Zone  T2* Err R? T2 Err R? T2* Err R?

SZ 4.184 0.138 1.000  8.696 1.059  0.996 2.849 6.867 0.983

TZ 6.944 0.238 1.000  43.860 5386  0.999 6.494 39.594 0.978

R71  3.546 0.249 1.000 9.174 0.213 1.000 3425 11.599 0.975

Rz2  9.709 4430 0981  6.536 5425  0.837 0917 0.707 0.984

ZCC 442.478 otk 0.564 961.538 ok 0.907 0.543 0.050 0.999

Table 6.2 T2 and T2* values using an exponential fit of one cartilage-bone specimen at
55° (magic angle) orientation with respect to BO. Data that is underlined represents T2
values that have large errors.

55° Gradient Echo Mprep.SE UTE

Zone T2* Err R? T2 Err R? T2* Err R?

SZ 6.944 0.277 1.000 48.309 1.221 1.000 9.174  18.433 0.999

TZ 7.752 0389  0.999 64.103 6.246  1.000 11.198 185.592 0.949

RZ1 7.407 0469 0999 53476 5.090 1.000 12.920 417.309 0.868

RZ72 8.547 0.272 1.000 35.461 1.911 1.000 5.236 51.260 0.912

ZCC 7.463 1.754  0.988 11.933 0.483  1.000 0.606 0.281  0.987
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6.2.3 Qualitative and Quantitative Maps of Non-Calcified and Calcified Cartilage-Bone
Specimen

Four optical images from two adjacent, six-micron thin cartilage-bone slices from
the same tissue specimen are shown in Figures 6.4.a to 4.d. Figure 6.4.a is a slice stained
with H&E, which differentiates the non-calcified cartilage, calcified cartilage, and SBP
based on the dye binding properties (Deng et al., 2016; Li et al., 2013). Figure 6.4.b is a
regular optical image of the unstained tissue slice. Figures 6.4.c and 4.d are a pair of the
quantitative PLM images using the same unstained slice as in Figure 6.4.b, the retardation
image in grayscale (where black is minimum and white is maximum in the unit of
nanometers) and the angle image in color (where 0° to 90° is represented by blue, white,
and red colors). In the quantitative retardation image (Figure 6.4.c), the SZ and RZ have
high retardation values, while a minimum retardation occurs as dark grey at the central
location of TZ. In the quantitative angle image (Figure 6.4.d), the blue in SZ and red in
RZ represent the SZ and RZ, respectively, which are 90° to each other. It should be noted
that the dense red color, representing the 90° orientation (in parallel with the normal axis
to the articular surface), extends further into the calcified cartilage, which is critical in the
understanding of the anisotropy measured in the calcified cartilage by uMRI.

Figures 6.4.e-h compares the uMRI proton intensity maps and the quantitative T2
maps of the same cartilage-bone specimen where the tissue sections were optically
imaged in Figures 6.4.a-d. Each pMRI image has a red arrow that marks the same
cartilage-bone interface as identified by the optical images at a much higher optical
resolution (Figure 6.4.a). The Mprep.SE intensity map (Figure 6.4.e) shows the

heterogeneity in the cartilage appearance at the 0° orientation (the strongest dipolar
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interaction), while the darkest region is at about the tidemark (red arrow). In the UTE
intensity image, at the shortest TE of 235 us (Figure 6.4.1), cartilage has a homogenous
appearance with measurable intensity, well below the tide mark (red arrow). The
quantitative T2 map, using Mprep.SE sequence (Figure 6.4.g), has the calculation noises
in much of the deep RZ (RZ2) and in the ZCC, due to the strong dipolar interaction in
these regions. The quantitative T2 map, using UTE sequence (Figure 6.4.h), is scaled
from 0 to Sms, where the white (bright) regions in the upper cartilage have inaccurately
calculated T2 values due to the lack of sufficient signal attenuation, whereas the dark
region around the tidemark (red arrow) has consistent T2 values (under Sms).

The region of the deep non-calcified cartilage and ZCC in the optical images
shown in Figure 6.4 were enlarged at a higher magnification (x20) and shown in Figure
6.5. From the H&E-stained optical image (Figure 6.5.a), the thin layer of the calcified
cartilage can be measured at about 100-200 pm in thickness (between the white arrows).
The H&E-stained image shows clearly the two interfaces, the tide mark that separates the
non-calcified cartilage and the ZCC, and the second interface between ZCC and the
underlying SBP. The line of the tide mark is approximately straight but the interface
between ZCC and SBP has significant waving. Figures 6.5.b-d shows the same tissue
regions in qualitative intensity image, quantitative retardation map and quantitative
azimuth map, respectively. Even though the H&E image shows a segmented
discontinuity among the non-calcified cartilage, ZCC, and SBP, quantitative PLM images
shows the structural and orientational continuity of the collagen fibers from the non-
calcified RZ cartilage to the mineralized and calcified cartilage, and further into the

subchondral bone.
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Figure 6.4 A specimen imaged using multiple modalities. Four optical images (0.26
um/pixel for H&E (a); 2 pm/pixel for PLM (b, ¢, and d)): (a) a color optical image of
H&E-stained slice, (b) an intensity image of an unstained slice, (c¢) the quantitative
retardation map, and (d) the quantitative angle map of the same unstained slice as in (b).
Four uMRI images: (¢) Mprep.SE intensity image, (f) UTE intensity image, and
quantitative T2 maps from Mprep.SE (g) and UTE (h) methods. The vertical scale bars
(top-right) in all images are 100 um. The red and white arrows mark the identical
location of the tidemark (TM).
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Figure 6.5 Optical images at higher resolution (0.13 pum/pixel for H&E (a); 0.5 um/pixel
for PLM (b, c, and d)) of the cartilage-bone interface region. The region between two
arrows in each image marks the ZCC. The white color scalebars are 100 pm.
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6.2.4 Quantitative uMRI and PLM Profiles of Non-Calcified and Calcified Cartilage-Bone
Plug

Figure 6.6.a shows the quantitative depth-dependent T2 and T2* profiles (0° vs
55°), where the SE sequence can accurately measure much of the non-calcified region of
articular cartilage (SZ, TZ and RZ1). Due to the stronger dipolar influence on T2
relaxation, the 0° SE-based uMRI can only quantify T2 to RZ1, beyond which the
quantitative calculations become too noisy to be reliable. The minimization of the dipolar
interaction at 55° enables the T2 55° profile to reach the tidemark. With a TE as short as a
fraction of one ms, UTE-based sequences can quantify T2* in both RZ2 and ZCC. Figure
6.6.b shows the quantitative PLM profiles, where the profile features correlate well with
the zonal features of uMRI T2 and T2* profiles. As evident in the PLM profiles, the
collagen properties continue the trends in RZ beyond the deepest region of the non-
calcified cartilage, across the tidemark and into ZCC, which supports the quantitative T2*
data from UTE sequence in Figure 6.6.a, as well as the observations from the images
shown in Figure 6.5.

Figure 6.7 enlarges the quantitative profiles in Figure 6.6 between the deep
cartilage and SBP. Since the collagen fibers in ZCC retain their orientation from RZ to
ZCC, the anisotropy profiles (i.e., the orientational dependent values at 0° vs 55°) by the
UTE sequence at the tidemark and ZCC tissues (Figure 6.7.a) reflect reliably the magic
angle effect in this segment of calcified cartilage and bony structure. The UTE-based
measurement complements the SE/GE-based measurement in pMRI. Beyond ~650pm in

tissue depth, the angle profile deviates from the 90° orientation, and the retardation
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Figure 6.6 Quantitative and ROI-averaged depth-dependent profiles (a) uMRI and (b)
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Figure 6.7.
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cartilage and SBP interface region.
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profile starts to have large deviations (Figure 6.7.b), which corresponds to the vanishing
of the magic angle effect in that region as observed in uMRI (Figure 6.7.a).

It should be noted that the individual images and fitting profiles from Fig 6.1 to
Fig 6.5, as well as the fitting values in Table 6.1 and Table 6.2 were from the same single
specimen. The profiles in Fig 6.6 and Fig 6.7 were the averaged profiles from all five
specimens. The averaged T2* profiles in the calcified cartilage region in Figure 7a shows
the UTE T2 at 55° on average was 3.19+0.40 ms, which was greater than UTE T2 at 0°
(0.99+0.13 ms) with a high statistical significance (p<0.0001). This uMRI data correlates
well with the PLM data in Figure 6.7.b where the Azimuth holds at around 90° and the
Retardation is the highest among this region with a considerable low standard error.

6.3 Discussion

The structural integrity of the calcified cartilage and subchondral bone region is
crucially important to the health of synovial joints. Any weakening or damage to this
interface region could trigger the onset of osteoarthritis and other joint diseases (Brandt et
al., 1991; Brandt et al., 2006; Dedrick et al., 1993; Findlay & Kuliwaba, 2016). Since
MRI is a non-invasive imaging method without the use of any toxic agents or any
radiation, the ability to monitor this interface region by MRI could be central to the
treatment and management of OA. Due to the resolution limitation, however, most
clinical MRI studies of musculoskeletal diseases examine the end stage cartilage
degradation. With a transverse resolution as fine as sub-10um in uMRI (Batool, Mahar,
Badar, Tetmeyer, & Xia, 2020), uMRI is capable of measuring the heterogeneity of non-
calcified cartilage in the lab and correlating the uMRI results with the higher resolution
optical imaging of animal OA models (Alhadlaq et al., 2004; Lee et al., 2014; Lee et al.,
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2016; Mittelstaedt, Kahn, & Xia, 2018; N. Wang, Badar, & Xia, 2015). In addition,
standard MRI sequences (SE and GE based) are unable to accurately measure the short
T2 components in deep cartilage and ZCC because of the mineralized collagen fibers
(Biswas et al., 2012; Nakasa, Adachi, Kato, & Ochi, 2014). The use of uMRI with UTE
capability is essential in the quantitative studies of calcified cartilage and the cartilage-
bone interface at a high resolution.

In this study, the quantitative UTE imaging in uMRI was used for the first time
together with the quantitative imaging by the higher resolution optical microscopy.
Cartilage-bone specimens from a well-studied and well-documented canine model were
used (Xia, 2008). The non-calcified region of the cartilage-bone specimens correlates
well with the previously published results, where the uMRI T2 at 0° and 55° confirms the
magic angle effect due to the fibril architectures across the non-calcified tissue depth
(Xia, 2008). These features of uMRI also correlate well with the measurement from
clinical MRI at a lower resolution (Novakofski et al., 2015). By coalescing the UTE and
Spin Echo T2 data, we extend the measurement of T2 to ZCC, with the aid of correlative
quantitative optical imaging.

6.3.1 Quantitative Properties of Non-Calcified and Calcified Cartilage

Polarized light microscopy is a gold standard measure of anisotropic properties in
any biological as well as non-biological material (Oldenbourg & Mei, 1995). Using PLM,
quantitative high-resolution retardation and angle images have been used to provide
further insights into tissue structures measured by uMRI (Xia, Moody, Alhadlaq, et al.,
2002). This study showed that the H&E staining can visually reveal the boundaries
among non-calcified cartilage, calcified cartilage, and subchondral bone (Deng et al.,
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2016). Although the existence of these interfaces is reflected indirectly in the quantitative
UMRI profiles using UTE, they are not directly distinguishable in uMRI SE or GE
sequences due to the strong dipolar interaction. Interestingly, although the three types of
tissues emphasized in Figure 6.5 seem to be quite different from the H&E image (Figure
6.5.a), the quantitative data show that the orientation of the collagen fibers and the
packing density (hence the optical retardation) do not vary significantly over this
interface region. The fibers keep their orientation and organization from RZ, beyond the
tidemark and ZCC and extend into SBP. The degradation of the optical properties beyond
the 650um depth in the quantitative profiles is due to the practical way these profiles are
row-averaged within a multiple column (ROI). When the bony voids start to appear in
SBP, the averaged organization of the collagen fibers are disrupted, hence, leading to
larger standard deviations.

A sophisticated study of the deep cartilage and interface regions by optical
imaging helps to better understand the tissues by non-invasive and non-destructive uMRI
with the use of UTE sequences to determine the T2 characteristic of biological tissue (Du
et al., 2013; Fabich et al., 2016). In the cartilage-bone specimens, the deep portion of the
non-calcified cartilage, ZCC and SBP have intermediate to short T2 due to the amount of
the minerals and strong dipolar interaction (Shao et al., 2016). When the cartilage-bone
specimens are oriented at 54.7° (magic angle) to the magnetic field, the tissue appears
thicker and brighter in the GE/SE-based imaging sequences, which allows the accurate
measurement of tissue thickness (N. Wang et al., 2018). To visualize and quantify the
deep RZ and ZCC, one needs the UTE sequences, which has TE as short as tens to
hundreds of pus. We show in this study that the existence of the magic angle effect in the
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deep portion of the non-calcified cartilage, ZCC, is verifiable when correlating the
quantitative UTE data (uMRI) with the optical data (PLM) (Figure 6.7).

6.3.2 Experimental Notes

Due to the thinness of this interface region, high resolution is a necessity in
imaging to quantify the structural anisotropy in these tissues by MRI and PLM. Due to
the destructive nature of optical imaging, our approach is limited to the animal tissue
study and ex-vivo human tissue study. As evident in this study, having a higher resolution
certainly enhances the knowledge gained from these types of quantitative projects. In
addition, being able to correlate the non-invasive uMRI results and the complementary
PLM results further enhances the appreciation for the roles of tissue morphology on these
quantitative measurements. Finally, this study uses several MRI sequences, from the GE
sequence which are common in clinical MRI, to the SE sequence where quantitative
measurement is much less sensitive to the experimental parameters and conditions, and
finally, to the UTE sequence which has the potential to see the invisible regions in GE/SE
imaging. In clinical settings where the resolution is limited, a subtraction of different
images would allow for a qualitative quantification of SBP (Bae et al., 2014). By the
concept of a “scaling law” in MRI (Xia, 2007), the knowledge gained from microscopic
imaging should facilitate fast advancement of MRI applications in calcified cartilage
(Kuo, Panchal, Tanenbaum, & Crues, 2007; Pakin et al., 2006; Regatte & Schweitzer,
2007).

6.3.3 Conclusion

In this study, T2 anisotropy in the interface region (calcified cartilage) between

the deep non-calcified cartilage and subchondral bone plate was quantified at the highest
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MRI resolution. In addition, the same region of tissue was studied by quantitative optical
microscopy. The ultra-short T2 properties and the optical characteristics in this interface
region of tissues were compared accurately. To the best of our knowledge, this is the first
quantitative measure of structural anisotropy in the deep non-calcified cartilage and
subchondral bone plate by high-resolution MRI supported by high magnification gold
standard of optical microscopy. Enhanced understanding by complementary correlation
provides a more inclusive understanding of the tissue properties in this important
interface region, whose changes can be instrumental to the initiation and development of

OA.
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CHAPTER SEVEN

SUMMARY AND FUTURE DIRECTIONS

It is rare to have the opportunity to access two different MRI systems that are at
the two ends of imaging resolution for animal model studies: one system when an animal
joint is imaged has a resolution similar to that on a clinical whole-body scanner for
humans, while the other system has the highest MRI resolution in the field for
quantitative micro-imaging. In addition, we were able to image the same/similar tissue
samples at these two different resolutions, which helps in the understanding of necessary
requirements for diagnostic measurements of early osteoarthritis in humans.

Studies of animal models of OA from early to late stages are essential to track the
progression of cartilage degradation which helps in the clarification of the poorly defined
structural and biochemical modifications of extracellular matrix within the articular
cartilage. The normal function of articular cartilage (i.e., when the joint is healthy) that is
crucial can be observed by sensitive techniques such as MRI T2 relaxation anisotropy,
which can monitor the molecular motion of water in the structure and architecture of the
extracellular matrix in articular cartilage. uMRI results provide a reachable goal for
clinical radiologists and researchers as well as medical imaging manufacturers to improve
the clinical resolution based on the resolution limits that are needed to resolve the subtle
changes in articular cartilage morphology and function.

Multi-resolution MRI at the same field strength (7 Tesla magnet) was used
throughout this work to examine the Pond-Nuki model of OA on canine articular
cartilage. A bridge between experimental high-resolution MRI and pre-clinical MRI

109



setting were put together to explore the importance of topographical and zonal variations
when there are changes in articular cartilage due to osteoarthritis. These studies explored
the important roles of zonal division in MRI with respect to the histological thickness of
the sub-tissue zones in articular cartilage. The ability to detect changes in articular
cartilage due to early and late stages of OA between low-resolution and high-resolution
MRI is an important task for building a bridge to further improve the clinical diagnostic
capabilities and further expand our knowledge in the complicated initiation of early signs
of tissue degradation.

The first study (Chapter 4) explored the interpolation of T2 images, which can
better detect the degradation in articular cartilage due to OA. When the MRI resolution is
insufficient to resolve the depth-dependent T2 characteristics in articular cartilage, an
unequal zonal division is shown to be much more statistically informative than the typical
equal zone division and hence able to detect earlier signs of T2 changes due to tissue
degradation. Since the relative length scale of depth-dependent canine articular cartilage
and the low-resolution macro-MRI is nearly identical to that of human cartilage and
whole-body MRI, the unequal zonal analysis method of image analysis approach is
beneficial in a clinical diagnosis of early OA in humans.

In the second study (Chapter 5), an overall positive correlation between the T2
values and tissue degradation can be reached regardless of the resolution of MRI with
better findings in the high-resolution uMRI T2, the depth dependence of tissue
degradation where the surface tissue had the most changes, and the location-dependence
of tissue degradation over the tibial surface. To the best of our knowledge, the MRI T2
results are the first quantitative and multi-resolution characterization of cartilage at five
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independent locations over the medial tibial surface in an animal model of OA. We
showed that in the early degradation of OA, the changes in cartilage properties are
influenced strongly by the ability to image small locations topographically and small
tissue depths zonally. A topographical view with fine zonal resolution is crucial for
diagnostic detection of early OA by any imaging tool. In addition, the contralateral
cartilage can have different degradation patterns than seen in OA cartilage. The use of
MRI imaging protocols can also influence the data interpretation. The use of dual
resolutions in MRI in this project provides a scalable translational pathway between
bench and bedside.

In the third study (Chapter 6), the properties in the interface region (calcified
cartilage) between the deep region of the non-calcified cartilage and subchondral bone
plate were quantified at the highest MRI resolution via T2 anisotropy. In correlation for
confirmation, the same region of the same tissues was studied by quantitative optical
microscopy. The ultra-short T2 properties and the optical characteristics in this interface
region of tissues were compared accurately. To the best of our knowledge, this is the first
quantitative measure of structural anisotropy by high-resolution MRI supported by high
magnification gold standard of optical microscopy. Enhanced understanding by
complementary correlation provides a more inclusive understanding of the tissue
properties in this important interface region, whose changes can be instrumental to the
initiation and development of OA.

From these studies, it is evident that higher resolution MRI is a requirement in
diagnostic capabilities of osteoarthritis in synovial joints. With improvements and

advances in clinical MRI instrumentation to increase the resolution and better sequences
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and image acquisition, the probability of qualitative and quantitative measure of early
signs of tissue degradation in synovial joints is high. Artificial intelligence and neural
network computing, better and faster quantitative imaging of disease progression is
conceivable with emphasis on segmentation of whole joint to measure the progression of
the disease topographically and depth-dependently. With faster sequences, like UTE,
Zero Echo (ZE) and UTE-3D, measurement of calcified tissue with very short T2 due to
the low mobility of water is showing improvement in the detection of disease progression
from the bone and calcified cartilage.

Here are some future improvements feasible in the analysis of the osteoarthritic
cartilage data presented in this dissertation that can be done by other methods of analysis
or some additional experiments. Firstly, the method of segmentation on the whole joint
using the low-resolution MRI T2 data to create a contour map to help in visualizing a
quantitative measure of cartilage degradation at different stages of OA. Second, further
improve the application of quantitative measure of UTE T2* to measure the changes in
the calcified cartilage due to impact driven OA or ACL OA. Third, the application of
compressed sensing to shorten the time to acquire high-resolution quantitative T2, using
magnetized prepared spin-echo sequence and measure changes in experimental
osteoarthritic articular cartilage. Finally, using quantitative polarized light microscopy for
the measure of chondrocyte shapes in relation to the neighboring local collagen fiber
orientation in OA cartilage can help in the understanding of cell and fiber relationships in

healthy and disease articular cartilage.
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Quantitative T2 experiments have been used in most, if not all, of the publications
in which depth-dependent cartilage anisotropy or topographical and zonal cartilage
degradation is measured by the changes in T2 (or T2* in some cases). To measure T2 in
MRI, sequences such Spin Echo, Gradient Echo or UTE are used in a way where
independent images with incrementally varying echo times are acquired. The desired
intensity in the images, such as cartilage, tendon, or other musculoskeletal tissues with
varying T2 properties, have an intensity decaying property that follows a single or double
exponential decay. For a single exponential decay, the most basic form of equation to
describe the decay is shown below.

S =So * exp(-1/T2) (B.1)
where So is the maximum intensity measured at t equal to 0 or in the practical case would
be the shortest echo time. Equation B.1 can also be represented in a linear format.

In (S/ So) = -1/T2 (B.2)
which is linear representation of y = mx, where m represents the slope. With a linear
representation, the inverse slope represents the desired T2. But in most biological tissues
and the limitations on resolution, the voxel in an image may have multiple T2 that can be
represented as two slopes in a linear plot.

Most experimental data have intrinsic noise which present themselves in the form
of random (positive) noise fluctuations that are well below the signal amplitude measured
from a tissue sample. However, in some cases where the signal from the tissue is weak
due to relaxation properties, the signal and noise are much closer in range. For the
purpose of a more accurate calculated T2, an addition of noise level or baseline is

required in Equation B.1.
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S =So * exp(-t/T2) + noise (B.3)
The noise here represents the baseline level where at longer echo time points (1), the
signal from the tissue is around the noise level of the image. With the added noise as a
baseline, the fitted T2 calculated for each pixel of the tissue is an accurate measure
regardless of the intensity with respect to noise.

Since, acquisitions of the MRI experiments take a long time in our MRI studies,
an addition of measurements for the purpose of noise seems to be a waste as it is implicit
that at longer echo times the signal is around the level of the noise. For this scenario, a
strategy was applied where an averaged noise range was measured from the actual
intensity image using a ROI away from the tissue where the signal is essentially
representing noise. This averaged noise is applied to echo times in ranges of 500 and
1000ms (for canine samples), which are much higher than the actual experimental echo
times (i.e., 2, 8. 20, 50 and 100ms).

To apply this methodology on an actual dataset, a program was written using
MATLAB ® and Scilab (opensource) software, where intensity images were entered in
the program as image matrices. Using the exponential function (Equation B.3), a single
exponential fitting code was written to calculate a T2 image matrix. Using Scilab, a
similar exponential fitting program was written that calculated T2. Similarly using the
linear fit method shown in Equation B.2, a T2 matrix was calculated. The code is written
in a such a manner that the exponential function (or linear function) is fit to a dataset of
images, one pixel at a time. The time taken to calculate one T2 image from a five (or
more) intensity images takes a relatively long time. In recent years, ImageJ ® has

allowed users in the imaging field to write macros or use already written macros and
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apply them on multiple images for calculation or modification purposes. One such macro
is called ‘MRI processor’ that takes intensity images from MRI that are measured using a
SE/GE sequence and calculates the T2 using the Equation B.3. Figure B.1(a-d) represents
the calculated T2 maps of articular cartilage using echo times (7) in the range of 2, 8, 20,
50 and 100ms with the added noise at 500 and 1000ms.

To show the difference between the four methods and the reliability of the
exponential fit versus the linear fit, ROIs were selected from the exact same location on
the cartilage-bone plug. Figure B.1e, represents the depth-dependent T2 profile plot of
the same ROI using four different methods, with the ImageJ method with shortest

computing time.
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Figure B.1 Calculated T2 maps of articular cartilage-bone plugs using uMRI Spin Echo
sequence. Four images were calculated from the sample intensity image set: a) MATLAB
® exponential fit, b) Scilab ® exponential fit, ¢) Scilab ® linear fit and d) Image] ®
using exponential fit. T2 profiles (Spin Echo sequence) (e) of articular cartilage-bone
plug using the three independent methods of exponential fit and linear fit (SciLab ®)
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The MATLAB ® code was written to calculate the T2 map using five (or more) intensity
images that were acquired using either a Mprep.SE (Spin Echo) or GE sequence where
the intensity decay can be calculated using Equation B.3.

0 e

% T2 calculation - created by Farid Badar
% Exponential fit: y = A + B*exp(-tau/T2)
A

warning off all;

clear all;

tic;

O e
% Enter file location of the Bruker sequence raw data%

main = input('Enter main directory: ', 's'); % i.e., /Volumes/Data/uMRIrawdata’
study = input('"Enter Study name: ', 's');

scan = input('Enter Scan number: ', 's");

pdata = 'pdata/1/2dseq';

data = strcat(main,'/',study,'/',scan,'/',pdata);

bloc = input('Enter Bloc and exp name: ', 's");

X = input('Enter the X dimension of the image: '); % X is rows

Y = input('Enter the Y dimension of the image: '); % Y is columns

O e

Num_Noise = input('Enter the Noise Pixel Size: '); % Noise matrix size
NoiseX=2;

% NoiseY=128; % for surface rotation
NoiseY=2; % for normal case

O e

T2 Default=0.0; % A default T2 matrix of 0 values

% Input the tau values with the base noise echo time of 500 and 1000
xap = input('Enter tau values [2 8 20 50 100 500 1000]: ");

0y e

% Open file

fid = fopen(data, 'r', 'l');

bimg = fread(fid, [X,(5*Y)],'uint16");

fclose(fid);
bimg = bimg';
O e

% create the bias noise data
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noise=0;

for I = NoiseX:(Num_Noise+NoiseX-1)
for j = NoiseY:(Num_Noise+NoiseY-1)
noise=noise+bimg(i,j);
end

end

noise=noise/(Num_ Noise*Num_ Noise)

O e e

% Create separate images

fori=1:X
forj=1:Y
t0(i,j) = bimg(i,));
t1(i,j) = bimg(i,j+Y);
t2(i,j) = bimg(i,j+2*Y);
t3(i,j) = bimg(i,j+3*Y);
t4(i,j) = bimg(i,j+4*Y);

end
end
O e
% T2 fitting using exponential fitting function
fori=1:X
forj=1:Y
T2(i,j) = T2 Default;
end
end
fori=1:X
forj=1:Y
1f t0(1,))>(2*noise) % Skip pixels that have large noise values
yap = [t0(1,)) t1(i,)) t2(i,j) t3(i,)) t4(i,j) noise noise];
[estimates, model] = fitcurve5P(xap, yap, noise);
A(1,)) = estimates(1,1);
B(i,j) = estimates(1,2);
T2(i,j) = estimates(1,3);
end
end
end
toc
beep
O e

% Create a directory to save the data
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calc = strcat(main,'/',study,'/",scan,'/','pdata’);
mkdir (calc,"2");

result = strcat(calc,'/',2");

O e

% Save the T2 map

T2image = strcat(result,'/','T2-',bloc);
coeffA = strcat(result,'/','A-',bloc);

coeffB = strcat(result,'/','B-',bloc);

fid = fopen(T2image, 'wW");
fwrite(fid, T2,'float');
fclose(fid);

fid = fopen(coeffA, 'w');
fwrite(fid, A,'float');
fclose(fid);

fid = fopen(coeffB, 'w");
fwrite(fid, B,'float");
fclose(fid);

%___ -
clims = (Wirth et al.);
imagesc(T2',clims);

%___ -
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The code below is the function code that takes the five intensity values (pixel by pixel)
with the two noise values and uses the model expfun and calculates the T2, A and B in
the exponential equation (y = A + B*exp(-tau/T2)). The calculated values are sent back to

main code for image creations. The most important value is the T2 and the sum of errors.

function [estimates, model] = fitcurveSP(xap, yap, noise)

MaxInt = yap(1,1)-noise;
Est T2 =xap(1,7);

fori=1:7

if ( (yap(1,i)-noise) < (MaxInt/2.72) )
Est_T2 = xap(1,1);

end

end

start_point = [noise MaxInt Est T2];

model = @expfun;
options = optimset('TolX', 0.01, 'Display’,'off', 'MaxlIter', 255);
estimates = fminsearch(model, start point, options);

function [sse, FittedCurve] = expfun(params)
A = params(1);
B = params(2);
T2 = params(3);
FittedCurve = A + B.* exp(- xap / T2);
ErrorVector = FittedCurve - yap;
sse = sum(ErrorVector .* 2);

end

end
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Using Scilab ® to calculate T2 using equation B.3.

/] --- --
warning('off');

clear;

tic();

X =256;

Y =256;

Num_Noise = 10;

NoiseX = 2;

NoiseY = 2;

T2 Default = 0;

x = input("Enter tau values [2 8 20 50 100 500 1000]: ");

7 -

t0 = read("2dseq-0001.txt",X,Y);
tl = read("2dseq-0002.txt",X,Y);
t2 = read("2dseq-0003.txt",X,Y);
t3 = read("2dseq-0004.txt", X, Y);
t4 = read("2dseq-0005.txt", X,Y);

7 -

//Noise
// - --
noise = 0;

for i = NoiseX:Num_Noise+NoiseX-1
for j = NoiseY:Num_Noise+NoiseY-1
noise = noise+t1(i,j);
end;
end;
noise = noise/(Num_Noise*Num_Noise);
//moise = noise;

// --- --
// image analysis
/] --- --
fori=1:X

forj=1:Y

T(i,j) = T2 Default;

end;

end;
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fori=1:X
disp (i/X*100)
forj=1:Y
if t0(i,j)>(2*noise) then
y = [t0(1,));t1(1,));t2(1,));t3(1,));t4(i,));noise;noise];
w=[2;2;2;2;2;1;1];

function y=yth(x,a)

y=a(1)+a(2)*exp(-x/a(3))
endfunction

a=[1.0;1.0;1.0]
function e=myfun(a,x,y,w)
e=w.*(yth(x,a)-y)
endfunction
[f,xopt,gopt]=leastsq(list(myfun,x,y,w),a);
T(i,j) = xopt(3);
else T(1,))=T(1,));
end;

end;
end;

toc();

write("T2map-Scilabtest-v1",T);
beep
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APPENDIX C
ARTIFACTS IN UTE IMAGES REFLECT THE DIFFERENCES IN THE EDDY-

CURRENT COMPENSATION BETWEEN CHANGING THE APPLIED SHIM
CURRENTS VERSUS SHIFTING THE RF FREQUENCY
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C.1 Introduction

Ultra-short echo (UTE) MRI can visualize biological tissues and porous media
that have very short T2 relaxation times (Fabich et al., 2016; Shao et al., 2016). The
reduction of TE is generally done by shortening the time delay between the rf excitation
pulses and the signal acquisition. This reduction makes the signals susceptible to the
residual eddy currents and other imperfections in the imaging hardware, which can result
in various artifacts in the UTE images. In the two Bruker systems, the effects of the eddy
currents compensation are compared done by changing the applied shim currents or
shifting the rf frequency. This study was performed to measure the differences
qualitatively and quantitatively in two Bruker hardware systems by comparing the effects
of the B0 correction by either changing the applied shim currents (AVII) or shifting the rf
frequency (AVIII HD).

C.2 Materials and Methods

Single and multiple glass tubes containing doped solutions (0.1 and 1% CuSQO4)
were imaged using a 2D UTE sequence and Spin-Echo (SE) sequence. Two Bruker
consoles were used: an AVANCE II (AVII) and an AVANCE IIIHD (AVIIIHD), both
using the same 7T/9 cm magnet and same Bruker 25mm rf coil and running the same
Paravision 6.0.1 software. The Spin Echo sequence had a TR of 2000ms, TE of ~ 8ms,
and a 256-matrix size with 25mm field of view and a bandwidth of 50kHz. The UTE
sequence had the same geometry setting except for a TR of 100ms and a minimum TE of
~270us. The premeasured gradient trajectory was acquired on a glass sphere phantom on

both systems.
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C.3 Results

C.3.1 Sphere Tube/Single Tube Phantom

A uniform doped solution (0.1% CuSO4) in a spherical glass tube was imaged
using a Bruker 25mm saddle coil. The SE images showed uniform signal intensity with
the edges of the glass/solution interface showing a sharp edge. AVII UTE image showed
a bright ring on the outside of the glass tubes where there is a glass/solution interface.
The line profiles across the center of the image (phantoms) clearly show the signal
variation and differences of SE and UTE using AVII and AVIII HD systems (Figure

C.1).
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Figure C.1 SE and UTE intensity images and profiles of a single tube with a doped
solution using AVII and AVIII HD systems.
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C.3.2 Multi-Tube Phantom

A multi-tube setup with doped solution (0.1% and 0.01% CuSO4) in NMR glass
tubes was imaged using a Bruker 25mm coil. The SE images showed uniform signal
intensity with the signal intensity changes between the edges of the glass/solution
interface showing a sharp edge. However, the UTE images showed a bright ring on the
outside of the glass tubes where there is a glass/solution interface. The line profiles across

the center of the image (phantoms) clearly show the signal variation and differences of

SE and UTE using AVII and AVIII HD systems.
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Figure C.2 SE and UTE intensity images and profiles of a multi-tube with a doped
solution using AVII and AVIII HD systems.
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C.3.3 UTE Decay Errors

Examination of the UTE sequence imaged a tube of saline, on both AVII and
AVIIIHD at four different echo times showed the difference in the decay curves due to
the artifacts in AVII versus AVIIIHD. AVII showed an unreliable decay (R? = 0.4) at the
edge of the tube (green ROI) versus the inner of the tube (red ROI). AVIIHD showed
different yet reliable decay (R? = 0.9) at both ROIs. From the slopes of the linear decay;, it
is clear that in regions where neighboring voxels have a drastic intensity change from
high to low (i.e., edge of the tube or bone-cartilage interfaces), the measurement of short

T2 decay would be unreliable when using the AVII system.
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Figure C.3 UTE decay of two ROIs using signal intensity measured from a tube of saline
measured by both AVII and AVIII HD systems.
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C.4 Discussion

The key differences between the two imaging systems are in the hardware
architecture of the consoles, especially as the application of the BO compensation.
AVII analogically adds the correction current to the shim coils for the BO uniformity
correction. AVIIIHD, in contrast, digitally shifts the spectrometer rf frequency during
data acquisition (via the FRED unit). AVII UTE (2D) sequences produce a bright ring
shown around the outside edge of all glass tubes. This is due to the improper BO
correction method implemented. UTE images on AVIIIHD have minimal artifacts, which
result in more reliable measure of the intensity-based quantitative MRI parameters such
as the relaxation times and diffusion constants. UTE in the AVIII-HD (and AVIII)
systems using the same phantoms produce a better intensity profile much like its SE
sequence counterpart. The reason being that the gradient synchronization together with
better radial sampling method helps in improving the reconstructed radial FID to image.
To improve the signal variations, additional work is in progress which involves
regridding method with deapodization has been found to be the reason for the sharp arc in
the UTE (2D) with the dip in the intensity of the center of the image. Proper K-space
trajectory re-gridding patterns without deapodization improves the effect caused by the
improper grid space in radial k-space. These findings were important to better improve
the quantitative imaging of articular-bone cartilage to study the calcified cartilage using a
UTE 2D sequence. Using UTE in the AVIII HD system was quantitatively more accurate

for the study of dipolar interaction in the calcified cartilage (Chapter 6).
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