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ABSTRACT

Osteoarthritis (OA) is the most common degenerative joint disease, impairing the quality of
life of individuals and posing an economical burden to the society. The first degenerative
changes are practically symptomless, which complicates the early diagnosis and development
of treatment that would stop or even reverse the degeneration. Quantitative magnetic reso-
nance imaging (MRI) has proved to be a promising tool for non-invasive evaluation of both
articular cartilage and trabecular bone.

In the present study, the ability of quantitative MRI parameters to assess mechanical prop-
erties, structure and composition of human patellar cartilage and trabecular bone was inves-
tigated, as well as their ability to indicate the degree of degeneration. 75 and Gd-DTPA?~-
enhanced 7} relaxation times (AGEMRIC) of cartilage measured at 1.5 T and 9.4 T were related
to proteoglycan (PG) and collagen content and mechanical parameters. In trabecular bone, 7%
relaxation time and bone volume fraction derived from MR images were related to peripheral
quantitative computed tomography (pQCT), histological and mechanical parameters. The
histological Mankin score was utilized to determine the degree of cartilage degeneration. The
ability of spectroscopic MR parameters of bone marrow was introduced as a novel method to
assess the bovine trabecular structure as measured with microCT.

In articular cartilage, 75 relaxation time showed the highest correlation with mechanical
properties (r =-0.62, p < 0.01) at 1.5 T, whereas dGEMRIC provided the highest correlation at
9.4 T (r=0.39, p < 0.01). As expected, T» displayed a significant correlation with the collagen
content (up to r =-0.57, p < 0.01), but also with PG content at 1.5 T (r =-0.53, p < 0.01). dGEM-
RIC correlated with PG content at 9.4 T (r = 0.45, p < 0.01) but not at 1.5 T. 75 could detect the
different degrees of cartilage degeneration at 1.5 T, and dGEMRIC detected advanced degen-
eration at 9.4 T. The topographical variation of 75 at both field strengths showed similar trends
with that of elastic modulus of cartilage, whereas dGEMRIC showed only weak topographical
variation. For trabecular bone MRI, the modest correlation with mechanical properties was
improved when MRI-derived BV/TV and T3 were combined into a linear model (up to r =
0.50, p < 0.01). No such improvement was achieved with pQCT parameters; however param-
eters measured with pQCT showed the best correlation with mechanical properties (up to r =
0.65, p < 0.01). Significant correlations were established between MRI parameters measured
from bone and cartilage. Characteristically, higher correlations were observed when only sam-
ples with no or minimal degeneration were analyzed. Spectroscopic 73, Carr-Purcell 75 and
Ty, of trabecular bone showed significant relations (up to r = -0.86, p < 0.05) with structural
parameters suggesting that spectroscopy may provide a fast tool for evaluating trabecular
structure.

In conclusion, quantitative MRI parameters have proved feasible for use also in the clinical
environment. However, the characteristic features of different articulating surfaces have to be
considered. The present results highlight the need for a better understanding of the timeline
of OA development and associated relaxation processes in both cartilage and bone.

Universal Decimal Classification: 543.429.23

National Library of Medicine Classification: QT 36, WN 185, WE 200, WE 300, WE 348, QS 532.5.C7
Medical Subject Headings: Biomedical Engineering; Magnetic Resonance Imaging; Biomechanics; Car-
tilage, Articular; Collagen; Proteoglycans; Bone and Bones; Bone Matrix; Osteoarthritis/diagnosis
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CHAPTER 1

Introduction

A joint is a complex structure with several interacting components. During loco-
motion, the joint has to sustain momentary loads many times greater than the body
weight [134]. Articular cartilage is an aneural and avascular tissue that covers the
ends of articulating bones in diarthrodial joints, and its main functions are to opti-
mally distribute joint loading to the underlying bone and to provide nearly friction-
less movement of the articulating bones. The mechanical properties of articular car-
tilage are a unique result of the interaction of the main constituents, namely collagen
network, proteoglycans and interstitial water [132]. Bones provide supporting skele-
tal framework necessary for locomotion and protection of organs. Trabecular bone is
a three-dimensional network consisting of rod-like and plate-like trabeculae, and its
functions are to dampen impact loads and to house the bone marrow that produces
hematopoietic cells. The mechanical properties of trabecular bone can be attributed
to the structure of the trabecular network and the mechanical properties of the indi-
vidual trabeculae, and are affected by the marrow flow at high strain rates [183].

Osteoarthritis (OA) is the most common degenerative joint disease, causing pain
and loss of joint function to the patients and posing a high economical burden to so-
ciety [1]. The degeneration process includes disruption of the collagen network, loss
of proteoglycans and thickening of the subchondral bone, i.e. sclerosis [24]. Due to
the aneural nature of cartilage, the first signs of pain only appear after significant
degeneration has occurred. The functionality of the joint is also impaired, and even-
tually OA may lead to complete loss of the articular cartilage and thickening of the
underlying subchondral bone, acting as an articulating surface.

Due to the symptomless progression at the first stages, there is no consensus about
the sequence of the first degenerative steps. The treatment of advanced osteoarthritis
is based on pain relief. At present, it is not possible to restore the degenerated tissue to
its original state, and if the pain is sufficiently severe, the only option is joint replace-
ment surgery. Thus the detection of the early stages of osteoarthritis is essential if one
wishes to prevent the complete loss of cartilage and to understand the progression of
disease. Current diagnostic techniques rely on joint space narrowing (JSN) and the
formation of osteophytes as assessed from X-ray radiographs and arthroscopy [87].
Problematically, they are able to distinguish only severe changes in cartilage integrity
and thickness.

Osteoporosis (OP) is a metabolic disorder leading to brittleness of the trabecular
network and increased fracture risk [83]. The current gold standard of OP classifica-
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tion is bone mineral density measured with dual-energy X-ray absorptiometry (DXA).
The structure of trabecular bone can be assessed from computed tomography (CT) im-
ages but the resolution of the current in vivo scanners is insufficient to visualize the
individual trabeculae. DXA provides two-dimensional projection images neglecting
the thickness of bones, which may lead to significant uncertainties to the measure-
ment. Three-dimensional, volumetric bone mineral density can be measured reliably
with computed tomography [29]. However, even the volumetric density does not
provide accurate information of the quality of the trabeculae.

Recent advances in quantitative magnetic resonance imaging (MRI) techniques
have enabled the non-invasive evaluation of both articular cartilage and trabecular
bone [42, 195]. MRI parameters have been shown to provide information about the
structure of cartilage and bone [42, 195], and even serve as surrogate markers for their
mechanical properties [139]. Unlike X-ray radiography or CT, MRI techniques do not
utilize ionizing radiation. MRI techniques also enable the evaluation of both bone and
cartilage during the same session.

In the present study, quantitative MRI and MR spectroscopy (MRS) techniques
were developed and tested to assess the structure and mechanical properties of artic-
ular cartilage and trabecular bone. MRI parameters measured at 1.5 T for cartilage and
bone and at 9.4 T for cartilage were correlated to mechanical and histological proper-
ties of cartilage and bone and bone mineral density and trabecular structure measured
by peripheral quantitative computed tomography (pQCT). In addition, MRS parame-
ters of trabecular bone measured at 4.7 T were correlated to the structural parameters
measured with microCT. The main aims of the present study were to validate the fea-
sibility of the methods developed earlier at high field strength to assess the mechani-
cal properties of healthy and degenerated tissue at clinically applicable field strength
and to introduce spectroscopic methods to assess the structure of healthy trabecular
bone.



CHAPTER 1I

Structure and composition of articular cartilage and
trabecular bone

2.1 Articular cartilage

Articular cartilage is an avascular and aneural highly specialized tissue. Its unique
structure provides nearly frictionless movement of articulating surfaces in joint and
evenly distributes loads to the underlying bone. Articular cartilage covers the articu-
lating surfaces in diarthrodial joints, i.e. joints that are enclosed in a fibrous capsule.
The inner surface of the capsule is lined with synovium, which secretes synovial fluid
[134]. The constituents of cartilage form two distinct phases, the solid phase and the
fluid phase [132]. The solid phase, known as the extracellular matrix (ECM), includes
collagen fibers, proteoglycans and chondrocytes. The fluid phase includes interstitial
water and solutes, such as nutrients and ions.

2.1.1 Collagen network

Collagen constitutes approximately 15-22% of cartilage wet weight [134]. The colla-
gen network in articular cartilage mainly consists of type II collagen, but types IIL, IX,
X and XI and other minor collagens are also present [51, 44]. Collagen forms fibers
whose orientation is related to loading stresses placed on cartilage [134]. According
to the orientation of collagen fibers, three layers can be identified in mature articu-
lar cartilage (Figure 2.1) [132]. In the superficial zone, collagen fibers are oriented
in parallel to the cartilage surface. In the transitional zone, the collagen orientation is
more random curving towards the radial zone, where the main orientation of collagen
fibers is perpendicular to the cartilage surface. Collagen fibers in the radial zone are
anchored to the subchondral bone through the tidemark and calcified cartilage [133].
The superficial zone covers approximately 5-15%, transitional zone approximately 1-
15% and radial zone approximately 70-90% of total thickness of human cartilage [12].
The collagen content decreases from the articular surface towards the deep cartilage
[189].

2.1.2 Proteoglycans

Proteoglycans (PG) constitute approximately 4-7% of cartilage wet weight [134]. Large
PG aggrecans are composed of glycosaminoglycan (GAG) molecules covalently linked
to a protein core (mostly chondroitin-4-sulfate and chondroitin-6-sulfate) [78]. These
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Figure 2.1: Schematic presentation of the structure of articular cartilage and trabecular bone.

aggrecans form huge composites of up to 100-200 aggrecan molecules linked nonco-
valently to hyaluronic acid. There is a negative charge associated with PGs which
attracts cations, which in turn attract water molecules increasing the tendency of the
tissue to swell [51]. Because PGs are immobilized in ECM, they give rise to high den-
sity of negative charges known as the fixed charge density (FCD) [118]. The PG con-
tent increases towards deep cartilage (Figure 2.1) [120, 92]. GAG side chains of PGs
form also electrostatic bonds with collagen fibers yielding a cross-linked framework
that resists tensile forces [51].

2.1.3 Chondrocytes

Chondrocytes are cells surrounded by the ECM. They synthesize type II collagen, PGs
and chondronectin, a molecule that ensures contact between cells and the extracellu-
lar matrix [78]. Chondrocytes near the cartilage surface have an oval shape, while
those in deeper cartilage are round [136]. The number of chondrocytes is largest in
superficial tissue, while the most active chondrocytes can be found in the deep carti-
lage [34]. Even though chondrocytes are capable of synthesizing molecules for ECM
maintenance, they are not able to repair severe damage in mature cartilage [134].

2.1.4 Interstitial water

The interstitial fluid constitutes 60-85% of cartilage wet weight [134]. A small per-
centage of this fluid is present in chondrocytes, about 30% is located within collagen
fibers, but the majority is associated with PGs as a solute [135]. This interstitial water
entrapped in tissue is exchangeable [121]. Since cartilage is avascular, nutrients and
oxygen must diffuse from synovial fluid through the interstitial water of the matrix
and this sets a limit on the permissable cartilage thickness [51]. The water content
of cartilage decreases towards deeper tissue [103, 189]. The amount of water in tis-
sue is controlled by the PG concentration and the subsequent swelling pressure, the
organization of the collagen network and the mechanical strength of ECM [135].
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2.2 Trabecular bone

Bones provide a skeletal framework that protects important organs, provides support
to the body and enable mobility of the locomotive system. This is possible because of
the calcified ECM, a unique feature that separates bone from other connective tissues.
Bone acts also as a reservoir for several minerals, for example 99% of calcium in the
body is stored in hydroxyapatite crystals [51].

Bone consists of an organic and inorganic phase. The main constituent of the
organic phase is type I collagen (80-90%) embedded in a GAG gel. The inorganic
phase consists mainly of hydroxyapatite (Ca;o(PO,)s(OH)2) crystals and amorphous
calcium phosphate. Inorganic crystals are arranged along the collagen fibers and are
surrounded by amorphous ground substance [178].

Three types of cells can be found in the bone matrix [51]. Osteoblasts are cells
that synthesize organic constituents of the bone matrix. When osteoblasts become
trapped inside the bone matrix they maturate to form osteocytes. Osteoclasts are
huge multinuclear cells that induce selective bone resorption. Although bone is one
of the hardest tissues in the body, it constantly changes shape in relation to loading
conditions due to remodeling by osteoblasts and osteoclasts.

Trabecular bone is a three-dimensional structure of trabecular plates and rods
filled with bone marrow (Figure 2.1). It can be found in the inner parts of bone sur-
rounded by a protecting and supporting layer of dense cortical bone. The shape of
trabecular bone is constantly altered due to remodeling [51]. There are two types of
bone marrow: red marrow, where blood cells are formed, and yellow marrow. The
red marrow contains 40% fat and 60% hematopoietic cells, whereas yellow marrow
consists of 95% fat [188].

2.3 Osteoarthritis and osteoporosis

Osteoarthritis (OA) is the most common degenerative joint disease. Twelve percent
of the U.S. population aged 25 or older have OA and this percentage is predicted to
increase [1]. In Finland, 5% of population aged 30 or older and 20% of population
aged 75 or older have hip OA [7]. OA usually develops at older age [94] but it may
as well develop as a consequence of rapidly applied excessive load [152]. OA occurs
more frequently in the foot, knee, hip, spine and hand joints but it can occur in any
synovial joint [24]. In addition to congenital factors, loading conditions of joints are
considered to affect the development of OA [151, 134].

The first stage of OA involves PG depletion and fibrillation of collagen network
which allows excessive swelling of the remaining PGs [24, 119]. The elastic modu-
lus of cartilage decreases as the superficial cartilage wears out and the tissue may be
more vulnerable to subsequent damage [174]. During the second stage, chondrocytes
are stimulated to synthesize matrix macromolecules. Clusters of cells surrounded by
newly synthesized matrix are formed due to chondrocyte proliferation. This stage
may last for years, and in some patients it may slow down or even reverse the degen-
eration, at least temporarily [24].

Should the chondrocyte activity fail to stop the degeneration, then the third stage
of OA occurs. This involves a progressive loss of articular cartilage and accompanying
changes in the underlying trabecular bone [24]. The matrix is further damaged, and
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death of chondrocytes without protection and instabilization of the matrix will occur.
An increase in the density of the subchondral bone [17] and formation of cyst-like
cavities that might further accelerate cartilage degeneration will occur in trabecular
bone [67]. At the end stage of OA, the articular cartilage is completely lost, leaving the
thickened dense subchondral plate functioning as the articular surface. Joint function
is impaired, and bone remodeling combined with the loss of cartilage reshape the
joint and this can even lead to shortening of the limb [24].

Typically, the changes in articular cartilage and subchondral bone are accompa-
nied by formation of osteophytes [24]. Osteophytes are osteo-cartilaginous promi-
nences that appear at the osteoarthritic articular surface, most commonly at the joint
margins [74, 53]. Each joint has a characteristic pattern of osteophyte formation, and
osteophytes may restrict joint motion and contribute to pain during motion [24].

Unfortunately, the early stages of OA are painless due to the aneural structure
of articular cartilage, and it is the loss of cartilage that leads to symptoms of OA,
pain and loss of joint function. Determining JSN from radiographs is utilized as a
diagnostic technique but it has been shown that factors other than cartilage wearing,
such as the placement of the menisci, may significantly affect the process [73]. It has
been shown that the presence of definite osteophytes correlates strongly with joint
pain and is an accurate method of defining OA but does not provide the best estimate
of the severity of OA [176]. Clearly, markers of first, painless degenerative changes
are urgently needed.

The internationally agreed description of osteoporosis (OP) is "a systemic skeletal
disease characterized by low bone mass and microarchitectural deterioration of bone
tissue, with a consequent increase in bone fragility and susceptibility to fractures" [4].
Osteoporosis can occur as a result of disuse but also can be detected in otherwise
healthy subjects, particularly postmenopausal women [178]. Estrogen binds to spe-
cific receptors on osteoclasts activating the matrix secretion. When estrogen secretion
drops markedly, the osteoclastic activity is greater than bone deposition, which may
lead to a reduction of bone mass and an increase of fracture risk [51].

The current gold standard on OP diagnostics is BMD measured by DXA [83]. DXA,
however, provides areal BMD but neglects the third dimension of bone so that it is
possible that bone specimens with similar mineral density but different thicknesses
will give different BMDs by DXA. Additionally, the accuracy of DXA alone is in-
adequate for evaluation of the fracture risk of an individual [82]. Quantitative CT
(QCT) methods assess volumetric BMD, eliminating this source of uncertainty. In ad-
dition, CT measurements have been used to determine structural variables of trabecu-
lar bone, involving thickness and the number of individual trabeculae and volumetric
fraction of trabecular bone, in order to assess the mechanical properties [76, 187].



CHAPTER III

Mechanical properties of articular cartilage and
trabecular bone

3.1 Articular cartilage

The most challenging task undertaken by articular cartilage is, in addition to lubrica-
tion of contact surfaces in joint, to distribute loads to the underlying bone. The me-
chanical properties of articular cartilage arise from the interaction of its constituents,
mainly PGs, collagen network and interstitial water. The ability of PGs to bind water
allows them to swell, and the collagen network restricts this swelling to immobilize
PGs, thereby inducing initial swelling pressure [132]. This endows on the tissue the
ability to resist compressive loads. Collagen fibers are also prestressed by the swelling
pressure of PGs which helps the collagen network to resist compressive stresses and
the deformation of the matrix induced by joint loading. PGs and collagen contribute
mutually to each others” mechanical properties, creating a composite material. This is
analogous to the concept of steel-reinforced concrete. The matrix is further stabilized
by additive specific molecule-to-molecule links between PGs and collagen network.
When a mechanical load is applied to cartilage, the pressure in cartilage matrix
increases and interstitial fluid begins to flow to minimize the pressure gradients in
the tissue. After releasing the load, the PGs expand causing the pressure gradient
to reverse direction. PGs are considered to be primarily responsible for the equilib-
rium compressive stiffness, the collagen network accounts for the tensile and shear

stiffness, and water for the transient viscoelastic creep and stress-relaxation behavior
[132, 8].

3.1.1 Measurement schemes

Mechanical properties can be investigated by applying different loading schemes to
cartilage and monitoring its deformation. There are three major geometries utilized
in mechanical testing of cartilage (Figure 3.1). In unconfined compression, the cylin-
drical cartilage sample is isolated from subchondral bone and the load is applied by
compressing the sample between two metallic platens with smooth impervious paral-
lel surfaces. The sample is allowed to expand in the lateral direction and fluid flow is
not restricted. In confined compression, the sample is inserted in a confining chamber
that prevents lateral expansion, and loaded with a permeable piston to allow fluid
flow in the axial direction. Indentation is a suitable geometry for in situ measure-
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Metal

Sample

Figure 3.1: Schematic drawing of different measurement geometries for articular cartilage:
unconfined compression (left), confined compression (center) and indentation (right).

ments. The intact or isolated cartilage sample still attached to subchondral bone is
loaded with a permeable or impervious indenter aligned at the perpendicular to the
cartilage surface. Usually the indenter is plane- or spherical-headed.

Three different loading schemes can be applied with all three loading geometries.
In the stress-relaxation test, one or more compressive steps are applied and the force
is measured as a function of time during the relaxation period. The creep test is per-
formed by keeping the stress applied on the sample constant and recording the dis-
placement of the tissue surface. In the dynamic test, several sinusoidal loading cycles
are applied at a certain frequency and stress or strain amplitude.

3.1.2 Mechanical parameters

Different analytical and numerical models have been developed to characterize the
mechanical properties of articular cartilage. To find an analytical solution, the struc-
ture of cartilage has to be simplified. The most popular models are the elastic single
phasic model [69], viscoelastic model [147] and biphasic model [133]. Recently de-
veloped models provide accurate predictions of more complex structure, such as the
triphasic model [99], the fibril-reinforced biphasic model [175, 95] and models consid-
ering the mechanical properties of cells [71].
For elastic material, Young’s modulus can be written as [91]:

g =2 (3.1)
€

where ¢ is stress applied to material and ¢ is the strain induced by o. This is com-

monly known as a generalization of Hooke’s law. For indentation geometry, Young’s
modulus is provided by a modification of (3.1) [69]:
oma.(l —v?)

Eg=———— 3.2

Y (3.2)

where q. is the contact radius of a plane-ended indenter, v is Poisson’s ratio, h is

cartilage thickness and « is a theoretical scaling factor which is a function of a./h and



3. Mechanical properties of articular cartilage and trabecular bone 25

11
?20 Stress 10 I L
p 15 Strain . ?3 B 4
E.lo £ 7 — /’./
2 020 &OF[ .
@ . 5 -
g5 0158 81l -
99) S ] -
0 010 & = % O
0.05 1L 7
I N R NN N B 09— 1 1 1 1 1

0
0 20 40 60 80 100120 140 160
a Time [min]

0.02 0.04 0.06 0.08 0.1 0.120.14 0.16
Strain

Ul

o

Figure 3.2: Determination of Young’s modulus. From stress-relaxation test (a), stress-strain
plot (b) is drawn and Young’s modulus is calculated as a slope of the fitted line. the first point
at zero strain is usually omitted to eliminate a possible error due to partial contact between
the sample and the metal platens.

v accounting for the finite and variable sample size [69]. Typically, Young’s modulus
is determined as a slope of the stress-strain plot generated from multiple consecutive
stress-relaxation steps (Figure 3.2). For confined compression geometry, aggregate
modulus indicates the stress-strain ratio. The relationship between Young’s modulus
and aggregate modulus in isotropic elastic material is controlled by Poisson’s ratio of
the tissue [80]:
(1-v)

(1+v)(1—2v) °

Poisson’s ratio is defined as the ratio of lateral and axial strains [91].

Dynamic modulus is determined to be the response of articular cartilage to cyclic
loading or deformation at a particular frequency [68]. The dynamic modulus is com-
plex in nature:

H, = 3.3)

Eqy=F\ +iFE,, (3.4)

where F) is the storage modulus that is proportional to energy elastically stored in
tissue, and FE; is the loss modulus that describes the viscous energy dissipated in the
loading process. Typically, the absolute value of the dynamic modulus is written as

Eq= B} + B = =2, (3.5)

where 04 is dynamic stress. Due to the viscoelastic and instantaneously incompress-
ible nature of cartilage, the dynamic modulus is typically several times the Young’s
modulus [27].

3.2 Trabecular bone

The composition and true tissue density as well as microscopic material properties
are similar in trabeculae and cortical bone tissue [32]. The trabeculae which possess a
specific stiffness, form a structure with its own structural stiffness [185]. The fragility
of trabecular bone depends not only on the thickness and organization of the trabec-
ulae [183] but also on the quality of the trabecular network, i.e. the mineral density
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Figure 3.3: Determination of the mechanical properties of trabecular bone by applying a com-
pressive test. Young’s modulus is determined as slope of the linear elastic region and yield
point is the starting point of the plastic region. Ultimate strength is the maximum stress.

[184] and collagen structure [25]. Viscous flow of bone marrow through pores in the
trabecular structure contributes to the mechanical properties at high strain rates by
increasing the strength, modulus and energy absorption of trabecular bone [32].

3.2.1 Measurement schemes

Cylindrical samples are typically used for mechanical testing of trabecular bone. Meth-
ods for compressive, tensile, bending and torsion testing have been developed to de-
termine parameters describing loading behavior of trabecular bone [185]. All these
tests are destructive in nature, since the aim is to break the trabecular structure. Com-
pression is the most typical technique because relatively small samples can be used.
It may be less accurate than the tensile test because of the sample end effects, i.e. the
elevated strains in the trabeculae near metal platens and shear stresses caused by in-
adequately levelled sample ends. Ideally, the ratio between length and diameter of
a sample in a compressive test is 3:1 or more. The definite advantage of compres-
sive testing is its similarity to the natural loading conditions in many regions of the
skeleton, e.g. in the vertebrae [185].

3.2.2 Mechanical parameters

The stress-strain curve of compressive testing of bone is divided into an elastic and
plastic region. In the elastic region, deformations will recover once the loading is re-
leased, whereas in the plastic region deformations are irreversible. Young’s modulus
of trabecular bone is determined from the elastic region of the stress-strain curve (Fig-
ure 3.3). The most linear part of the curve is usually located between 40 and 65 percent
of the maximum stress [106], and Young’s modulus is calculated as the slope of the
line fitted into the stress-strain data of this region [183]. The yield point is determined
as the starting point of the plastic region. A good estimate for the yield point is to
determine the intersection of the stress-strain curve and the linear fit used in the de-
termination of Young’s modulus with a 0.03% strain offset [185]. The yield stress oy
is determined as the stress at yield point, and the ultimate stress o, as the maximum
stress of the stress-strain curve.



CHAPTER IV

Quantitative NMR methods for articular cartilage
and trabecular bone

The following is a summary of the concepts essential to understand the NMR relax-
ation in tissue, based on [64, 49]. The theory of NMR relaxation is presented in rich
details in many textbooks [64, 49, 22, 36].

4.1 'H nuclear magnetic resonance

Every nucleus possesses an quantized intrinsic property called spin s or, more pre-
cisely, nuclear spin angular momentum. It can be visualized as a spinning motion
of the nucleus about its own axis, forming a small magnetic field along the axis of
spinning. The spin of a nucleus is nonzero when the nucleus has an odd atomic mass
number A (odd number of protons Z and even number of neutrons N or vice versa)
[200]. Nuclei with nonzero spin can experience nuclear magnetic resonance (NMR).
When placed in an external magnetic field By, the spins of nuclei line up along the
external field. The alignment, however, is not complete, and spins precess around the
magnetic field line with angular frequency called the Larmor frequency:

wo = 7B, (4.1)

where 7 is the gyromagnetic ratio of the nucleus in question. This is analogous to the
rotating gyroscope precessing around the axis of gravity.
Related to its spin, a nucleus can have 2s+1 energy states:

E=—-mshBy = —mghwy, (4.2)

where mg = —s, —s + 1, ...,s — 1, 5, and % is the Dirac’s constant. Nuclei with s = 1/2
are the most favourable nuclei for NMR techniques because they have two distinct
energy states and thus only one quantized energy describing the transition between
these states. The spin of the hydrogen nucleus (‘H) is 1/2, and this together with its
natural abundance in tissues makes it the preferred nucleus for biological and medical
NMR applications.

Due to thermal energy of the spins, the number of the nuclei in different energy
states obeys Boltzmann's statistics. For s = 1/2 nuclei, the energy difference between
the two quantum spin states is hw,, and there is a small excess of spins at the lower
energy state, i.e. the spin aligned parallel to the B, (m; = —1/2), compared to the
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higher energy state, i.e. the spins aligned anti-parallel to the By (ms; = 1/2). The
number of the spins at the lower energy state exceeding the number of the spins at
higher energy state is defined by

Ms=—1/2 _ ~AB/KT _ ~huo/KT (4.3)
Ns=41/2 ’

where k is Boltzmann’s constant and 7" is the absolute temperature. Since the energy
difference between two quantum states is extremely small compared to thermal en-
ergy, the spin excess is very small. For example, for 10"® water molecules at 20°C
temperature, the spin excess at 1.5 T is about 2-10. However, the large number of
hydrogen nuclei in the tissue gives rise to the net magnetization M, along the B,.

4.2 Relaxation

To generate a detectable NMR signal, the equilibrium state of the spins must be per-
turbed. Exact calculations of perturbation and relaxation of system of multiple spins
are quantum mechanical, but a classical model of net magnetization can be applied as
a model with sufficient accuracy.

Consider the external magnetic field parallel to z-axis. A radio frequency (RF)
magnetic field 5, can be used to tip the net magnetization away from the direction of
2. The spins receive energy most efficiently from the RF field with the frequency of
the Larmor frequency of the spins, i.e.

B, = B (coswotZ — sinwpty). (4.4)

This induces a time-dependent behavior of the net magnetization that can be charac-
terized with

dM - 4
E = 7]\/{ X Bexh (45)
where By = EO + El. This together with (4.1) yields three components:
dM,
- =7 (M,By + M, By sinwgt) (4.6)
dM,
dty = 7 (M,B; coswot — M, By) 4.7)
dM, .
x =7 (M, By sinwgt + M, By coswyt) . (4.8)

After the perturbation, i.e. excitation of spins, the behavior of the net magnetization
can be characterized with the Bloch equation:
dM -

1 1 -
e Bow+ — (My— M.) 2 — =M, 4.9
7 Y X t+Tl( 0 )2 T 1 (4.9)

=

where éext = ByZ and M | is the net magnetization in the zy plane. This yields three
components of M(t):

M,(t) = e "™ (M,(0) coswpt + M,(0) sinwyt) (4.10)
M,(t) = e " (M, (0) coswyt — M,(0) sinwpt) (4.11)
M. (t) M,(0)e™ /™ + My (1 — /™) (4.12)
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where T} and T are the relaxation time constants. The relaxation processes are con-
trolled by these constants, but other factors, such as chemical shift, quadrupole relax-
ation and vicinity of paramagnetic molecules, may complicate the processes.

4.2.1 T, relaxation

After the excitation of the spin system, energy exchange occurs between the spins and
their molecular framework, or lattice, until a thermal equilibrium is reached and the
z-component of net magnetization is recovered. A similar effect to the external RF
field can be created by local fluctuating fields that have a time-dependent component
in the zy-plane. The time-dependent component of these fluctuations is described by
the correlation time 7.. These dipole-dipole interactions arise from random molecular
rotation or diffusion. The magnitude of the field inducing the fluctuations between
two spins depends on their distance and direction compared to the direction of Bj.
The relaxation rate 1/7} of spin-lattice-relaxation is dependent on the magnitude of
the fields present in the zy-plane (B,,) and the correlation time of molecular motion:

1 9 T,

— x B, ————. 4.13
T S (4.13)

It can be seen that the relaxation is most efficient when wy7.=1. The B, field depends
on the angle § between B, and vector joining two nuclei:

B, o< sinf cos b (4.14)
4.2.2 T, and T3 relaxation

After excitation of the spins, the net magnetization has a transverse component M, in
the zy-plane. The magnitude of the M is zero at thermal equilibrium, and its decay
arises from interactions between neighboring nuclear spins. Because of the local fluc-
tuations of magnetic field in the z-direction, the orientation of the spins will spread
due to the different Larmor frequencies. This causes the magnitude of M, to decay
due to dephasing of the spins. The relaxation rate 1/75 of spin-spin relaxation de-
pends on the magnitude of z-direction of the fluctuating fields and of the correlation

time of molecular motion: )

T o« B7,. (4.15)
T;, relaxation time probes the components of motion with low frequencies that have
no effect on 77. However, the components that determine 77 contribute also to 75.

The B. field depends on the angle § between B, and vector joining two nuclei:
B, o (3cos® 0 —1). (4.16)

In a solution, the motion of the molecules causes 6 to fluctuate randomly, and the
dipole-dipole interaction is averaged over all orientations. This phenomenon is known
as motional narrowing. In biological tissues with a highly organized structure, such
as cartilage or tendon, this may significantly affect the signal intensity [43]. From
(4.16) it can be seen that the minimum of dipolar interaction is achieved when 6=55°,
known as the "magic angle".
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Transverse dephasing of NMR signal includes contributions of static and dynamic
dephasing regimes [65, 31]. The static component is caused by macroscopic field inho-
mogeneities caused by local variations of B, and varying susceptibility of the sample
affect the dephasing of transverse magnetization. The effects induced by static (73)
and dynamic (73) dephasing are combined into 73 so that

1 1 1
— =+ . 417
Ty T, * T, (417)

In addition to the intrinsic 75, the dynamic dephasing of transverse magnetiza-
tion is governed by diffusion of molecules in local magnetic field gradients and the
exchange of molecules between sites with different resonance frequencies so that

1 1 1 1
+

- T , 418
T2 TZ,intr TZ,diff TQ,eXCh ( )

where 75 iny, is the intrinsic 75 of the tissue arising from the dipolar interaction of the
molecules, while 75 gitt and 75 exch are the contributions of diffusion and exchange of
molecules to measured 75, respectively. T i can be written as:

1 n
= =G**D(r)%, 419
Toam  12C (1) (4.19)

where n is the number of the refocusing pulses, G is the amplitude of local gradient
fields, D is the diffusion coefficient and 7 is the interval between the pulses [65, 31].

4.2.3 T, relaxation

T1, relaxation time refers to relaxation in the rotating frame [169, 160, 166]. In the

Ty, experiment, magnetization is tilted to the zy-plane and locked by an on-resonance

field Bys; induced by an RF pulse. During a spin-lock pulse, the magnetization relaxes

towards equilibrium defined by ngL with the relaxation constant 7,. The relaxation

rate 1/7}, is the function of the respective correlation time 7,
1 9 Te

— x B, ——.
Ti, W1+ wiT?

(4.20)
Typical ngL fields are at a magnitude of a few gauss, thus the resonance frequencies
are in the kHz range. 7T}, takes advantage of the benefits of high B, field, such as
the better signal to noise ratio (SNR), while providing information of the relaxation
phenomena at low field strengths. The behavior of T}, may thus be similar to that of
T,. Ty, dispersion, i.e. Big field dependence of T3,, provides information on the fre-
quency distribution of molecules causing fluctuations at the low end of the frequency
spectrum.

4.2.4 Physiological basis of relaxation

As described above, the dipole-dipole interaction is the main source of '"H NMR re-
laxation in tissue. Within the water molecule, the fluctuation of the local field arises
from rotational dynamics of the molecule with respect to the orientation of By, and
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i

Figure 4.1: A free induction decay experiment. After a 90°pulse, the signal decays expo-
nentially due to the dephasing of the magnetization. Both intrinsic 75 and the field inhomo-
geneities contribute to the decay factor.

for hydrogen nuclei of different water molecules, the fluctuation is a function of the
distance between two nuclei. The majority of water in tissue is free water. At room
temperature, free water molecules have a correlation time of about ~107'? s, while
tightly bound water may have a correlation time of ~10~* s [23]. The magnetic field
corresponding to the Larmor frequency of the free water is unattainably high, and for
commonly used field strengths, the contribution of free water to relaxation is inde-
pendent of resonance frequency. Although free water spends less than 2% of its time
in contact with macromolecules, its relaxation properties are significantly affected by
these interactions [93]. The relaxation due to water molecules interacting with macro-
molecules makes a major contribution to the water molecule exchange between free
water and protein in specific sites, hydrogen exchange between water and protein
ionizable groups and transient collisions of water and macromolecules [23]. These
processes slow the rotational motion of the water molecules and generate relaxation
in the tissue [93].

At low values of By, T} and 75 are similar. At increasing field strengths (2 0.5 T),
both 7 and 75 increase remarkably, but 7} has greater field dependence [93]. Dynamic
dipole-dipole interactions caused by rapid molecular motions around the Larmor fre-
quency contribute to both 77 and T5. The slower motions of the system which consists
of water and macromolecules are in the frequency range affecting 75. There are al-
ways slow macromolecular motions present in biological tissues, contributing only
to the correlation time related to 75, and consequently 75> < T}. Thus, 75 is sensitive
to mobility and the size of the surrounding molecules. These slow motions are also
essential for T3, relaxation. In addition to Brownian motion, the mobility of molecules
depends on temperature and pH [23].

4.2.5 Measurement of relaxation times

The simplest NMR experiment is a free induction decay (FID) experiment. The net
magnetization is tilted 90° to the zy-plane with an RF pulse. Subsequently, the preces-
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Figure 4.2: Spin echo experiment. The decay due to field inhomogeneities can be recovered
but the intrinsic 7, decay causes the echo signal to be weaker than the original FID. The max-
imum of the refocused echo signal and thus the time of data acquisition is denoted with a
waveform.

sion of spins induce an electromotive force in RF coils near the sample. Under ideal
circumstances, the decay of the FID signal amplitude is proportional to e~*/?2. Be-
cause of the nonuniformities in the receiving coil and sample, the Larmor frequency
of the sample tends to be a distribution of frequencies instead of a single frequency.
As a consequence, dephasing of the net magnetization in the zy-plane causes the FID
to decay faster, proportionally to e */% (Figure 4.1). It is possible to eliminate this
additional decay. By reversing the phasing of the spins in the transverse plane by ap-
plying a 180° RF pulse at time 7 after the 90° pulse, a refocused echo builds at time 27
after the 90° pulse (Figure 4.2). Dephasing due to inhomogeneities is cancelled, but
because of the dephasing due to transverse relaxation in tissue, the magnitude of the
refocused echo is smaller than the maximum amplitude of FID by the factor e=*/"2.
This is called the spin echo technique, and the time 27 is called the echo time (TE).
By performing several spin echo measurements with different TE’s, a magnetization
profile can be obtained, and T3 can be determined by fitting data into the relaxation
equation:

My (t) = My ge TE/T2, (4.21)

where M| ; is the transverse net magnetization immediately after the 90° pulse.

The dephasing of transverse relaxation due to diffusion of the molecules cannot
be recovered in the spin echo experiment. The refocusing of the magnetization is
incomplete because of random transport of molecules during the experiment from
one location to another with different field inhomogeneities. To suppress the diffu-
sion effect, a series of 180° pulses can be inserted after the 90° pulse (the Carr-Purcell
method). The purpose is to prevent the phase accumulation of the diffusing spin by
refocusing the magnetization. For example, when four refocusing pulses are applied,
the first pulse is inserted at time period 7 after the 90° pulse, and the following pulses
are inserted at times 37, 57 and 77. The echoes will thus occur at 27 (=TE,), 47 (=2TE,),
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67 (=3TE,) and 87 (=4TE,) (Figure 4.3). By applying a different number of refocusing
pulses at constant intervals, a magnetization profile is obtained and Carr-Purcell-75
(CP-T3) with diffusion compensation can be determined using Equation (4.21).

The effect of field inhomogeneities is cancelled by the refocusing RF pulse. How-
ever, the FID signal can be refocused without cancelling 77 effects by generating a
gradient echo (Figure 4.4). The first gradient pulse dephases the magnetization pro-
portionally to its time integral, and second gradient pulse, inserted at opposite di-
rection, rephases the magnetization. The maximum rephasing occurs when the time
integral of the first gradient is fully reversed. The decay equation is analogous to
(4.21):

M, (t) = My ge /T2 (4.22)

T, relaxation time is usually determined using inversion recovery sequence (Fig-
ure 4.5). The longitudinal magnetization is inverted with a 180° RF pulse, followed
by a 90° excitation pulse after the inversion time (TI). According to (4.12), the time-
dependent evolution of longitudinal magnetization obeys

M,(t) = Mo(1 — 2Se~ /1), (4.23)

and by applying multiple TI's, the T} can be solved. The inversion recovery experi-
ment is similar to the FID experiment with an additional 180° pulse, and refocusing
pulses can be applied to obtain the echo for data acquisition. The factor S depends on
the accuracy of the 180° pulse, and ideally S=1.

Repeated spin echo sequence can also be used for 77 determination. This is called
the saturation recovery technique. The longitudinal magnetization recovers as a func-
tion of the interval between consecutive acquisitions, i.e. the repetition time (TR). By
varying TR, T; can be solved from

M,(t) = My (1 — Se” ™M) . (4.24)

Ty, relaxation time at certain B g, field strength is determined by varying the du-
ration of the spin-lock pulse (TSL). After the spin-lock preparation, the FID signal can
be collected with any standard sequence. The decay is described by the exponential
equation

M = Mye YT, (4.25)

While measuring 73,, the so-called adiabatic condition must be fulfilled. In other
words, Big. fields must be chosen so that the magnetization is able to follow the spin-
lock field, i.e. the 7. related to 7}, relaxation is close enough to 1/vyB;. When the
adiabatic condition is violated, rapid dephasing occurs causing apparent shortening
of measured T3,. A significant technical problem in the 77, determination lies in the
high specific absorption rate (SAR) values, indicating the absorption of energy to the
tissue, due to the spin-lock pulses.

4.3 Diffusion

Diffusion is Brownian motion, or random transport, of the water molecules in the
tissue. The magnetic field experienced by nuclei change rapidly from location to
another, and thus the refocusing of the spins is not complete after the 180° pulse,



34

4.3. Diffusion

-

e

|

TE

G

L

Figure 4.3: Determining 7, (or CP-T5) with
Carr-Purcell method. The number of the re-

Figure 4.4: Gradient echo sequence. The first

focusing pulses can be varied.

negative gradient dephases and second gra-
dient rephases the signal.

+-

]

]

oy

A

oy

Figure 4.6: Spin echo sequence with diffu-
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sion encoding gradients.

and signal loss is observed. The suppression of the dephasing caused by diffusion
is described above. The dephasing of transverse magnetization due to diffusion of
molecules can be determined by applying additional diffusion encoding gradient
pulses (Figure 4.6). If the spin remains at the same location, the dephasing caused
by the first gradient pulse will be fully cancelled by the second gradient pulse. If
diffusion occurs, then the spins will experience different field strengths as compared
to the situation after the first pulse, and rephasing will be incomplete. The decay
of the magnetization depends on the strength and duration of the gradients and the
diffusion time

M = Mye™*",  where
b=~*G*(A - 4§/3),

(4.26)
(4.27)

D is the diffusion coefficient, G and ¢ are the amplitude and duration of the diffusion
gradients, respectively, and A is the time difference between the leading edges of these
pulses. The term (A — §/3) is often referred to as the diffusion time ¢p. By applying
different b-values by modulating the magnitude of G, the diffusion coefficient can be
solved. The diffusion coefficient can be determined in different directions by altering
the direction of G.
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4.4 Contrast agents

Paramagnetic contrast agents can be introduced to enhance the signal intensity. Para-
magnetism of atoms and ions arises from partly filled inner electron shells of cer-
tain elements, such as transition elements, rare earth and actinide elements [91]. Free
atoms and ions have the strongest paramagnetic effect, and many of the aforemen-
tioned elements exhibit paramagnetic properties even when incorporated in solids.
Paramagnetic molecules have a magnetic moment many thousands times of those of
hydrogen atoms. Thus they produce higher local fields and enhance the relaxation
rate of the hydrogen atoms in water molecules bound to them. The continuous water
exchange between free and bound water enables the contrast agent to enhance the
relaxation throughout all of the water [162].

The relaxation rate is directly proportional to the concentration of the contrast
agent (C):

1 1

=70 " T + o C (4.28)
where «; is called the T; relaxivity [(mmol/1)~'sec™!], a property specific to the com-
position of the contrast agent and tissue in question. T;(C) and T are the T} relax-
ation times in the presence and absence of contrast agent, respectively. The decrease
of T, relaxation time follows similar behavior [162]. The correlation time of the con-
trast agent depends on the rotational correlation time, the exchange lifetime of water
molecule in the complex and the electron relaxation time [104], thus different con-
trast agents affect 77 and 75 differently. The most important paramagnetic ions are
gadolinium (Gd?**), iron (Fe?"), manganese (Mn?* and Mn?*) and chromium (Cr*").
The contrast agents used in NMR studies consist of paramagnetic ions embedded
in chelates. For example, gadolinium is often embedded in diethylenetriaminepen-
taacetic acid (DTPA)[162].

Ry (C)

4.5 Imaging and spectroscopy

In order to obtain spatially encoded information of the sample under investigation,
the slice selection and frequency- and phase-encoding gradients are applied. The
collected FID data, known as the k-space is converted into a magnitude image with
two-dimensional finite Fourier transform (FFT).

The different chemical environments of the hydrogen nuclei cause slight shifting
in the Larmor frequencies, known as the chemical shift. The mean frequency shift
between hydrogen nuclei in water and lipid is 3.35 ppm, corresponding to a Larmor
frequency shift of 215 Hz at 1.5 T. By performing a one-dimensional Fourier transform
to the FID, the frequency distribution of hydrogen nuclei and, thus the relative abun-
dance of different molecules can be determined. Spectroscopic measurements can be
either localized, or the magnetization of the entire sample can be examined.

4.6 MRI applications for articular cartilage

The NMR signal of articular cartilage receives its main contributions from highly
organized collagen network and charged hydrophilic PG molecules, the main con-
stituents of the ECM.
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The architecture of collagen network in articular cartilage is well-defined with his-
tological methods [12, 132]. The modulation of the NMR signal intensity in carti-
lage as a function of distance from surface was first suggested to be controlled by
the depth-dependent water content of cartilage [102]. Later, the modulation of sig-
nal intensity was correlated to the histological layers of cartilage [130]. The relation-
ship between the signal intensity and orientation of collagen fibrils relative to B field
was demonstrated by imaging bovine patellae at different angles in the B, field [164].
The greatest increase of the signal intensity was observed at an angle of 55°, i.e. the
magic angle, referring to the association between 7 contrast and collagen orientation.
Later this relationship was confirmed with a correlation to quantitative microscopy
[62, 203, 142]. It is suggested that although collagen itself has low water binding abil-
ity, it is able to control the orientation of the water molecules within cartilage [164].
It has also been hypothesized that PG side chains oriented to collagen fibrils [62] and
water interacting with collagen fibrils [13, 101] can affect the angle-dependence of the
contrast. When the articular surface is perpendicular or parallel to By, the T, of the
superficial zone displays short values. Towards the transitional zone, T, increases,
and decreases again in the radial zone. When the sample is rotated, the 75 of the
transitional layer with its more random collagen orientation does not vary signifi-
cantly, whereas the 75 of superficial and radial zone varies as a function of the angle
achieving a maximum at the magic angle, where the dipolar interaction (Equation
4.16) is minimized [201, 202]. The spatial variation of 75 has also been verified in vivo
on healthy young adults [37], but the resolution of clinical imaging devices typically
prevents the observations of the superficial zone of cartilage.

The variation of T, has been studied in several joints on animal and human tis-
sues. Significant relation with collagen content and 75 has been established [47, 140].
In addition to collagen, 7, has been shown to depend on PG [154, 193] and water [110]
content of cartilage. T, relaxation time has been related to the mechanical properties of
articular cartilage [193, 139, 143, 97], and the relationship of 7, and cartilage degenera-
tion has been studied with enzymatic degradation models [140, 193] and spontaneous
degeneration [50, 129, 154, 143, 40]. It has also been suggested that 75 is sensitive
to degenerative changes but not to any specific component [126]. Recently, a two-
component nature of 75 of calcified and deep radial cartilage has been reported [86].
It has been suggested that the fast component is governed by orientation-dependent
mechanisms, and that the slow component is virtually independent of orientation
with respect to By. Usually, the TE’s used in T, measurements are too long to prop-
erly display the biexponential nature of the decay curve [173].

T relaxation time of cartilage is usually thought to be relatively constant at all tis-
sue depths [128, 201], and also to be isotropic [70]. However, T} has been correlated
with water content and degeneration of articular cartilage [123]. There might be is-
sues considering 7' relaxation mechanisms of articular cartilage not yet completely
understood. Delayed gadolinium enhanced MRI of cartilage (AGEMRIC) [26] utilizes
the T relaxation time in the presence of the paramagnetic contrast agent, gadolinium,
embedded in a diethylene triaminopentaacetate acid (Gd-DTPA) chelate that has a
double negative charge [59]. When Gd-DTPA?~ diffuses into cartilage, it is assumed
to distribute inversely to the negatively charged PG concentration [10, 11]. By mea-
suring T} relaxation time with and without Gd-DTPA?", the spatial contrast agent
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distribution can be derived from (4.28) and used as an inverse estimate of the PG
distribution in the cartilage. The FCD of cartilage bathed in solution containing Gd-
DTPA2~ can be assessed with [10]

FCD = 2[Na"]; <\/ (Gd-DTPA), _ \/ [Gd_DTPAQ]b) : (4.29)

[Gd-DTPA* "}, [Gd-DTPA* ],

where ¢ and b refer to tissue and bath, respectively. The method has been validated
with biochemical methods [10, 11]. The problem in quantization in vivo studies is that
the Gd-DTPA?~ concentration of the synovial fluid acting as bath is not adequately
known.

T; relaxation time in the presence of Gd-DTPA?*~ (AGEMRIC) has been correlated
with the mechanical properties of cartilage [139, 143, 97, 165]. Several studies have
successfully related the dGEMRIC index or Gd-DTPA?~ content of cartilage to the
PG content of cartilage as determined by histological methods[141, 143], however the
method seems to occasionally overestimate the PG content in deep cartilage [141, 143].
The relationship of dGEMRIC and cartilage degeneration has been confirmed using
bovine tissue in vitro in enzymatic digestion models [10, 141] and in specimens with
spontaneous degeneration [143]. Several in vivo studies have been published moni-
toring the PG content of healthy, degenerated and engineered cartilage [179, 180, 199,
144, 204, 161, 124]. In most of these studies, the T} relaxation time in the absence of
Gd-DTPA?" has not been measured, simply assumed to be constant. A recent study
has reported that there is considerable variation in 7 without contrast agent and a
significant relationship between the GAG concentration and the difference in 7 mea-
sured in the absence and in the presence of Gd-DTPA?™ at 1.5 T [192]. Gd-DTPA*~
relaxivity has been reported to depend on the macromolecular content of tissue at 1.5
T [177] which complicates the assessment of the PG content.

Ty, relaxation time of articular cartilage has been related to its PG content [41, 154,
196, 198, 197], mechanical properties [198] and cartilage degeneration [18, 155]. Sig-
nificant 77, dispersion has been observed on the weight-bearing area of the femoral
head [156]. It has also been suggested that T3, is not sensitive to any particular com-
ponent but to general changes in the cartilage structure [126], and that the orientation-
dependent dipolar interaction arising from the collagen orientation contributes to 73,
[18].

Magnetization transfer (MT) is a process where two pools of spins are exchanging
magnetization at a constant rate [16]. If one of the pools is saturated with RF energy,
then exchange occurs until a steady state is achieved. By monitoring the magnetiza-
tion of the second pool at the steady state, the ratio of magnetization transfer can be
determined. In cartilage, the two pools include free water and water molecules as-
sociated with macromolecules [88]. It has been suggested that while collagen is the
dominant component contributing to the MT in cartilage [88, 168] also PGs have a
significant role [57], especially in case with PG depletion as a model for early degen-
erative changes [191]. A recent study reported that MT is not sensitive enough to be
utilized as a follow-up tool for monitoring the repair of the cartilage tissue [146].

The MRI appearance of cartilage under compression has been studied. The col-
lagen fibrils of the transitional zone have been reported to bend along the cartilage
surface causing a slight increase in the thickness of superficial zone and randomiza-
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tion in the fiber orientation in the radial zone [61, 2]. Enzymatic digestions have been
reported to affect the mechanical properties as well as MRI appearance of cartilage
under compression [163, 157, 84]. Magnetic resonance elastography is a method for
determining the strains in tissue by measuring the shear waves propagating in tissue
during cyclic loading [145, 66]. The weight-bearing MRI applications have also been
introduced to demonstrate the load distributions in vivo [54, 137].

In addition to methods focusing on "H NMR, MR imaging and spectroscopy of
?%Na has been utilized to characterize articular cartilage [171, 18]. Changes in the PG
concentration affect the ability of cartilage tissue to attract positively charged sodium
ions, and thus the sodium concentration reflects the FCD [172] and the PG concentra-
tion [19] of cartilage.

4.7 MRI applications for trabecular bone

The NMR signal of bone tissue is negligible due to the calcified nature of bone. How-
ever, quantitative methods utilizing NMR-visibility of bone marrow have been de-
veloped to assess the structural and mechanical properties of trabecular bone. Lipids
make a major contribution to the MR signal of trabecular bone, in both red and yellow
marrow [188].

The significant susceptibility difference between trabecular bone and bone mar-
row gives rise to strong local inhomogeneities in the magnetic field, affecting the 77
relaxation time. The increase in relaxation rate is proportional to the concentration
and number of susceptibility discontinuities and the magnitude of the susceptibility
difference. This mechanism has been demonstrated with computer simulations [113]
and experimental studies [116, 55], relating the T} relaxation time to the density of
trabeculae. T3 has been successfully related to ash density and the mechanical prop-
erties of trabecular bone [33, 75, 20]. BMD measured with DXA has been shown to
correlate in vivo with T3 in calcaneus [63, 81], distal radius [56] and the proximal fe-
mur [107, 6, 5]. T has also been related to the structural parameters of trabecular
bone [33, 3, 15].

The structure of three-dimensional trabecular lattice can be determined from MRI
images. Structural indices, such as bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th), trabecular separation (Ib.Sp) and trabecular number (Tb.N) are calcu-
lated from binarized images of trabeculae and bone marrow. Images with a resolution
sufficient compared to size of the trabeculae can easily be binarized by determining
a threshold value of the grayscale to distinguish between the two phases. The typ-
ical resolution of the clinical MR image is larger than the trabecular thickness, and
additional steps need to be taken to evaluate the structural parameters of bone. The
histogram of reverse grayscale image can be utilized to approximate the BV/TV of
trabecular bone [114]. The mean intensity of the ROI located in trabecular bone (I,o;)
is considered to account for the contribution of trabeculae and marrow in the follow-
ing relation:

Lo = app.BV/TV -1, + (1 — app.BV/TV) - L, (4.30)

where I, and I, are the intensities for bone and marrow, respectively, and app.BV/TV
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Figure 4.7: Determining the intensities essential to calculation of the apparent bone volume
fraction from histogram of reversed grayscale image of region of interest.

is the apparent bone volume fraction. This yields the calculation for app.BV/TV:

app.BV/TV = Ioi ~ I (4.31)
Ib - Im

I, is determined as the intensity corresponding to the left-side half maximum of the
image histogram (Figure 4.7), and I, is defined as the intensity of the cortical bone.
Mean intercept length (MIL), is the ratio of total number of pixels in the bone phase
and half the number of transitions between bone and marrow phases at a set of par-
allel lines across the image [115]. Mean trabecular thickness can be calculated as the
average of MILs in different directions.

Another method for determination of the BV/TV involves using an external phan-
tom with a composition corresponding to bone marrow, e.g. oil [45, 96, 181]. The spin
density is obtained as a by-product of the determination of 7} or 75. The magneti-
zation term M, in the decay equation (4.21) is proportional to the spin density of the
pixel in question. Assuming that the external phantom has a spin density matching
that of bone marrow and that trabeculae make no contribution to the NMR signal, the
marrow volume fraction can be calculated as a ratio of spin densities in the regions of
interest segmented into trabecular bone and the oil phantom. As this method is not
based on binarizing the image, other structural indices cannot be determined.

Strong linear correlations between structural parameters determined with MRI
and microCT have been established [167]. Structural indices determined from MR
images have been related to mechanical properties [108, 149]. Combining BMD and
structural parameters obtained with MRI has improved the assessment of the me-
chanical properties [108, 109]. Significant differences have been detected between
patients with mild and severe osteoarthritis and control group [14].

The relative water and fat content of bone marrow can be determined with NMR
spectroscopy from the amplitudes of the corresponding peaks in the spectrum, and
the fat content has been linked to the degree of osteoporosis defined by DXA [60]. The
water content of mineralized bone is known to correlate negatively with the mechan-
ical properties of trabecular bone [46, 194], and the trabecular size can be determined
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by generating a multiple spin echo via the ratio of the amplitudes of consecutive
echoes [30]. T3 measured with an asymmetric spin echo sequence has been related
to structural parameters of trabecular bone in human lumbar vertebrae [15].



CHAPTER V

Aims of the present study

Previous studies at high field strengths have shown the feasibility of quantitative
MRI parameters to serve as surrogate markers for structure, composition and even for
the mechanical properties of articular cartilage. 75 and dGEMRIC have been applied
in vivo but the validation of the method in clinically applicable field strength has been
partly inadequate. With respect to trabecular bone, methods at clinically applicable
field strengths have been utilized for diagnostics of osteoporosis. The main goal of
the present study was to detect the changes in articular cartilage and trabecular bone
induced by degenerative joint disease. The specific aims of this study were:

1.

To determine the similarities and differences between MRI parameters of artic-
ular cartilage at 1.5 Tand 9.4 T.

. To test the ability of the quantitative MRI methods to assess the structure, com-

position and mechanical properties of articular cartilage when applied at 1.5 T.

To clarify the ability of 7> measured in the presence of Gd-DTPA?" to assess the
mechanical properties of articular cartilage.

To evaluate the changes in MRI parameters during the degeneration of cartilage
and their ability to assess the degree of degeneration.

To determine the ability of MRI parameters measured at 1.5 T to assess the me-
chanical properties of trabecular bone.

. To investigate the interrelations between the structure, composition and me-

chanical properties of articular cartilage and trabecular bone during degener-
ation and the ability of quantitative MRI to assess them.

To develop and validate spectroscopic methods for evaluation of the structure
and composition of trabecular bone.
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CHAPTER VI

Materials and methods

The present work consists of four studies (I-IV). Human cadaver patellae from
the right knee joint were used for MRI and reference studies of articular cartilage
and trabecular bone (studies I-I1I). For MRS and microCT measurements of trabecular
bone (study IV), samples from bovine patellae and femora were used. All materials
and methods are summarized in Table 6.1.

6.1 Materials

6.1.1 Human samples

Fourteen pairs of human cadaver knee joints (12 male, 2 female, mean age 55 + 18
years) were obtained within 48 h post mortem from the Jyvéskyld Central Hospital,
Jyvéaskyld, Finland, with permission from the national authority (National Authority
of Medicolegal Affairs, Helsinki, Finland, permission 1781/32/200/01). The right
patellae were used for this work. Six topographical locations were assessed to cover
the entire articular surface: superolateral (SL), central lateral (CL), inferolateral (IL),
superomedial (SM), central medial (CM) and inferomedial (IM) patella (Figure 6.1).

Intact patellae were used for 1.5 T MRI and pQCT measurements. For 9.4 T MRI
and mechanical measurements of articular cartilage, cylindrical samples with 4-mm
diameter were isolated using a biopsy punch and razor blade. For mechanical testing
of trabecular bone, cylindrical samples with 7-mm diameter were isolated using an
orthopaedic hollow drill bit. A grinding system was used to parallelize the ends of
the cylindrical plugs. The sections cut from the cylindrical samples were used for
histological evaluation of cartilage and bone.

The total number of successfully prepared cartilage disks was 75 (for different lo-
cations, SL: n=14, CL: n=12, IL: n=12, SM: n=12, CM: n=12, IM: n=13). Five samples
were unsuccessfully isolated from the bone, and the cartilage disks with nonuniform
thickness could not be mechanically tested. Four samples were too degenerated to
be tested mechanically. Mechanical testing of trabecular bone was performed suc-
cessfully for 46 samples (for different locations, SL: n=7, CL: n=2, IL: n=9, SM: n=8,
CM: n=10, IM: n=10). The cylindrical plug required for mechanical testing was not
detachable from all sites of interest due to insufficient thickness of trabecular bone.
Additionally, the curvature of the bone surface caused overlapping of adjacent me-
dial and lateral plugs from which the other had to be rejected. The remaining 24 bone
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Table 6.1: Materials and methods utilized in original studies I-IV.

Tissue Modality Sample size N Parameters Study
Articular cartilage MRIat15T Intact patellae 14(84)* Ty, dGEMRIC I, III
(Human) MRI at94T @ 4-mm plugs 76 T,, dGEMRIC I, III
biomechanics @ 4-mm plugs 76 Es., Eq. I, III
digital densitometry | 3-pm Safranin-O-stained 76 PG content (OD) I
sections Mankin score I
FTIRI 5-um unstained sections 76 Collagen content (absorption) I
polarized light 5-um unstained sections 76 orientation, anisotropy, unpublished
microscopy birefringence unpublished
Trabecular bone MRIat15T Intact patellae 14(84)* 5, BV/TVgg, BV/TVg II, 11T
(Human) pQCT Intact patellae 14(84)* BMD, BV/TVpqcr II, III
biomechanics @ 7-mm plugs 46 Esp, 0y, 04 II, 111
polarized light 7-um unstained decalcified 24 BV /TVggr 111
microscopy sections orientation, anisotropy unpublished
Trabecular bone NMR at4.7 T @ 22-mm plugs 15 Ti,, Ty, CP-T, v
(Bovine) T, dispersion v
microCT @ 22-mm plugs 15 BV/TV, Tb.Th, Tb.Sp, Tb.N, SMI v

* 14 patellae with 6 sample locations on each specimen, altogether 84 samples measured

15
dGEMRIC
@w‘n
m.a\n

3
BMD
BV/TVge
BV /TVsg
BV/TVger
BV/TVpacr
FTIRI

T, relaxation time

Gd-DTPA?~-enhanced T; relaxation time

elastic modulus of cartilage
dynamic modulus of cartilage
T? relaxation time

bone mineral density

bone volume fraction measured with gradient echo sequence
bone volume fraction measured with gradient echo sequence
bone volume fraction measured with polarized light microscopy
bone volume fraction measured with pQCT

Fourier transform infrared imaging

OD optical density

Esp elastic modulus of bone
oy yield stress

Ou ultimate strength

T, T, relaxation time
CP-T5 Carr-Purcell T, relaxation time
BV/TV bone volume fraction
Tb.Th trabecular thickness
Tb.Sp  trabecular separation
Tb.N trabecular number

SMI structural model index
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Figure 6.1: The sites of interest on human Figure 6.2: The locations used for bovine
patellar surface. SM - superomedial, CM - samples. FEM - medial femoral condyle, and
central medial, IM - inferomedial, SL - super- PAT - patella.

olateral, CL - central lateral and IL - infero-

lateral.

cylinders were successfully prepared for polarized light microscopy (for different lo-
cations, SL: n=3, CL: n=4, IL: n=2, SM: n=4, CM: n=3, IM: n=8).

6.1.2 Bovine samples and phantoms

Seven bovine knee joints (age 18 months) were obtained from the local slaughterhouse
(Atria Oyj, Kuopio, Finland) within a few hours after slaughtering. 22-mm cylindrical
osteochondral plugs were isolated from the medial femoral condyle (FEM) and lateral
superior facet of patella (PAT) using a hollow drill bit (Figure 6.2).

Test tubes containing glass beads with a diameter of 150-212 pm, 212-300 um and
425-600 nm (Sigma Aldrich Co.) were used as phantoms emulating a structure with
local susceptibility differences inducing local gradient fields. Two sets of phantoms
were prepared with the interstitials filled with turnip rape oil or water adulterated
with CuSOy to shorten relaxation times to a range suitable for parameters used in
bone measurements.

6.2 NMR measurements
6.2.1 Articular cartilage
MEASUREMENTS AT 1.5 T

The patellae were equilibrated overnight in 0.5 mM Gd-DTPA?" solution (Magnevist,
Schering AG, Germany) and wrapped in Parafilm M (Pechiney Plastic Packaging,
Chicago, IL) to prevent dehydration. MRI-visible vitamin capsules containing peanut
oil (Vitol, Cardinal Health UK 414 Ltd, Wiltshire, UK) were attached at the measure-
ment sites to serve as localization markers. A GE Signa TwinSpeed 1.5 T scanner
was used (GE Healthcare, Milwaukee, WI, USA) with a 3” receiving surface coil and
the body coil as the transmitting coil. The patellae were oriented the articular surface
parallel to the B, field to emulate clinical patient positioning. The frequency encoding
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direction was oriented perpendicular to the articular surface to minimize the chemi-
cal shift artefact. Three slices were measured along the medial-lateral direction, each
slice covering two sites of interest (Figure 6.3).

Figure 6.3: The localization of sites of interest in the articular cartilage (black rectangles) and
trabecular bone (white squares) with localization markers serving also as oil references at 1.5
T MRI measurements.

T, was measured in the presence of the contrast agent because it has been shown to
have a minimal effect on T relaxation time at low concentrations such as that used in
this study [138]. A multi-slice multi-echo spin echo sequence was used with repetition
time (TR) of 1000 ms, eight echo times (TE = 10.3, 20.6, 30.9, 41.2, 51.5, 61.8, 72.1, and
82.4 ms), echo train length (ETL) of 8 and 3-mm slice thickness. A field of view of
8 cm and a 256x256 matrix to yield 0.313 mm in-plane resolution were utilized, with
measurements being conducted at room temperature. The slice profile was modified
to decrease the contribution of the stimulated echoes to the signal [112]. dGEMRIC
was measured using an inversion recovery fast spin echo sequence with TR of 1700
ms, TE of 11 ms and six inversion times (TI = 11 ms, TI = 50, 100, 200, 400, 800, and
1600 ms), ETL of 6 and resolution and localization equal to those on 7, measurements.

Full-thickness regions of interest (ROI) of a width matching the slice thickness (3
mm or 10 pixels) were segmented at the sites of interest (Figure 6.3). To avoid the
partial volume effect, the most superficial pixel which includes cartilage was omit-
ted from the analysis. The MRI parameter maps were fitted into monoexponential
relaxation equations ((4.21) for 75 and (4.23) for dGEMRIC) using an in-house soft-
ware (MATLAB, Mathworks Inc., Natick, MA). The T, maps were calculated using all
eight echoes. For some regions of interest, T, values were calculated omitting the first
echo to determine the potential effect of stimulated echoes, and similar results were
obtained. Spatial depth-wise profiles were calculated by averaging the pixels of the
region of interest along the direction of the cartilage surface.

MEASUREMENTS AT 9.4 T

Measurements were conducted using a 9.4 T Oxford NMR vertical magnet (Oxford
Instruments PLC, Witney, UK), a SMIS console (SMIS Ltd, Surrey, UK), and a 5-mm
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high-resolution volume spectroscopy probe (Varian Associates Inc., Palo Alto, CA).
The samples were sealed in a test tube (dia.= 5 mm) immersed in Gd-DTPA*~ solu-
tion. The samples were located axially in the center of the coil, and the sample surface
was oriented perpendicular to the B, field, as limited by the coil construction. T, was
determined using a single echo spin echo sequence with a minimized sensitivity to
diffusion with TR of 1500 ms, six TE’s (14, 20, 28, 40, 56, and 80 ms) and 1-mm slice
thickness. A field of view of 1 cm and a 256x64 matrix to yield 0.039 mm resolution
across cartilage depth were utilized at temperature of 25°C. dGEMRIC measurements
were conducted using a saturation recovery sequence with TE of 14 ms and six TR’s
(100, 180, 330, 600, 1100, and 2000 ms).

The MRI parameter maps were fitted into monoexponential relaxation equations
((4.21) for T, and (4.24) for dGEMRIC). Full-thickness ROIs with widths matching the
slice thickness (1 mm or 7 pixels) were segmented. Spatial depth-wise profiles were
calculated by averaging the pixels of the region of interest along the direction of the
cartilage surface.

COMPARISON OF THE RESULTS BETWEEN 1.5 T AND 9.4 T

Profiles at 1.5 T were truncated to match the thickness of the 9.4 T measurements,
since a thin layer of the deepest tissue typically remained on the bone when the carti-
lage disks were isolated. The relaxation time profiles of the 9.4 T measurements were
downsampled to match the depthwise resolution of the 1.5 T measurements. From
the profiles, relaxation times for the approximately 1 mm of the most superficial tis-
sue (three pixels at 1.5 T and 24 pixels at 9.4 T) and bulk values covering the full
thickness of uncalcified cartilage were determined. Since the thickness of the superfi-
cial cartilage layer was beyond the resolution of 1.5 T measurements, the superficial
values of MR parameters refer to the values calculated for the most superficial 1 mm
of tissue.

6.2.2 Trabecular bone
TQ* MEASUREMENTS

All MRI measurements of human trabecular bone were conducted at 1.5 T using a
GE Signa TwinSpeed scanner and a 3” receiving surface coil and the body coil as the
transmitting coil. The patellae were oriented similarly to the cartilage measurements.
T was measured using a gradient echo sequence with TR of 100 ms, six TE's (4.7,
9.3,14,18.7,23.4, 28 ms) and a flip angle of 30°. The localization and resolution were
equal to cartilage measurements at 1.5 T. Square ROIs of 7x7 mm were segmented
at the sites localized by the markers (Figure 6.3). The 75 maps were determined by
fitting into the relaxation equation (4.22), and the mean values were calculated. The
R} relaxation rate was calculated as the inverse of each bulk T3 value (i.e. 1/T5).

MORPHOLOGICAL EVALUATION

A fast gradient echo sequence with TR of 30 ms, TE of 4 ms and flip angle = 40°
was used. For each patella, 40 consecutive slices with thickness of 1 mm, a field-
of-view of 6 cm and a 256x256 matrix yielding a 0.234 mm in-plane resolution were
imaged to cover the entire trabecular bone volume in the structural assessment. A
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7x7x7 mm volume of interest (VOI) was assessed, having the centremost slice at the
location of the 7 measurements. The apparent bone volume fraction (BV/TVgg) of
each location was calculated based on the histograms of the signal intensities in the
selected volumes as described in section 4.7 and [114].

Bone volume fraction was estimated also from 7, measurement data of articular
cartilage by comparing the spin density in selected ROI and localization markers func-
tioning also as an oil reference (Figure 6.3) [45, 96]. Trabeculae were assumed to have
negligible NMR signal; thus the spin density of each ROI was assumed to be entirely
due to bone marrow. The oil reference was chosen to represent the case of ROI con-
sisting of only bone marrow. The marrow volume fraction in each ROI was calculated
by dividing the spin density of each ROI with the spin density of the oil reference in
each image. Apparent bone volume fraction (BV/TVgg) was calculated by subtracting
the marrow volume fraction from unity.

SPECTROSCOPIC NMR MEASUREMENTS

MRS measurements were conducted using a 4.7 T Magnex horizontal magnet (Mag-
nex Scientific Ltd., Abington, UK) and Varian "NTYINOVA console (Varian Inc., Palo
Alto, CA, USA) and an in-house surface coil in the transmit/receive mode. A 5x5x5
mm voxel was localized under the dense subchondral plate.

Localized single voxel spectra were measured using the LASER (Localization by
Adiabatic Selective Refocusing, [52]) pulse sequence (TR =55, TE = 23 ms, bandwidth
of 2500 Hz covered with 1000 points). T}, weighting was obtained with a spin-lock
preparation block consisting of an adiabatic half-passage (AHP), variable length spin-
lock period and reverse AHP [58] followed by a crusher gradient. Seven spin-lock
times (19.5-79.5 ms) were used at ten different B, field strengths (0.018-0.18 mT) to
determine 7}, in different spin-lock fields, i.e. 7}, dispersion. The frequency of the
on-resonance spin-lock preparation block was set to either fat (73,¢) or water (7%,)
resonance frequency.

T, relaxation time was measured using the same LASER pulse sequence for local-
ization and a double spin echo preparation block consisting of AHP, two hyperbolic
secant (HS) adiabatic full passages and reverse AHP (TR =5 s, 30 TE’s between 23
and 143 ms). Carr-Purcell-7; (CP-T3) was determined with two different techniques
(Figure 6.4). TE was incremented by increasing either the interval between refocus-
ing pulses (7cp) or the number of refocusing pulses and keeping 7cp constant. While
modulating the number of refocusing pulses, the CP pulse train consisted of 0, 4, 8, 16,
20 and 24 HS pulses (1cp = 4 ms), yielding TE’s between 23 and 117 ms. When mul-
tiple pairs of HS pulses were used, they were phase cycled according to the MLEV
scheme [105]. To control the influence of T3, relaxation during RF pulses, three TE’s
(39, 70 and 101 ms) were produced modulating the interval between four refocus-
ing pulses (7cp = 4-23 ms) and the results were compared with measurements with
adiabatic 0°pulses, with similar amplitude and phase modulation functions, placed
symmetrically between refocusing pulses [127].

Diffusion coefficients were determined using a spectroscopic STEAM sequence
(TR =25s, TE = 19 ms, TM = 6 ms) [148]. Diffusion coefficients were determined
for fat and water separately in seven directions with nine b-values between 100 and
900 s/mm?. The 1/3 trace of the diffusion tensor (D,,) was calculated for fat and
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water.

Signal values were determined from the resulting magnitude spectra separately
for fat and water. The corresponding 73,, 75 and diffusion coefficient values were
fitted into relaxation/diffusion formulae (4.25), (4.21) and (4.27), respectively. The
apparent amplitude of the local susceptibility gradient was calculated from 75 and
CP-T, measurements using (4.18) and (4.19) assuming that the contributions of static
dephasing and exchange would be constant.

TE =70.02 ms, 12/4/4 refocusing pulses

n=12, 71CP=4 ms:
Y N Y R OV N A N AU O W

NP TE b

n=4, 7CP=12 ms:
o e o o

| A | )\

n=4, TCP=12 ms, 0° pulses inserted:

e . e .

0° 180°  0° 0° 180° 0° 0°  180° 0° 0° 180° 0°

Figure 6.4: Pulse sequences used to obtain the T2 relaxation time in addition to the double
spin echo sequence. Top: Carr-Purcell utilizing twelve 180°pulses. Middle: Carr-Purcell uti-
lizing four 180°pulses. Bottom: The same pulse sequence with 0°adiabatic pulses inserted
symmetrically around 180°pulses. The echoes forming due to the refocusing of the transverse
magnetization are denoted.

6.3 Mechanical testing
6.3.1 Articular cartilage

Samples were re-equilibrated in phosphate-buffered saline solution including enzyme
inhibitors (5 mM EDTA and 5 mM benzamide HCI) for at least 2 h to wash out the
ionic contrast agent that could possibly affect the swelling pressure of cartilage. Me-
chanical testing was performed with a custom made high-resolution material testing
device including a load cell with resolution of 5 mN (Honeywell Sensotec, Columbus,
OH) and a precision motion controller with 0.1 um resolution (Newport, Irvine, CA)
[186]. A stress-relaxation test was performed in unconfined compression geometry.
After establishing a proper surface contact, a 10% pre-strain step was applied, fol-
lowed by a 1-hour relaxation. Subsequently, this was followed by three 2% steps at
1 pm/s ramp velocity and 40 min relaxation after each step. A dynamic test with 1
Hz frequency and 1% strain amplitude was conducted after the stress-relaxation test.
Young’s modulus (Es.) and the dynamic modulus (£y.) were determined from the
stress-relaxation and dynamic tests, respectively, as described in Section 3.1. The mea-
surements and analyses were conducted using an in-house Labview program (Lab-
view 6, National Instruments, TX, USA).
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6.3.2 Trabecular bone

A hydraulic 25 kN material testing device was used for mechanical testing (Instron
FastTrack 8874, Instron, Norwood, MA, USA). The testing protocol included equili-
bration of the sample under a pre-stress of 10 N for 2 min, five nondestructive dy-
namic cycles with 0.5% strain and destructive compression to 5% strain with a ramp
velocity of 5 pm/s. Young’s modulus (E;p), yield stress (oy) and ultimate strength
(0u) were determined as described in Section 3.2. The analysis was conducted with an
in-house MATLAB script.

6.4 Computed tomography of trabecular bone
6.41 pOCT measurements

Plastic markers were used to localize the measurement sites. BMD was measured
from three slices the localization of which corresponded to the slices in 73 measure-
ments using a voltage of 58 kV, current of 0.175 mA, exposure time of 3 min 35 s,
in-plane resolution of 0.200 mm and 0.5 mm slice thickness (XCT 2000, Stratec Mediz-
intechnik GmbH, Birkenfeld, Germany). A BMD value for a 7x7 mm RO, localized in
the trabecular bone, was calculated. The apparent bone volume fraction (BV/TV,qcr)
was determined for each region of interest using the same technique as with MRI
gradient echo images [114].

6.4.2 MicroCT measurements

The structural parameters of bovine samples were determined using a high-resolution
computed tomography scanner (SkyScan 1172, SkyScan, Artselaar, Belgium). A three-
dimensional data set was scanned from all samples with voltage of 100 kV, current of
100 pA, exposure time of 590 ms and nominal voxel size of 11x11x11 um?®. Rotation
between projections was 0.4°, and 10 exposures were averaged for each projection. A
cylindrical ROI with diameter of 7 mm and length of 5 mm was binarized, and mor-
phometric parameters (bone volume fraction BV/TV, trabecular thickness Tb.Th, tra-
becular separation Tb.Sp, trabecular number Tb.N and structural model index (SMI))
were calculated. SMI provides an indication of the relative prevalence of rods and
plates in the three-dimensional structure [72, 77]. The image reconstruction and anal-
ysis were conducted using NRecon and CTAN software, respectively, provided by the
scanner manufacturer.

6.5 Histological methods
6.5.1 Articular cartilage
DIGITAL DENSITOMETRY

The PG content of cartilage matrix was assessed with digital densitometry of 3-um
thick Safranin-O stained sections. When applied under standardized conditions, the
cationic Safranin-O stains the cartilage section stoichiometrically with its content of
negatively charged GAG [92]. A calibrated digital densitometer was used to measure
the optical density of the stained sections to estimate PG content [90]. The measuring
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device consisted of a Leitz Othoplan microscope (Leitz Messtechnik GmbH, Wetzlar,
Germany) and a Peltier-cooled 12-bit Photometrics CH-250-A CCD-camera (Roper
Scientific Inc., Tucson, AZ, USA). Data analysis was conducted with the IP-Lab pro-
gram (version 3.55., Scananalytics Inc., Fairfax, VA, USA). Three sections were ana-
lyzed and the results were averaged to minimize the error due to variations in section
thickness, and the average value for the whole section was calculated to represent the
mean value of proteoglycan content in the sample.

FOURIER TRANSFORM INFRARED IMAGING MICROSCOPY

The collagen content was estimated from unstained 5 pm thick sections with spectro-
scopic Fourier Transformed Infrared Imaging (FTIRI) technique [150, 28]. Integrated
absorbance of amide I peak was used [159]. Measurements were conducted using a
PerkinElmer Spotlight 300 imaging system (PerkinElmer Inc., Wellesley, MA, USA).
Three sections were averaged to minimize the error due to section thickness, and the
average value for the whole section was calculated to represent the mean value of the
collagen content in the sample.

POLARIZED LIGHT MICROSCOPY

The orientation of collagen fibrils was estimated using polarized light microscopy
of the unstained sections with a thickness of 5 pm. A cross-polarized light micro-
scope with computer controlled rotating strain-free polarizers was used to capture
seven background corrected images from each section at 15° intervals with a high-
performance Peltier-cooled CCD camera. By determining the signal intensity in each
pixel of the image, spatial maps of orientation-independent birefringence, collagen
fiber orientation compared to cartilage surface and anisotropy could be calculated to
evaluate the collagen fibril network organization [158].

MANKIN SCORE

The histological Mankin score of the samples was independently evaluated by three
trained observers from blind-coded Safranin-O stained sections. The Mankin score is
a subjective score of cartilage degeneration that takes into account the cartilage struc-
ture, amount of cells, order of Safranin-O staining and the integrity of the tidemark
(Table 6.2) [117]. Since the samples were detached from subchondral bone, the in-
tegrity of the tidemark could not be evaluated.

The samples were divided into three groups according to their Mankin score: sam-
ples with no or minimal degeneration (group I, Mankin score < 4), moderate degener-
ation (group II, 4 < Mankin score < 8) and advanced degeneration (group III, Mankin
score > 8) (Figure 6.5).

6.5.2 Trabecular bone

Unstained, decalcified sections with a thickness of 7 ym were prepared for polarized
light microscopy from bone cylinders too short for biomechanical testing (specimen
length less than 7 mm, see Section 3.2) [92, 89]. Microscopic collagen network of
the bone matrix was visualized with the same technique as articular cartilage. The
method is insensitive to cells as well as to loose connective and adipose tissue in the
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Table 6.2: Criteria for evaluating the Mankin score of cartilage sample [117]. The integrity of
the tidemark could not be evaluated in the absence of subchondral bone. The Mankin score is
obtained as a sum of grades of properties I-III.

Grade Grade
L. Structure III. Safranin-O staining
Normal 0  Normal 0
Surface irregularities 1 Slight reduction 1
Pannus and surface irregularities 2 Moderate reduction 2
Clefts to transitional zone 3 Severe reduction 3
Clefts to radial zone 4 No dye noted 4
Clefts to calcified zone 5
Complete disorganization 6
IL. Cells
Normal 0  IV.Tidemark integrity
Diffuse hypercellularity 1 Intact 0
Cloning 2 Crossed by blood vesels 1
Hypocellularity 3

Figure 6.5: Safranin-O stained sections representing three groups of degeneration: (a) no or
minimal degeneration (group I, Mankin score < 4), (b) moderate degeneration (group II, 4 <
Mankin score < 8) and (c) advanced degeneration (group III, Mankin score > 8) classified by
Mankin score of the samples. The cartilage surface is towards the top of the page.
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bone marrow space since these structures do not reveal any regular organization as
detected by polarized light microscopy. The areal fraction of the bone collagen matrix
was calculated from the binarized, background corrected birefringence images using
a 9.26 nm spatial pixel size, and used as an estimate for bone volume in the three-
dimensional space (BV/TVggr).

6.6 Statistical analyses

Pearson correlation coefficient was calculated to determine linear associations be-
tween different variables. The ability of MRI and pQCT variables to assess the me-
chanical properties of trabecular bone was studied using step-wise linear regression.
The linear mixed model test was applied to test the statistical significance of topo-
graphical variation of parameters. The linear mixed model provides an accurate com-
parison of data with missing values by also modeling variances and covariances of
data [21]. Further, the possible sample interdependencies are acceptable, for exam-
ple, the dependency between the samples at different locations obtained from the
same patella. The statistical differences between different stages of degeneration were
tested using Kruskal-Wallis test and Mann-Whitney U-test. The statistical differences
between MRI variables obtained at different field strengths and between bone volume
fractions obtained with different techniques were tested with paired-samples T-test.
The significance of the difference between two correlation coefficients was tested by
using the standard Fisher Z-score test [205]. Statistical analyses were conducted by
using the SPSS software (version 11.5, SPSS Inc, Chicago, IL).
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6.6. Statistical analyses




CHAPTER VII
Results

7.1 Articular cartilage
7.1.1 Differences between MRI parameters measured at 1.5T and 94 T

The relaxation time maps of 75, and dGEMRIC displayed a similar pattern at different
field strengths (Figure 7.1). Depth-wise 75 profiles revealed a similar shape at 1.5 T
and 9.4 T, with longer values in the more superficial tissue and shorter values in the
deeper cartilage (Figure 7.2), despite the 90-degree orientation difference in the B,
field. However, an offset of about 20 ms was present. The variation of 75 and dGEM-
RIC at both field strengths is shown in Table 7.1. T; relaxation times measured at dif-
ferent field strengths were linearly correlated by r=0.36 (p<0.01) and r=0.35 (p<0.01),
and dGEMRIC values by r=0.25 (p<0.05) and r=0.26 (p<0.05) for superficial and bulk
tissue, respectively. All superficial and bulk variables showed a statistically signifi-
cant difference between the field strengths.

7.1.2 MRI and mechanical properties

Young’s modulus at equilibrium (£;.) and dynamic modulus (Ey4.) of articular car-
tilage reflected the considerable variation within samples (Table 7.2). E;. and Eq,

Table 7.1: Mean, SD, minimum and maximum values for MRI variables of articular cartilage
at 1.5 T and 9.4 T. s - superficial region, b - bulk region.

Variable Mean SD Minimum Maximum
15T dGEMRIC, 297 48 188 392
dGEMRIC, 303 50 187 398
Tos 63 17 29 105
Top 52 15 32 116
94T dGEMRIC, 593 125 392 1082
dGEMRIC, 645 124 407 1083
Ths 40 10 22 62
Top 28 7 17 50

55
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Figure 7.1: Relaxation maps at 1.5 T and 9.4 T calculated for a representative sample with-
out the subchondral bone. 1.5 T maps were truncated to match the thickness of the isolated
cartilage sample measured at 9.4 T. The articular surface is directed towards the top of the
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Figure 7.2: Depth-wise relaxation profiles at 1.5 T and 9.4 T calculated for a representative
sample. Dashed line displays profile measured at 9.4 T at original resolution. The superficial
layer denoted here is wider than the superficial layer defined by collagen orientation.

Table 7.2: Mean, SD, minimum and maximum values for mechanical variables of cartilage.

Variable Mean SD Minimum Maximum
FEse 0.53 042 0.02 2.56
Eq. 3.87 270 0.18 12.29
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Figure 7.3: Topographical variation of MRI parameters and Ej. of articular cartilage. Mean
and SD values for six measurement locations are shown. The variation of Eq is similar to
that of Esc. R (i.e. 1/T3) is used for visualization purposes.

showed a strong linear correlation with each other (r=0.92, p<0.01, N=75).

Significant linear correlations between the MRI parameters and the mechanical
moduli were observed at both field strengths (Table 7.3); at 1.5 T, the highest linear
correlations were observed between 7, and mechanical parameters (155 vs. Eq., 1=-
0.62, p<0.01), whereas at 9.4 T dGEMRIC showed the highest linear correlations with
mechanical moduli (dAGEMRIC; vs. E; ., r=0.47, p<0.01). The difference in correlation
coefficients at different field strengths was statistically significant between superficial
T, and E;. (p = 0.02) and between superficial 75 and Eq4. (p < 0.01).

The linear correlations between MRI parameters and mechanical properties cal-
culated for medial and lateral facets and all six locations showed remarkable vari-
ation (see study I, Tables 4-5). At the medial facet, 7, values at 1.5 T revealed the
strongest linear correlations with mechanical parameters (75 vs. E;., r=-0.75, p<0.01),
while at the lateral facet, dGEMRIC values at 9.4 T showed the highest correlations
(dGEMRIC; vs. E;, r=0.62, p<0.01).

The topographical variation of superficial 75 (or 1/75, i.e., relaxation rate R,) and
mechanical parameters showed similar trends at both field strengths, whereas dGEM-
RIC showed only a weak association (Figure 7.3). The topographical variation of E;
and FEj4. revealed statistically significant (p<0.05) differences between the locations
SL-CL, SL-SM, CL-SM, CL-IM, SM-CM, and CM-IM. Additionally, variation of Eq
was significant between sites SL-IL and IL-SM. For superficial 75 at 9.4 T, the varia-
tion was significant between sites SL-CL, CL-IL, CL-CM, and CL-IM.
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Table 7.3: Linear correlations between MRI, mechanical and histological parameters of artic-
ular cartilage.

PG  Collagen Es, Eq,

15T dGEMRIC NS NS 0.30* NS
dGEMRIC, NS NS NS NS
Ths -0.53**  -0.57**  -0.54** -0.62™*
Top -0.39™  -043™ -040" -0.46*

94T dGEMRIC, 0.41* 0.32* 0.35**  0.39**
dGEMRIC,, 0.45** 0.30* 0.31™ 0.35*
T -0.28*  -0.54* NS -0.24"
Top -0.47**  -0.50"* NS  -0.28*

**p <0.01; * p <0.05; NS - not significant

7.1.3 MRI and histology

PG content (optical density) and collagen content (absorbance) varied between 0.18
and 1.97 and between 0.02 and 0.39, respectively. The mean+SD values were 1.163-0.42
and 0.2410.05 for PG and collagen contents, respectively. There were significant lin-
ear correlations between MRI and the histological parameters (Table 7.3). The differ-
ence in correlation coefficients at different field strengths was statistically significant
between superficial T, and PG content (p = 0.06). The PG content correlated signifi-
cantly with E,. and Eq. (r =0.55 and 0.62, respectively, p < 0.01). The collagen content
correlated similarly with . and Eq4. (r = 0.58 and 0.68, respectively, p < 0.01).

7.1.4 Degeneration-related changes

Both bulk and superficial dGEMRIC at 1.5 T and 9.4 T exhibited a similar trend of
decreased values in group III indicating loss of PGs (Figure 7.4). The difference be-
tween groups was statistically significant at 9.4 T but insignificant at 1.5 T. There was
an increasing trend in the 7, relaxation time in line with the progression of cartilage
degeneration. Superficial 75 relaxation time at 1.5 T revealed statistically significant
differences between group III and the other groups, and bulk 7, differentiated even
between groups I and II. There were no significant differences in 75 between groups
at9.4 T; however a trend with slightly increasing values towards the advanced degen-
eration was evident. Mechanical properties and PG content differentiated all groups,
and collagen content separated group III from other groups, all three showing a sys-
tematic trend with decreasing values along advancing degeneration.

Depth-wise profiles of angle of main orientation calculated from polarized light
microscopic images were used to extract a subgroup of samples with a visible superfi-
cial collagenous zone present. The samples were divided into three groups according
to their Mankin score (group A, 0 < Mankin Score < 3.3, n=12; group B, 3.3 < Mankin
Score < 6.7, n=20; and group C, 6.7 < Mankin Score < 9, n=10). The thicknesses of
the profiles were normalized to unity by interpolation, and averaged depth-wise T
profiles were calculated for each group.

As compared to the group with the least degeneration (group A), group B showed
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15 mm

Figure 7.6: Binarized images obtained with MRI (a,b), pQCT (c,d) and microscopy (e). The
MRI and pQCT images are on the same scale whereas the microscopic image is more magni-

fied.

a trend toward prolonged 75 values to approximately 10% of tissue thickness at 1.5 T
(Figure 7.5a). Group C showed a significant increase in the 75 value to approximately
50% of tissue thickness as compared to groups A and B. For the remaining 50%, the
depth-wise profiles for the three groups exhibited similar 75 values. The most super-
ficial layer of articular cartilage was not visible in the 75 profiles at 1.5 T because its
thickness is typically beyond the resolution of clinical MRI devices.

The orientation of the samples with respect to the B field differed 90° between 1.5
Tand 9.4 T. At 9.4 T, an increase in 75 was observed for the group with most degen-
eration (Group C) in the radial zone (Figure 7.5b). Groups A and B showed similar
profiles throughout the cartilage thickness. At both field strengths, the increase in 75
was observed in the cartilage layer with the collagen orientation parallel to the 5,
field.

Due to the extensive variation and the relatively small number of samples in each
group, there were no statistically significant differences between the groups at any
point along the depth-wise profile, however the p-values were considerably smaller
near the surface for 75, measured at 1.5 T (Figure 7.5¢). For 9.4 T, the smallest p-values
were detected from the most superficial and deep values.

7.2 Trabecular bone
72,1 MRI and pQCT measurements

The bone volume fraction was determined with a gradient echo (BV/TV¢g) and spin
echo (BV/TVsg) MRI sequences, pQCT (BV /TVqcr) and polarized light microscopy
(BV/TVggr). The determinations of BV/TV¢g, BV/TV,qcr and BV/TVggr were based
on binarized images whereas BV /TVgg was based on spin densities of regions of in-
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Table 7.4: Mean, SD, minimum and maximum values of bone volume fractions measured
with different methods and bone mineral density.

Mean SD Minimum Maximum

BV/TVge 0.32 0.08 0.13 0.54
BV/TVge 046 0.10 0.22 0.69
BV/TVpacr 0.28 0.07 0.18 0.53
BV/TVger 037 0.12 0.12 0.57
BMD [mg/cm?®] 388 102 192 666
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Figure 7.7: Topographical variation of a) parameters measured with MRI and pQCT and b)
mechanical properties of trabecular bone. Mean and SD values for six measurement locations
are displayed. The variation of gy, is similar to that of gy.

terest and oil reference regions (Section 6.2.2). The binarized images obtained with
MRI, pQCT and microscopy are shown in Figure 7.6.

Bone volume fractions measured with different methods showed different values
(Table 7.4). All bone volume fractions displayed statistically significant difference
between each other except for BV/TVgg and BV /TVgee. However, the topographical
variation of BMD and MRI-derived bone parameters showed similar trends (Figure
7.7a). The topographical variation of BMD and BV /TVg is very similar.

The linear correlations between variables measured with different modalities and
the linear correlations between the mechanical, MRI and pQCT variables were sta-
tistically significant (Table 7.5). By combining R; and BV/TVg into a linear regres-
sion model, the assessment of BMD and BV/TV qct was slightly improved from that
obtained with the individual MRI parameters. The BV/TVg displayed a trend to-
wards higher correlation with BV/ TVoqcr as compared to BV/TVgg; however the
difference was not statistically significant. The linear correlation coefficient between
BV/TV¢e and BV/TVgsg was 0.38 (p < 0.01). When samples only with a Mankin score
< 4 were analyzed, the correlation coefficient between BV /TVggr and T3 and between
BV /TVger and BMD increased from 0.09 (not significant) to -0.86 (p < 0.05) and from
0.58 (p < 0.01) to 0.91 (p < 0.01), respectively. Despite the small number of samples,
the increase is statistically significant (p < 0.05) in both cases.
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Table 7.5: Correlation coefficients between MRI, pQCT and mechanical variables of trabecular
bone.

Es b Oy Oy BV /TVpQCT BMD

BV/TVgg 0.32* 0.40* 0.46™ 0.51* 0.56™
BV/TVse NS NS NS 0.55* 0.66**
R; NS 037 0.36* 0.25* 0.34"

MRImodell NS  0.50* 0.54* 0.60** 0.52**
MRImodel2 NS 0.39* 0.39* 0.57** 0.68**
BV/TVPQCT 0.36" 0.44* 0.49** - 0.82**
BMD 0.44* 0.61** 0.64** 0.82* -
pQCT model 0.44* 0.62** 0.65™ - -
**p <0.01;* p <0.05; NS - not significant

MRI model 1 - linear combination of BV/TVgg and R}

MRI model 2 - linear combination of BV/TVgg and Rj
pQCT model - linear combination of BV/TVpqcr and BMD

7.2.2 MRI and mechanical properties

(BV/TV¢g) and (BV/TV,qcr) displayed statistically similar associations with E},. In
addition, (BV/TVgg), (BV/TV,acr) and BMD correlated better with ultimate strength
(0y) and yield stress (oy) than with Ej},; however the difference in correlation coeffi-
cients was not statistically significant. BV /TVsg did not correlate with the mechanical
properties.

The assessment of o, and o, was improved by combining 5 and MRI-derived
apparent bone volume fractions into different linear regression models (Table 7.5). No
further improvement in assessment of o, and o, was obtained by combining pQCT
variables. Although BMD showed a trend towards a more accurate assessment of
mechanical properties compared to MRI models, there was no statistically significant
difference between the correlation coefficients. The optimal linear regression model
was calculated separately for each variable to be assessed. Ei}, correlated significantly
with yield strength and ultimate strength (r = 0.83 and 0.87, respectively, p < 0.01), and
a significant correlation was established between o, and o, (r = 0.98, p < 0.01). E}
of the superomedial location (SM) was relatively high compared to other locations
(Figure 7.7b); however other variables did not replicate this improvement.

7.2.3 Degeneration-related changes

For bone variables, BMD and BV /TV,qcr indicated significant difference between
groups I and Il with decreasing values along cartilage degeneration (Figure 7.8). The
mechanical properties of trabecular bone exhibited a significant difference between
groups I and II but not between groups I and III despite a similar difference in their
mean values. This is likely due to the small number of samples in group III (n = 3).
MRI variables of trabecular bone did not show any significant differences between
groups divided by the degree of cartilage degeneration.
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Figure 7.8: Mean =+ SD values for bone variables divided into three groups according to their
Mankin Score. Statistical difference between groups (p < 0.05) is denoted with brackets.

7.3 Interrelations of bone and cartilage properties

The mechanical properties of cartilage and bone did not correlate significantly with
each other despite a similar trend in line with the extent of cartilage degeneration.
The correlation coefficient between 77 of bone and dGEMRIC was significant at both
field strengths for superficial tissue (r = 0.32, p < 0.01 at 1.5 T and r = 0.46, p < 0.01
at 9.4 T) as well as for bulk tissue (r =0.27, p < 0.05 at 1.5 T and r = 0.44, p < 0.01 at
9.4 T). T; also correlated significantly with superficial 75 at 1.5 T (r = -0.31, p < 0.01).
Superficial dGEMRIC at 1.5 T correlated significantly also with BMD (r = -0.32, p <
0.01). Correlation coefficients within group I were significantly higher than within all
samples between superficial AGEMRIC at 1.5 T and BMD (p < 0.01), Young’s modulus
of cartilage and BMD (p < 0.05) and E;. and 75 (p < 0.05).

7.4 Spectroscopic NMR measurements
7.4.1 Spectroscopic 15, CP-1; and 7}, of trabecular bone

R, (i.e. 1/T5) varied between 10 and 17 s~! (mean4SD 14+2 s 1) for fat and between
24 and 31 s™' (2842 s ') for water (Figure 7.9a). Compared to R,, CP-R, was signif-
icantly lower for both fat and water. For water, the difference between CP-R, and
R, was significantly higher than for fat. These findings are consistent with the sig-
nificant contribution made by diffusion in the local susceptibility field gradients to
T, measurements. R, values measured with varying 7cp and four 180°pulses (4P-R5),
and with 0°pulses (DP-R,) were not significantly different from R, measured with
double spin echo (SE-R;), indicating that there is no significant 75, contribution to
the signal during the pulse sequence. Mean diffusivity was (6.842.2)-107° mm?/s
for fat, and (1.440.8)-10~* mm?/s for water, and mean magnitudes of gradient fields
calculated using (4.19) were (7.440.9)-10~° T/m and (6.6+0.3)-107% T/m for fat and
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Figure 7.9: (a) R, of fat and water components of bone marrow obtained with different pulse
sequences. SE-spin echo, CP-Carr-Purcell, DP-dummy (0°) pulses inserted (see Fig. 2), 4P-
four 180°pulses with different intervals. (b) T}, dispersion for fat and water at on-resonance
frequencies.
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Figure 7.10: Results for glass-bead phantoms with interstitials filled with turnip rape oil. (a)
Mean R; values of the phantoms obtained with different pulse sequences. (b) 11, dispersion.
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Figure 7.11: Results for glass-bead phantoms with interstitials filled with CuSO,4-adulterated
water. (a) Mean R, values of the phantoms obtained with different pulse sequences. (b) 77,
dispersion.
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Figure 7.12: Binarized microCT images of phantoms of glass beads with diameters of (a) 150-
212 pum, (b) 212-300 pm and (c) 425-600 pm, and (d) bovine trabecular bone (mean trabecular
thickness 138 pm).

Table 7.6: MicroCT parameters calculated for glass bead phantoms and mean+SD values for
the bone samples.

BV/TV [%] Tb.Th [pm] Tb.Sp [pm] Tb.N [1/pum] SMI
150-212 pm 35.0 104.3 593.5 3.7:1073 0.419
212-300 pm 33.5 128.1 635.6 3.1:1073 0.662
425-600 pm 46.7 4189 867.7 1.9-1073 -0.421
bone 30.843.6  163.8428.7 814.04£58.5 (1.940.3)-1073 -1.502+1.795

water, respectively. R,,¢ did not vary significantly as a function of B;, whereas R,
revealed an increasing trend (Figure 7.9b).

For glass bead phantoms, the trend of R, for oil was similar to that of the fat com-
ponent of bone marrow but the absolute values were lower, and the relative values of
4P-R, were smaller (Figure 7.10a). R, showed an increasing trend as a function of 5,
for all bead sizes, with the smallest values for the largest beads which had a diameter
of 425-600 pm (Figure 7.10b). The results were similar for water (Figure 7.11).

7.4.2 Spectroscopic NMR parameters and structural properties

Binarized images of glass bead phantoms and trabecular bone are shown in Figure
7.12. All phantoms had greater BV/TV than the mean value of bone samples (Table
7.6). The thickness of the trabeculae of bone samples was between that of the middle
size and largest beads, and trabecular separation of bone samples was greater than in
the phantoms except for the largest beads. SMI of phantoms was quite different from
that of bone, and the SMI of bone displayed considerable variation. The closest pos-
sible packing scheme, namely hexagonal close packing, of identical spheres provides
the volume fraction of 74 % [91]. In the case of the phantoms, the variation in glass
bead diameters and the interstitial fluid decreased the volume fraction.

For fat, significant linear correlations (p<0.01) were established between SE-R, and
SMI (r = 0.83), and between CP-R; and Tb.Th (r = 0.77) (see study 1V, Table 2). The
magnitude of the susceptibility gradients correlated significantly (p<0.01) with SMI (r
= 0.83 for fat and r = 0.64 for water). R,,; correlated significantly with Tb.Th, Tb.N.
and SMI at all B, strengths, whereas linear correlations were established between
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R1,w and Tb.Th at the five smallest B, strengths, and between R;, ., and Tb.Sp for all
B strengths except for 0.18 mT. The strongest correlations were found between R;,
and SMLI. In the fat specimens, the correlation coefficients did not vary significantly as
a function of B, strength.



CHAPTER VIII
Discussion

8.1 Quantitative MRI and articular cartilage

A significant difference in 75 between the two field strengths was observed, however
the depth-wise profiles displayed a similar shape, with an offset of about 20 ms. This
probably relates to the different orientation of the sample, in particular to the collagen
network, which is known to affect significantly the 75 relaxation time via the dipolar
interaction [201, 202]. When cartilage surface is oriented parallel to the B, field, the
collagen fibers of radial zone are perpendicular to the B;, which considerably dimin-
ishes the nuclear dipolar interaction compared to the orientation with the articular
surface perpendicular to the By, increasing the signal detected from the deep carti-
lage. Since the radial zone is the thickest layer in cartilage, this may partly explain
the difference in 75 between the field strengths. The thickness of the superficial layer
is smaller than the pixel size applied at 1.5 T, thus the effect of the most superficial
collagen fibers parallel to the By is limited. Formerly, the dependence of 75 on colla-
gen orientation has been confirmed by polarized light microscopy [203, 142], and the
collagen-related role of 75 has been shown by enzymatic digestions [140]. 75 at 1.5 T
was measured using a multiecho sequence, which has been reported to increase the
measured 75 relaxation time [112, 125].

Also dGEMRIC showed a significant difference between the field strengths but the
depth-wise profiles were not as similar as 75 profiles. 7} of cartilage is considered to
be insensitive to B, direction [70], thus the different sample orientation should not
significantly affect the results. Measurements at 9.4 T were conducted using detached
cartilage plugs, thus the diffusion of the contrast agent into deep cartilage may have
been more efficient than for intact patellae measured at 1.5 T. The correlation times
associated to 77 at 1.5 T and 9.4 T are significantly different [48], which may partly
explain the different behavior of Gd-DTPA?~-enhanced T; at different field strengths.

The correlation of the mechanical properties with MRI parameters varied from
poor to excellent among the test locations and parameters, with dGEMRIC showing
the highest correlation coefficient at 9.4 T, whereas 75 yielded higher correlations at 1.5
T. These results suggest that the dynamic mechanical properties of cartilage, related
to the collagen network, may be assessed also at clinically relevant field strengths,
whereas the static compressive strength, primarily modulated by PGs, can be more
closely evaluated by dGEMRIC at higher field strengths. This may partially be due

67
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to the different effects of relaxivity at different field strengths. At 8.5 T, the relaxivity
of articular cartilage has been reported to be similar to that of saline and to be in-
sensitive to compression or trypsinization [39]. The present results suggest that the
contribution of relaxivity varying as a function of macromolecular content [177] is
more significant at lower field strengths.

The linear correlation coefficients between MRI and mechanical parameters were
not as high as reported earlier for animal tissue at high field strengths [139, 143]. This
may be due in part to the heterogeneous sample population, but also suggests that
the mechanical properties of degenerated cartilage cannot satisfactorily be explained
by only one MRI parameter. It seems that enzymatic digestion of a single structural
component can significantly modulate the mechanical properties of normal cartilage,
but in degenerated tissue, the interaction between different constituents and the me-
chanical properties is much more complex. 75 relaxation time was measured in the
presence of Gd-DTPA?~ for a consecutive measurement of 7, and dGEMRIC. The con-
trast agent, however, has a minimal effect on 75 relaxation time at low equilibrating
concentrations, such as the one used in this work [138]. The present results also show
that 75 in the presence of Gd-DTPA?" is able to assess the mechanical properties of
cartilage.

Mechanical properties of articular cartilage demonstrate significant topographical
variation [79, 98]. The topographical variation of 75 at both field strengths was similar
to that of E, and the linear correlations between 75 and E; . were significant both at
1.5 T and 9.4 T. dGEMRIC showed a very weak topographical variation that did not
follow the variation in the mechanical moduli. The PG content has been reported to
decrease with cartilage degeneration [189, 119] and vary as a function of the loading
conditions [190]. The variation in loading conditions between different joint surfaces
or topographical locations and differently adapted macromolecular composition can
further complicate the use of a single MRI parameter as a surrogate marker for me-
chanical properties [165]. However, linear correlations within some of the individual
test sites were high and significant, while at some sites no significant correlations ex-
isted. Similar results on human knee cartilage have been previously reported [97].

The correlation between 75 and collagen content was weaker than reported earlier
[140]. This may also be related to different sample orientations, as discussed above.
T, has been reported to be sensitive also to PG changes in porcine articular cartilage
at 2.35 T with articular surface oriented along the direction of the B field [193]. When
applying this orientation, the collagen fibers in deep layer of articular cartilage, the
thickest layer, are perpendicular to the By field which considerably diminishes the
nuclear dipolar interaction compared to the orientation with articular surface perpen-
dicular to the B, field. Such an orientation may lead to a diminished contribution of
collagen-related relaxation mechanisms and other, PG-related mechanisms may play
a more important role. Hence, this might partially explain the association between 75
at 1.5 T and PG content.

At 1.5 T, T; relaxation time of cartilage increased significantly as the extent of de-
generation, whereas 7, measured at 9.4 T showed a similar trend, but it was statis-
tically insignificant. On the other hand, dGEMRIC at both field strengths showed
a decreasing trend with degeneration but changes were significant only at 9.4 T. In-
creased 75 values have been earlier related to advanced degeneration in human carti-
lage [155, 38, 40] and rhesus macaque [50], however, both increase [140] and decrease
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[126] in T3 has been reported in a study utilizing enzymatic digestion.

As far as is known, this study is the first histological verification of relationship be-
tween dGEMRIC and OA-related changes in human articular cartilage. While dGEM-
RIC revealed a decreasing trend with degeneration, these differences were not statis-
tically significant between groups with no or minimal and moderate degeneration at
either field strength. This suggests that dGEMRIC, unlike 75 relaxation time, may not
be sensitive enough to detect the earliest degenerative changes. However, the histo-
logical results show that PG content is significantly different between all groups but
the difference in collagen content is not significant between sample groups with no
or minimal degeneration and moderate degeneration. This is in disagreement with
the current understanding of the relation of the present quantitative MRI techniques
and cartilage composition and structure, and implies that the relaxation processes in
cartilage are more complicated than currently understood.

The 1.5 T MRI measurements were conducted using intact patellae, whereas for
the 9.4 T experiments and biomechanical testing, cartilage disks without subchondral
bone were prepared. After isolation from bone and surrounding cartilage, samples
occasionally experience swelling and curling [170], which may alter the macromolec-
ular density and other material properties and thus affect the results, especially in
the degenerated samples. Previous results also indicate that while the orientation of
the collagen fibers is preserved also in detached cartilage disks, the collagen network
density may be considerably decreased [85]. Mechanical testing of the deformed car-
tilage samples under unconfined conditions increases the measurement uncertainty,
and some of the samples had to be excluded for this reason. Further, a thin layer of
the deepest cartilage may have been left attached to the bone surface during sam-
ple preparation, which could bias the biomechanical measurements. Although the
collagen network and thus the mechanical properties of cartilage may have been al-
tered while detaching the disks, unconfined compression is considered to provide an
accurate technique to measure intrinsic tissue properties. The only measurement ge-
ometry applicable for intact articular surface, namely indentation, necessitates more
complex modeling approaches to extract material parameters. Moreover, the size of
9.4 T magnet bore required small sample size.

All the samples were pooled for most of the correlation analysis. This may af-
fect the results via interdependencies between the samples originating from the same
patella. While calculating the correlation coefficients for individual measurement
sites, varying results were obtained for different sites. Statistical analyses also re-
vealed significant differences in 7, and elastic moduli of cartilage between different
sites.

8.2 Quantitative NMR and trabecular bone
QUANTITATIVE MRI OF TRABECULAR BONE

The correlation coefficients between BMD and MRI-derived bone volume fractions
were modest but similar to those reported in previous works [107, 109]. It has been
previously reported that correlation coefficients between R} and BMD differ consider-
ably at different anatomical locations [81, 107]. In addition, R} is reported to depend
also on trabecular orientation [33, 75].
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Bone mineral density seemed to assess the mechanical properties of trabecular
bone more accurately than Rj. It has been shown that due to the anisotropic trabec-
ular architecture, there is a variable relationship between elastic modulus and bone
density over different anatomical locations [131]. It has also been shown that there is
no uniform trabecular orientation over the entire human patella [153, 182], the tissue
of interest in the present study. The o, is suggested to be less dependent on trabecular
orientation [183], and both 15 and BMD correlated indeed more strongly with o, than
with E;,. However, based on these reports, the results of the current study cannot be
directly generalized to other anatomical sites.

The assessment of mechanical properties was improved when BV /TVgg and R;
relaxation rate were combined into a linear regression model, compared to those of
BV/TVse, BV/TVge and Rj alone, as also reported in earlier studies [75, 149]. Con-
trary to the MRI results, combining BMD and BV/TV qcr into a linear model did not
improve the correlation with mechanical properties. The highest correlation with the
mechanical properties was achieved with BV/TVqcr, but the differences between
imaging modalities were not statistically significant. This is evidence of the feasibil-
ity of using MRI-derived variables in the assessment of the mechanical and struc-
tural properties of human trabecular bone. Further work is needed to determine
the optimal combination of different variables and to analyse the effect of trabecu-
lar anisotropy at different anatomical locations.

Bone mineral density decreased along with osteoarthritic degeneration of carti-
lage. This is contradictory to previous results from histological evaluation of human
samples [17, 122]. This may be due to a different choice of region of interest. In the
present study, dense subchondral bone was omitted from analyzed regions since it
provides a negligible NMR signal, and this might have excluded a possible sclerosis.
Some samples showed sclerotic changes near the subchondral plate in pQCT images.
The decrease in mineral density of trabecular bone may partially be explained by age-
related changes, such as osteoporosis.

Mechanical properties of articular cartilage and trabecular bone revealed a similar
decreasing trend as the extent of cartilage degeneration increased but there were no
significant linear correlations between these two parameters. Nonetheless, the MRI
parameters of cartilage and bone were correlated. This suggests that the chain of
degenerative changes is complex and will require further evaluation. Some of the
linear associations were higher when only the samples with no or minimal degener-
ation were included. This result, together with the findings of earlier studies using
enzymatic digestion, suggests that quantitative MR parameters reflect the mechanical
properties of healthy tissue but the actual degeneration affects the tissue in a complex
way. Additionally, there might be several subprocesses in OA development and thus
quantitative parameters sensitive to single joint tissue component cannot detect all
degenerative changes.

The difference in the in-plane resolutions between different imaging modalities
has only minor significance in bone mineral density and R measurements as bulk val-
ues were calculated by averaging the values over the entire region of interest. How-
ever, the accuracy of the determination of bone volume fraction may be affected by
limited resolution. The nominal resolutions of pQCT and MRI resolution were simi-
lar (200 ym and 234 pum, respectively), both being over twice the average trabecular
thickness. The resolution in the third direction is dictated by the slice thickness. For
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pQCT and MR, the slice thicknesses were 0.5 mm and 1 mm, respectively. This dif-
ference may affect the accuracy of the calculations. BV /TV,qcr was determined using
a single slice, whereas BV /TV g was calculated from VOI consisting of ROIs in seven
consecutive slices. It has been shown that the bone volume fraction measured by mi-
croCT with a pixel size considerably smaller than the size of the trabeculae is able to
assess the mechanical properties accurately [187], but that also a more coarse resolu-
tion can be used for assessing the bone volume fraction [100]. As the spin densities
are averaged over a larger volume of interest, the calculation of bone volume fraction
using the spin echo technique is quite independent of the resolution. This might be a
feasible method; however the lack of a significant correlation with mechanical prop-
erties is a considerable drawback. The use of an oil phantom with properties as close
to those of human fat tissue as possible might improve the correlation. In addition to
resolution issues, images acquired using the traditional gradient echo sequence may
not be ideal for calculation of the structural parameters of trabecular bone. Better
results have recently been obtained using steady-state free precession (SSFP) [9, 195]
and fast large-angle spin echo (FLASE) [111, 195] sequences.

The ideal specimen length-diameter ratio for mechanical testing would be much
larger than 1:1 to reduce boundary effects occurring at the ends of the specimen [185].
However, the physical dimensions of the patellae did not allow the isolation of longer
samples from the predefined locations and the diameter of the cylinders could not be
diminished because the integrity of the trabecular grid would have been excessively
decreased. These boundary effects may in part account for the weaker linear corre-
lations between the mechanical properties and BMD and partly between mechanical
properties and MRI variables than previously reported [20, 75, 107].

SPECTROSCOPIC NMR OF TRABECULAR BONE

Diffusion in local field gradients generated by magnetic susceptibility difference be-
tween bone and bone marrow is the evident explanation for the correlation between
T, relaxation and structural parameters of bone. This is supported by the fact that
R, was significantly decreased when the delay between refocusing pulses was de-
creased, and that this decrease was much more pronounced for water than for lipids,
reflecting their different diffusion properties. Interestingly, water and lipids probe a
clearly different diffusion regime. Fat T, showed significant correlation with Tb.Th,
while water 75 did not. This is likely because of higher motional averaging for water
than for fat. The apparent magnitude of local gradient field calculated from 75 mea-
surements with different 7cp was smaller for water than for fat. This might also be
explained by motional averaging. The assumption that there is a linear field gradient
may also influence the result, as in reality, the gradient shape is more complex. Also,
strong background gradients in the sample may cause bias to the measured diffusion
values.

Theoretical models for T, relaxation are discussed in study IV. The present data
reveal a significant correlation between both lipid and water 77, values and structural
bone parameters, evidence of a possible contribution of diffusion to the macroscopic
field gradients. Decreased R,, with low B; values was observed for water. It should
be noted that this kind of 7}, dispersion is opposite to that usually obtained from soft
tissue where the dipolar interaction is the governing relaxation mechanism. While
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the presented description of observed T3, changes remains speculative, it provides
some insight into possible mechanisms. However, more complete theoretical formal-
ism with simulations is required to better understand the behaviour of T}, relaxation
under this kind of experimental conditions.

The current measurements were performed at room temperature. At body tem-
perature, diffusion is faster which will influence relaxation and averaging effects. On
the other hand, local field gradients are reduced in the lower magnetic field strengths
(1.5-3 T) currently used in hospitals. These two effects may partially compensate for
each other, and considering the different diffusion regime probed by water and fat, it
is likely that an optimal combination of local field gradient strength, diffusional dis-
placement and experimental parameters (B, 7cp) can be found. At birth, nearly 100%
of bone marrow is red marrow, but the proportion of yellow marrow increases with
aging [35]. Therefore, it is essential to perform validation using cadaver samples with
different ages and osteoporotic stages. Compared to the current morphometric meth-
ods, the acquisition of spectroscopic data is fast, and its further analysis is simpler
since no binarization or complex post-processing is required. In general, there are
no obstacles to implement this method clinically, since spectroscopic sequences are
available for clinical scanners, and 7}, measurements have been conducted for joints
within acceptable SAR levels [156]. However it may be difficult to find a coil suitable
for 77, measurements in locations relevant to osteoarthritis or osteoporosis, such as
the hip.

8.3 Quantitative MRI in OA detection

T, appears to provide feasible tools for assessing cartilage properties also at clinical
field strengths, although it cannot fully characterize the mechanical properties of car-
tilage. 75 mapping can reflect some of the topographical variation in mechanical prop-
erties of human cartilage at both field strengths, while dGEMRIC exhibits significant
correlations with mechanical parameters within individual topographical locations at
high field strengths. These results will likely have relevance when interpreting quan-
titative MRI measurements in vivo.

Based on the present results, the characteristic changes during osteoarthritis in-
clude a decrease in elastic moduli of bone and cartilage, a reduction in the PG and
collagen contents of cartilage and bone mineral density and a decrease in volume
fraction of trabecular bone. The current results suggest that parallel changes in car-
tilage and bone in degenerative joint disease can be detected with quantitative MRI
techniques, particularly 75 of articular cartilage and linear combination of R} and
BV /TV¢g of trabecular bone. Even though previous and present results suggest that
T, is sensitive to more than one structural component of articular cartilage, it does
seem that 75 can detect the different stages of osteoarthritis.

It is noteworthy that human OA is considered to be more complex than any diges-
tion model selectively affecting specific cartilage components and that many tissues
are involved in the degenerative processes. The results from these and earlier studies
suggest that the relaxation mechanisms in articular cartilage are complex and may be
different at different field strengths, warranting further studies.
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8.4 Future objectives

Based on the present results, several issues are proposed for aims of the further stud-
ies:

The present results were obtained by investigating human patellae. Due to the
different structure, composition and loading conditions, these results may not be gen-
eralized to other sites. Similar studies should be performed using other articular sur-
faces that are subject to osteoarthritic changes to evaluate topographical variations
and interrelationships of different parameters.

The relation of 75 and different degeneration mechanisms needs to be clarified to
find an explanation for the increasing and decreasing 75 values seen during degener-
ation and the correlation between 75 and different cartilage constituents.

The relaxation mechanisms behind the dGEMRIC technique seem to be depen-
dent on field strength, and the method needs further validation in clinically applied
field strengths. In addition, the diffusion of the contrast agent into cartilage also re-
quires further study, particularly in the in vivo situation to improve the estimation of
contrast agent concentration in cartilage.

The spectroscopic method for assessment of the trabecular structure is introduced
here with the first results obtained in vitro using bovine specimens. The method still
needs further study with appropriate modeling and validation, first in vitro and fi-
nally in vivo in a clinical setup.
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CHAPTER IX

Summary and conclusions

In the present study, quantitative MRI and MRS methods for characterizing the
structure and mechanical properties of trabecular bone were validated against estab-
lished reference methods, such as mechanical testing, histological methods, periph-
eral quantitative computed tomography and microCT measurements. The main con-
clusions from the present study are summarized as follows:

1.

T;, relaxation times of articular cartilage display similar trends at different field
strengths, whereas the trends of dGEMRIC at different field strengths are partly
contradictory.

. T; provides the best correlation with compressive stiffness of articular cartilage

at 1.5 T, whereas dGEMRIC offers the best correlation at 9.4 T.

. T, relaxation time is able to assess the compressive stiffness of articular cartilage

also in the presence of Gd-DTPA?" contrast agent.

. At1.5T, T; relaxation time can discern different stages of cartilage degeneration,

while dGEMRIC seems to be too insensitive to detect the earliest degenerative
changes in the composition of cartilage. At 9.4 T, dGEMRIC is able to detect ad-
vanced degeneration of cartilage, whereas 75 reveals no significant differences
between samples with different degrees of degeneration.

. Combination of R} and bone volume fraction as determined by MRI provides

a more accurate assessment of both the mechanical properties and BMD of tra-
becular bone than R;, BV/TVsg or BV/TVE alone.

. There are significant relations between MRI variables of bone and cartilage indi-

cating parallel changes during degeneration. The degenerative changes during
OA seem to be complex, and no single MR parameter seems to be adequate in
characterizing them.

. Spectroscopically determined 73, Carr-Purcell 75 and T3, for water and fat may

be feasible for the assessment of the trabecular structure.

75
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