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ABSTRACT

Cartilage-related diseases, such as osteoarthrosis (OA), threaten the wellbeing of the human loco-
motory system, resulting in considerable economic hardship and a decrease in the quality of life of
individuals. Quantitative magnctic resonance imaging (MRI) is potentially the best noninvasive
means for the characterization of the structure and composition of articular cartilage. In this study,
two quantitative 1H NMR relaxation techniques were investigated n vitro at 9.4 Tesla using bovine
cartilage, one of the techniques being applied in vivo to asymptomatic volunteers and orthopaedic
patients at 1.0 Tesla.

The effect of enzymatically induced collagen or proteoglycan (PG) degradation on T relaxation
time and compressive stiffness of bovine patellar cartilage was investigated. The relationship
between the depthwise varying 75 relaxation time and collagen network anisotropy, as revealed by
polarized light microscopy, was surveyed. Gd-DTPA -enhanced 77 imaging for PGs was correlated
with the normal and enzymatically induced depthwise variation of cartilage PG content, as revealed
by digital densitometry. Further, the feasibility of using the aforementioned MRI techniques for
mechanical characterization of normal bovine humeral and patellofemoral cartilage was explored.
Finally, delayed Gd-DTPA -enhanced T} imaging in vivo was applied in asymptomatic volunteers,
and patients who had undergone autologous chondrocyte transplantation surgery and arthroscopic
stiffness measurements.

T relaxation time of superficial cartilage was only altered by the digestion of the collagen
network, while both digestion of collagen and PGs reduced Young’s modulus, a measure of the
compressive stiffness of cartilage. In normal tissue, the spatial variation of 75 was highly corre-
lated with the organization of the collagen network, as assessed by polarized light microscopy. 11
relaxation time in the presence of the contrast agent Gd-DTPA and MRI-resolved contrast agent
concentration correlated highly with the spatial PG content of normal and PG-depleted tissue, how-
ever, some overestimation of deep cartilage PGs was observed. Ty relaxation time and Gd-DTPA
-enhanced 77 imaging parameters were moderately to highly correlated with Young’s modulus,
dynamic modulus, aggregate modulus and Poisson’s ratio of samples. In asymptomatic volunteers,
a depth-dependent increase in T; relaxation time after intravenous administration of Gd-DTPA
was often revealed, this being attributable to the spatial variation in PG content. The technique
revealed a PG replenishment in surgically engineered tissue, however, arthroscopic indentation
stiffness measurements were indicative of an immature collagen network in grafts.

In conclusion, the investigated quantitative MRI techniques appear as promising tools for the
characterization of the structure, composition and functional properties of articular cartilage in
vitro. Further work is required to demonstrate their suitability for clinical diagnostics.

National Library of Medicine Classification: QT 34, WN 185, WE 300, QS 532.5.C7

Medical Subject Headings: cartilage, articular; magnetic resonance imaging; biomechanics; mi-
croscopy, polarization; microspectrophotometry; collagen; proteoglycans; osteoarthritis / diagno-
sis; chondrocytes / transplantation
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CHAPTER [

Introduction

Osteoarthrosis (OA), a disease of increasing prevalence and impairment, affects the
wellbeing of countless individuals on a global scale and leads to a huge economic
burden on the society. In United States, different forms of arthritis have resulted in
costs of 64.8 billion dollars in 1992 [166]. The total costs related to musculoskeletal
conditions were 149.4 billion dollars, of which approximately half was due to direct
medical expenses and the rest due to lost wages.

The first sign of OA is the degeneration of the extracellular matrix of articular
cartilage. This leads to an impairment in the mechanical properties of cartilage
tissue, critical to normal joint function. Erosion of cartilage tissue begins and, when
it has sufficiently progressed, the only therapy is total joint replacement. Con-
ventional clinical modalities, such as X-ray imaging of joint space narrowing and
invasive arthroscopy, are frequently too insensitive to detect the early stages of the
disease process. Thus, there is a need for quantitative techniques that would enable
the evaluation of the structural and compositional, or even the mechanical, integrity
of the tissue. These techniques would also serve in predicting the outcome of rapidly
developing tissue engineering approaches for cartilage repair.

Magnetic resonance imaging (MRI) has proven to be essential in the diagnos-
tics of musculoskeletal diseases [106]. Increase in magnetic field strengths and other
advances in imaging technology enable the effective noninvasive evaluation of sub-
tle, highly specialized tissues such as articular cartilage. Particularly, 'H nuclear
magnetic resonance (NMR) relaxation properties of tissue can provide previously
unattainable information on the macromolecular phase of tissue that interacts with
MRI-visible water protons. Thus, quantitative MRI holds great potential for future
diagnostics of degenerative joint diseases.

In this study, a high magnetic field approach was used to develop, validate and
apply two quantitative MRI techniques for the evaluation of the structure, compo-
sition and mecchanical characteristics of articular cartilage. Onc of the techniques
was further applied in vivo. Quantitative microscopic assessment of the tissue ul-

15



16 1. Introduction

trastructure and/or biomechanical measurements provided a selection of sensitive
reference techniques for the characterization of normal, enzymatically degraded and
engineered cartilage tissue.



CHAPTER II

Structure of articular cartilage

2.1 Cartilage constituents

Articular cartilage is a highly specialized, avascular and aneural translucent tissue
that forms smooth gliding surfaces at the ends of articulating bones. Cartilage has a
demanding mechanical task to resist loads that are transmitted through joints, and
it provides almost frictionless surfaces to allow unhampered locomotion. Cartilage
consists of three main phases: () the interstitial water that comprises 60-80% of the
wet weight, (i) chondrocytes that occupy about 1% of the tissue wet weight, and
(77) the extracellular matrix (ECM), i.e. the collagen network and proteoglycans
(PGs), that account for the remaining 20-30% of weight [107]. The cartilage thick-
ness, typically 2-bmm for human, and mechanical properties vary between species
and different joints [139, 11].

2.1.1 Collagen network

Fibril-forming collagens, mainly of type Il collagen, form a highly organized, an
isotropic three-dimensional fibrous network in articular cartilage. Collagen is the
major constituent of cartilage, accounting for the largest portion of organic material
in the tissue, 15-22% of tissue wet weight [117]. The basic element in collagen is a
coiled structure composed of three polypeptide chains, each with an elastic modulus
of about 270MPa [148], forming a right-handed triple helix of 1.5nm in diameter
[154]. These architectural building blocks further form fibrils together with other
matrix macromolecules [44], with diameters ranging from 20 to 200nm [117]. The
relative portion of collagen of tissue dry weight decreases from superficial to deep
cartilage [153].

Using polarized light microscopy (PLM), Benninghoff demonstrated the varying
arrangement of collagen fibrils at different depths of cartilage (Fig. 2.1) [19]. Ac-
cording to this modecl, cartilage can be divided depthwise to zones in terms of its
collagen fibril arrangement:

17



18 2. Structure of articular cartilage

1. the tangential zone (superficial zone): collagen fibrils are arranged in parallel
to the articular surface and begin to arcade towards zone 2. The zone shows a
high PLM signal. This accounts for approximately 5-15% of the total cartilage
thickness in human;

2. the transitional zone (intermediate zone): superficial fibrils have turned to
form a randomly organized meshwork of fibrils in this zone. Isotropy results
in low or null PLM signal. Approximately 1-15% of the thickness;

3. radial zone (deep zone): fibrils of the transitional zone become radially ar-
ranged and are anchored to the calcified cartilage at the cartilage-bone-interface
(often a tidemark is seen at this interface). The PLM signal is high in this
zone. The zone accounts for about 70-90% of the cartilage thickness.

This characterization provides a framework to describe the cartilage structure, for
example, by measuring thicknesses or quantitative optical parameters, such as bire-
fringence of polarized light, in different tissue zones [8, 7]. Recent studies, however,
have demonstrated that the collagen network, in fact, may be more complicated
[61, 164]. For example, the fibrils were reported to be differently organized in the
weight-bearing and non-weight-bearing regions of the joints [45, 57].

2.1.2 Proteoglycans

PGs are the other major macromolecular constituent of cartilage in addition to col-
lagen, and account for 4-7% of the tissue wet weight [117]. PGs consist of a core
protein, which has covalently bonded glycosaminoglycan (GAG) chains attached to
it. Chondroitin- and keratan-sulfated GAGs are the most abundant GAGs found in
cartilage. PG monomers combine to form large aggregates [118, 65]. The sulfate and
carboxyl groups of chondroitin and keratan sulfate are negatively charged, giving
rise to a high fixed charge density (FCD) of the tissue. Together with the colla-
gen network, PGs account for the complex electromechanical and physicochemical
interactions in cartilage [63, 46, 47].

If a sample of cartilage is placed in an electrolyte solution, the fixed charge in car-
tilage attracts external positive ions from the solution to satisfy the electroneutrality
condition of the ion concentrations in cartilage

antionccation = Zanioncanion + C(immobile anion» (21)

where C' is the molar concentration of ions and z is their valency. The distribution
of small ionic solutes is considered to obey the Donnan equilibrium equation [100]

! Zeation Zanion
Geation _ { Qanion (2.2)
. o ! ? :
Gceation Qanion
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tangential zone

transitional zone

radial zone

subchondral bone

Figure 2.1: Macromolecular structure of articular cartilage (left): the three-
dimensional collagen network (black lines) and the depthwise PG concentration gra-
dient (tone darkens with increasing concentration). Polarized light microscopic image

(right) of human cartilage is shown (2.5x magnification).

where a and o refer to the activities of ions in cartilage and solution, respectively
(a = I'm, I’ = activity coefficient, m = molality). The Donnan effect will result in an
unequal distribution of diffusible ions between the tissue and solution. Since more
molecules (mobile ions and macromolecules) are present in cartilage, the resulting
osmotic imbalance is counteracted by the in-flow of water. The osmotic pressure is
given by the difference of pressures between the two compartments

Al =TI —1T'. (2.3)

In unloaded tissue, this pressure is counterbalanced by tensile forces of the elastic
collagen network. Since osmotic pressure is dependent on the number of active
particles, not their size, the ionic Donnan contribution is believed to be mainly
responsible for AIT [100]. For the Donnan contribution of cations and anions 4

Il =R,T Z i (2.4)

"= R,T Z ¢y, (2.5)



20 2. Structure of articular cartilage

where R, is the universal gas constant, 1" is absolute temperature, m is the molal
concentration of ions and ¢ is the osmotic coefficient of cations or anions in different
compartments.

PGs are nonhomogeneously distributed throughout cartilage. In healthy tissue,
the PG concentration is lowest at the articular surface and increases when one
moves towards deeper parts of the tissue. Often a plateau is observed in the PG
concentration of deep cartilage [101, 81].

2.1.3 Interstitial water

The space surrounding macromolecules and chondrocytes is filled with water, having
electrolytes dissolved in it. A small amount of water is contained in chondrocytes.
About 30% of water is in the intrafibrillar space within collagen fibrils, while the
remainder exists in the solution formed by water and PGs [118]. The major fraction
of interstitial water is free and exchangeable [103]. A distinct water-rich layer can
be found surrounding the collagen fibrils, possibly related to a shield produced by
type IX collagen and small PGs decorating the surface of type II collagen [147].

The water content of the tissue is governed by (¢) the concentration of PGs
and the resulting swelling pressure, (i7) organization of the collagen network and
(ii¢) the strength and stiffness of the collagen network that resists PG swelling
[2, 105, 104]. Thus, the anisotropic structure and composition of the ECM results
in an nonhomogeneous distribution of water. The water content is highest in the
superficial tissue and decreases towards the deep tissue [90, 22].

2.1.4 Chondrocytes

Chondrocytes are specialized cells that manufacture and maintain the ECM. Carti-
lage is relatively acellular. Cells occupy 1-10% of the tissue volume, yet the relatively
few chondrocytes are capable of producing the fibril-reinforced gel structure of col-
lagen and PGs. This function persists through adult life [146, 119].

In human, the number and shape of chondrocytes change with depth of cartilage.
The cells are most numerous in the superficial zone, where they are small and
flattened in shape. In intermediate tissue, chondrocytes are moderate in size with an
oval or rounded shape. The deep tissue is occupied by large rounded cells arranged
in vertical columns [33, 146].

2.1.5 Interaction between constituents

The collagen network and PGs in articular cartilage are functionally interdepen-
dent. Molecular interactions occur via collagen-collagen, PG-collagen and PG-PG
interactions, that are important for the functional integrity of the tissue [23, 118].
Covalent collagen-collagen cross-linking is essential in providing a strong and stiff
collagen network [117]. The physical interaction between collagen and PGs can
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arise from either (7) electrostatic forces, in which negative groups of GAGs interact
with positively charged groups of collagen or (i7) due to the strong frictional inter-
action between PGs and the collagen network when the swelling pressure of PGs
is restricted by the collagen framework [117, 134]. The PG-PG interaction within
cartilage arises from the repulsive forces between negatively charged GAGs [117].
The size of PGs and their ability to form large aggregates have an important role in
retaining the molecules in the tissue [126]. Finally, the interaction between matrix
macromolecules and the solvent accounts for swelling by the affinity of the ECM to
imbibe water [42].

2.2 Osteoarthrosis

OA is a destructive joint disease that is one of the most common causes of im-
pairment of middle-aged and elderly people. It is characterized by a progressive
deterioration and localized erosion of cartilage, remodeling of subchondral bone and
formation of osteophytes, though the disease usually involves all tissues that form the
synovial joint [25]. The disruption of the cartilage ultrastructure dramatically im-
pairs the mechanical characteristics of the tissue [6], leading to an imbalance between
the mechanical demands and joint loading. In spite of the highly developed struc-
ture with remarkable mechanical characteristics of healthy tissue, cartilage lacks
the capacity to adequately repair structural damage, especially that of the collagen
network [25].

The first signs of cartilage degeneration involve PG loss, disruption of the colla-
gen network, an increase in the water content and remodeling of subchondral bone
122, 14, 99, 129]. In the second stage, chondrocytes respond to alterations by in-
creasing the synthesis and degradation of the matrix molecules, aiming at restoring
the normal tissue structure and composition. Finally, the failure of the chondrocytic
response leads to a loss of cartilage, probably related to mechanical damage of the
tissue [25].

A major problem in the diagnosis of cartilage-related diseases arises from the fact
that the early stages of disease are often asymptomatic due to the anervous structure
of the tissue. When symptoms do occur, intervention is often necessary. Surgical
repair techniques have been developed in the past decades to restore the articular
cartilage in joints. These methods include osteotomy, débridement and penetration
of the subchondral plate, allogenous or autogenous grafts and autologous chondro-
cyte transplantation [121, 25]. There is a clear need for quantitative techniques to
detect cartilage degeneration and monitor the outcome of rapidly advanced cartilage
engineering techniques. Conventional diagnostic modalities, such as X-ray imaging
of joint space narrowing and invasive arthroscopic examination, are often too insen-
sitive to reveal the carly stages of the discase process before macroscopic changes
in tissue start to appear. The advanced use and development of both qualitative
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and quantitative MRI techniques have brought a considerable improvement in this
respect [26, 106, 4].



CHAPTER III

Quantitative microscopy of articular cartilage

3.1 Polarized light microscopy of collagen network

Anisotropically organized small tissue structures that generate larger macrostruc-
tures, such as collagen in articular cartilage, exhibit the optical property of double
refraction or birefringence (BF'), i.e. the capability to rotate the plane of polarized
light [18]. This is defined by

a

ﬁv

BF (3.1)

where « is the rotation angle of the polarization plane, A is the wavelength of
monochromatic light, 7 is the mathematical constant, and [ is the optical path
length. If an unstained microscopic section is placed in between two perpendicularly
crossed polarizers under monochromatic light, the optical activity of the sample gives
rise to an image. The light that is transmitted through the system is dependent on
the organization, 4.e. anisotropy, and the orientation of the collagenous structures.
The intensity of emerging light I can be related to the angle of rotation in the form
of the Fresnel equation

I =ap+bplysin®a, 0<a<mnw/2, (3.2)

where [ is the intensity of light after the first polarizer, and ar and bz are optical
constants characteristic to the microscope system. After solving for o in Eq. (3.2),

Eq. (3.1) yields
A I—
BF = s arcsin 4 / bFIC(l)F' (3.3)

Principally, quantitative PLM techniques allow the separation of the contribution of
organization and orientation of the collagen network. The system of crossed polariz-
crs, with a A\/4 compensator in between, can be adjusted to visualize the tangential
and radial collagen network with respect to the articular surface. The sensitivity

23



24 3. Quantitative microscopy of articular cartilage

of detection, however, is dependent on the angle of the fibrils themselves. When
approaching the oblique, 45° direction, detection sensitivity gradually decreases and
finally becomes zero. Further, a parallel 45° rotation of the polarizers makes the
system sensitive to the fibrils at 45° orientation, and it is now insensitive to the
tangential and radial directions. With these adjustments, combining two images
by applying the Boolean maximum function (max(z,y) = x, when x > y) for corre-
sponding pixels, an image is produced that reflects exclusively the local isotropy, i.e.
the local organization of the collagen network, while the contribution of the fibril
orientation is minimized. Low or missing local BF refers to tissue structures with
a low degree of organization, typically observed in the intermediate zone, whereas
high values from anisotropic structures are recorded in both the superficial and deep
tissue [19, 18].

3.2 Digital densitometry of proteoglycans

Charged, orthochromatic dyes have successfully been used for microspectrophoto-
metric semiquantitative estimation of PGs in cartilage [80]. Cationic dyes, such
as Safranin-O or Alcian blue, attach to the charged groups of GAGs at optimal
pH conditions. Consequently, the absorbance (A) of electromagnetic radiation by a
specimen, also known as the optical density (OD), is linearly related to the amount
of fixed charge [81, 80]. The Beer-Lambert law defines the linear relationship be-
tween the absorbance and the concentration of a dye (C)

A= a)\Cl, (34)

where a, is the wavelength-dependent absorptivity coefficient and [ is the path-
length. The absorbance of a microscopic section can be calculated from the ratio of
transmitted and initial intensity of light, i.e. transmittance 7;:

A~ —log(T}) — —log (%) . (3.5)

Since absorption is a linear, semiquantitative measure for PGs, calibration with
an appropriate filter set will allow one to relate the transmission of light to a spe-
cific OD value, depicting the concentration of PGs within microscopic sections of
articular cartilage [81, 80].
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Mechanical properties of articular cartilage

4.1 Measurement geometry

The mechanical characterization of articular cartilage is essential for one to un-
derstand its function and competence to fulfill the demanding biomechanical task.
Mechanical properties can be determined using load-deformation experiments, that
disturb the balance between the swelling pressure of PGs and the restrictive forces
attributable to the collagen network.

Loading geometries are classified according to the indenter and sample confine-
ment (Fig. 4.1). Indentation is a traditional in situ measurement geometry, in which
intact or isolated cartilage is pressed with a perpendicularly-aligned rigid impervi-
ous or permeable indenter that is typically plane- or spherical-ended. The indenter
radius should be small enough as compared to the diameter of the sample, other-
wise sample boundaries may affect the material characterization [143]. In unconfined
compression, the sample detached from the subchondral bone, is deformed between
two smooth impervious metallic platens, allowing fluid flow in lateral direction. In
confined compression the sample is inserted in a confining chamber to prevent lat-
eral expansion, and loaded with a permeable piston to allow axial out/in-flow of
fluid from the sample. Three loading schemes are typically applied, i.e. the stress-
relazation, creep, and dynamicloading. In the first, a constant deformation is applied
and the relaxation of the reaction force is measured as a function of time. The creep
test involves a constant stress while the displacement of the tissue is recorded. In
dynamic loading, several sinusoidal cycles are applied at a certain frequency and
stress or strain amplitude.

4.2 Mechanical parameters

Various modcls have been developed to characterize the loading response of articular
cartilage. Most of these consider cartilage to be homogenous and isotropic material
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Figure 4.1: Different loading geometries for mechanical measurements of cartilage:
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(A) indentation, (B) unconfined compression, and (C) confined compression geome-
tries.

for the sake of simplicity. These include the elastic model that treats the tissue as an
elastic single phasic solid [67], the viscoelastic model [123], the biphasic model [116]
and the triphasic model [85]. Recently developed models, such as the transversely
isotropic biphasic [32] and fibril reinforced models [142, 93, 83], attempt to account
for the more complicated cartilage structure.

For an elastic material that is compressed in unconfined geometry (Fig. 4.1B),
Young’s modulus at equilibrium is determined as the ratio of axial stress (o) and
strain (¢):

o

E,=—. 4.1
: (1)
For indentation, Hayes et al. (1972) originally derived the solution [67]

_omac (1 -1%)

s = , 4.2
€ 2hk (4.2)

where q. is the contact radius of a plane-ended indenter, v is Poisson’s ratio, h
is cartilage thickness and k(%,v) is a theoretical scale factor that accounts for
the finite and variable cartilage thickness [67]. To eliminate the time-dependent
poroviscoelastic behavior of cartilage, F is typically measured from the equilibrium
response.

Dynamic modulus of cartilage is measured to observe the response of the tissue
on a cyclic deformation at a particular frequency [66, 88]. The dynamic modulus

(E4) for a viscoelastic material is complex in nature:
Ey=E\ +iE, (4.3)

where F is the storage modulus, proportional to the clastically stored cnergy, and
FE5 is the loss modulus, describing the viscous energy dissipated in the loading
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process. Typically the complement of Ej; is presented and becomes reduced to the

form
o
|Eal = VE? + By = ?d, (4.4)

where ¢4 is the dynamic stress exerted on the sample. Due to the instantaneous
incompressibility of cartilage, the dynamic modulus for cartilage is typically several
times the equilibrium modulus [29].

Poisson’s ratio describes the lateral expansion of an axially compressed sample,
and is defined as the ratio of lateral and axial strains. It describes the compressibility
of material. Typical values for v of cartilage range between 0 and 0.2 in different
human joints [11, 9, 10, 71]. Instantaneously cartilage is virtually incompressible
under infinitesimal strain, i.e. v =~ 0.5 [72, 158].

Based on the assumption of material isotropy, the aggregate modulus (H,), i.e.
the equilibrium modulus in confined compression, is related via F, and v through
the relation [72]

(1-v)
H, = mEs. (4.5)
Values for H, and E; typically range between 0.5-1.8MPa in healthy human carti-
lage, depending on the joint and topographical location [6, 11, 9, 10, 51].

4.3 Structure-function relationships

Physiological joint loading of articular cartilage generates compressive, tensile and
shear stresses. The poroviscoelastic response of the tissue arises from the composi-
tion, structure and interaction of the ECM constituents, and the flow of interstitial
fluid through the permeable matrix. Upon load, the tissue relaxes and rearranges
itself to reach equilibrium. Removal of the load leads to a resorption of fluid and
the tissue regains its initial configuration.

For cartilage, the interstitial deformation of tissue depends on the depth of tissue
and is attributed to the nonhomogeneous and anisotropic structure of the ECM [72].
The rigid collagen structure in the superficial tissue allows less lateral expansion as
compared to deeper parts of the tissue where the network is not arranged to resist
lateral expansion in an effective manner.

In cartilage, the swelling of PGs is restricted by elastic forces of the collagen
network, providing the tissue resilience [109]. During instantaneous load, cartilage
shows an elastic deformation with no out-flow of fluid [100]. The collagen network
is mainly responsible for controlling this deformation [109, 13]. Finite element mod-
eling (FEM) has revealed the important role of the superficial tissue layer in the
indentation geometry [83]. The degradation of the collagen network corrclates with
the instantaneous deformation [14].
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The porous properties of cartilage that are effective after the instantaneous defor-
mation arise primarily from PGs, and act to restrict out-flow of water by governing
the permeability of tissue [102, 13]. Tissue permeability and solute diffusivity de-
crease with compressive load [27, 127, 128], and water content correlates positively
with permeability [6]. Compressive equilibrium moduli correlate positively with the
GAG content and negatively with the hydration of cartilage [75, 6].



CHAPTER V

MRI of articular cartilage

5.1 'H nuclear magnetic resonance
5.1.1 Precession and excitation

Non-interacting proton spins may occupy two different spin states. When experienc-
ing an external static magnetic field By, the coupling between the proton and the
external field results in an uneven distribution of the proton populations at +1/2
(lower) and -1/2 (higher) spin states, given by the Boltzmann law

N-1/2 _ -AB/kT

= ¢ MB/RT (5.1)
nNi1/2

where n represents the number of spins at different states, AFE is the energy difference
between the states, v is the gyromagnetic ratio, T is the temperature, k is the
Boltzmann constant and £ is Dirac’s constant. The difference between energy states
gives rise to the concept of net magnetization, by which an ensemble of protons can
be treated in a semi-classical manner [30, 35, 64] possessing a macroscopic angular
momentum M. The external static magnetic field B causes a change in angular

momentum, given by

dM
W = "/M X Bo. (52)

The precessional angular frequency wg, known as the Larmor-frequency, is directly
proportional to the amplitude of the external field

Wo :’)/Bo, (53)

where v = 2.675x10® rad s~!T~! for 'H nuclei. The application of an additional
transverse on-resonance field, i.e. a radio frequency (r.f.) pulse at Larmor frequency

B, (t) = B coswgti — By sinwytj (5.4)
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results in a time-dependent behaviour of M in a three-dimensional coordinate sys-
tem. Equations (5.2) and (5.4) yield

dM, :

) (MyBy + M, B; sinwyt) (5.5)
dM

dty = v (M, B cos wot — M, Bg) (5.6)
dM, :

7 =7 (M, By sinwgt + M, By coswyt) . (5.7)

5.1.2 Relaxation

The momentary resonant r.f. pulse disturbs the thermal equilibrium of the spin
system. Following the excitation, the time-dependent evolution of net magnetization
is given by the Bloch equations, derived from (5.5)-(5.7), by supplementing with
appropriate decay terms. The equations of motion are [35, 64]

dM, M,

= woM, — == .
dt Wy y T2 (5 8)
dM, M,
= —woM, — Y .
dt o T, (5.9)
dM, M,— M,
= 5.10
dt T (5:10)

with relaxation time constants 77 and T5. The cylinder symmetric equations (5.8)
and (5.9) yield

M, (t) = e Y/T2(M,(0) coswt + M,(0) sin wt) (5.11)
M, (t) = e~ (M, (0) coswt — M, (0) sinwt). (5.12)

Solving for M, in (5.10) gives
M, (t) = M,(0)e /T 4 My(1 — ¥/, (5.13)

Dipole-dipole coupling is the main source of NMR relaxation in solution or tissue
when 'H protons are the nuclei of interest. Also known as the longitudinal or spin-
lattice relaxation, the time constant T3 in (5.10) characterizes the rate of energy
transfer between a spin and its surroundings, 7.e. the lattice. Energy exchange
will occur until spins and the lattice arc in thermal cquilibrium (sce (5.1)). Simi-
lar to the effect of an external resonant field, nuclear spins are affected by nearby
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time-dependent magnetic fields that arise from rotational molecular motions, chem-
ical exchange and spin diffusion. Also, paramagnetic species or electric quadrupole
interaction of non-1/2-spin nuclei may provide powerful relaxation mechanisms.

The time component of field fluctuations is characterized by the correlation time
7,. Correlation times vary from ~ 10712 for bulk water up to ~ 10~3s for tightly
bound hydration water [24, 52, 82, 92].

The magnetic field of a spin exerted on another depends on both its separa-
tion and relative orientation in the magnetic field (Fig. 5.1). For the transverse
component

3.
B,y = ohd sin  cos 0. (5.14)
For the relaxation rate .
.
— xB? —° . 5.15
T T+ Wi (5.15)

Clearly, the relaxation is most efficient when 7. = 1/wp.

Figure 5.1: The angle-dependent dipolar effect exerted by a proton magnetic field
on another proton in a static magnetic field By. 0 represents the angle between the
vector joining the dipoles and By.

T, relaxation, also known as transverse or spin-spin relaxation, depicts relaxation
processess that involve the interaction of neighboring spins without any exchange of
energy with the lattice. Molecular motions with w < wg will disturb the phase co-
herence of spins and lead to the decay of magnetization in the zy-plane, as described
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by the time constant 7. For the transverse relaxation rate

1
7~ B2t.. (5.16)
Thus, transverse relaxation is more efficient at slower correlation times.

A mechanism of B, variation can be the orientation-dependent dipolar field of a
proton on another given by

T 20
Bzfizmgd (3cos®8 —1). (5.17)

With isotropic molecular motion, as in non-viscous liquids, this angular dependence
of dipole-dipole interaction averages to zero, and known as motional narrowing.
However, in substances where the rotational motion is restricted and anisotropic, or
even fixed as in solids, the effect described by (5.17) may induce a significant source
of magnetic field inhomogeneity and thus contribute to Aw and consequently to
T, as seen in (5.16). It is readily seen from (5.17) that the "static” dipolar effects
arising from the anisotropy are minimized when § =~ 54.7°, known as the magic
angle. Andrew et al. (1959) were the first to show that the resonance linewidth in
solids, usually very broad, could be narrowed down by a specimen rotation at this
critical angle [5]. For tissues, such orientational dependence of 75 contrast has been
reported for tendons [20], cartilage [132] and blood vessel capillaries [122]. These
premises of structural anisotropy-related NMR contrast can be expanded also to
proton double-quantum filtered MRI studies [120].

5.1.3 Physiological basis of relaxation

As described above, magnetic dipole-dipole coupling is the main source of NMR
relaxation in solution or tissue when hydrogen protons are the nuclei of interest.
Rapid molecular motions comparable to the Larmor frequency provide a source of
dynamic dipolar interaction by spin exchange, and contribute to both 77 and T3
relaxation. Slower motions of the water-macromolecule system, on the other hand,
result in a ”static” component of magnetic coupling. This will contribute only to 75
relaxation by a dephasing effect, a result of differences in resonant frequencies. Since
slow macromolecular motions are always present in biological tissues, 7o << T7.
Thus, 7% is sensitive to the molecular mobility and the size of the surrounding
molecules, though the processes are also temperature and pH dependent [24]. The
relaxation rates are frequency dependent and therefore the measured relaxation
times may vary with the field strength By used.

The majority of water in tissue is usually free, while structured and bound pools,
i.c. hydration watcr, represent the other abundant proton populations [52]. Al-
though water molecules in tissue are estimated to spend less than 2% of their time
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in contact with the macromolecules, the NMR relaxation properties of water are sig-
nificantly affected by these interactions [82]. In particular, magnetic interactions be-
tween protons are sensitive to the slowing of the rotational motion of water molecules
during these contacts and successive interactions lead to relaxation. Exchange pro-
cesses between bound and bulk water pools transfer the relaxation effects to the
MRI-visible compartment that has relatively high correlation times as compared to
the macromolecules and bound water. The relaxation response of water interacting
with macromolecules has contributions from (i) proton exchange between water and
protein ionizable groups, (ii) water molecule exchange with specific protein sites,
and (i4i) transient collisions between water and proteins at the hydration layer [24].
For hyaline cartilage, Fullerton (1992) presented NMR titration (dehydration) plots
that suggested the presence of only bulk and bound water pools [52]. Recently,
a four spin reservoir model for articular cartilage was suggested, involving magne-
tization exchange between collagen-bulk water, proteoglycan-collagen and collagen
fibrillar water-collagen subsystems [86]. In the model, the collagen-bulk water was
the largest coupling subsystem and thus exploited in MRI. Biological samples pos-
sess a distribution of correlation times due to the several interaction mechanisms.
Biochemical changes, e.g. in disease process, may alter this distribution and this
may be observed by measuring relaxation times in tissue.

5.1.4 Measurement of 7; and 75

As described in Section 5.1.1, the By field is applied to saturate the spin system.
This is immediately followed by the recovery of magnetization characterized by the
time constant 7. A 90°-pulse turns the spin magnetization into the transverse
plane. If another pulse is applied amidst the relaxation process after a time TR
(repetition time), the signal prior to re-excitation will have a certain amount of 77-
weighting. Consecutive measurements with varying TR will yield a magnetization
profile which can be used to solve for the time constant 77 in (5.13). The same effect
can be achieved by using the spin-echo sequence, introduced later, with varying
TR. An alternative techique is to apply a 180°-pulse that causes the inversion of
magnetization. After a time 7’1 (inversion time) a 90°-pulse is applied to provide a
snapshot of the magnetization. Depending on the scheme selected, (5.13) will have
a different form; for saturation recovery

M,(TR) = My(1 — Ae~THR/M) (5.18)
and for inversiton recovery
M(TT) = My(1 — 2Ae~ /1), (5.19)

where the factor A & 1, depending on the sample inhomogencity and the perfection
of the 180°-pulse.
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For the measurement of 75 relaxation time, the single spin echo sequence has been
extensively used. Saturation with a 90°-pulse is followed by a 180°-pulse after a time
TE/2. In this time the phase coherence of spins has been disturbed by 75 relaxation
processes, static field inhomogeneities and very fast processes leading to motional
narrowing. The 180°-pulse, also known as the refocusing pulse, will eliminate the
effect of static field inhomogeneities in the following signal, but conserve the 75
effects due to their random nature. The signal acquired after a 90° — T FE /2 —180° —
TE/2 scheme is called a spin echo providing the name for this sequence. With
several T'E's, the time constant can be solved by using equations (5.11)-(5.12) in the
rotational frame of reference

M, ,(TE) = M, (0)e TB/% (5.20)

It is noteworthy that in biomaterials, multi-component 75 relaxation times may be
present, and are typically accounted for by adding several relaxation terms similar
to that on the right hand side of (5.20). Also the time-scale of selected TEs is
critical for detecting these components.

In MRI, data is acquired by spatial phase- and frequency-encoding of spin popu-
lations. The free induction decay data, known as the k-space, is converted to a mag-
nitude image by applying a two-dimensional finite Fourier transform to the original
data. The imaging sequences corresponding to the description of relaxation mea-
surement above have the particular features supplemented with appropriate imaging
field gradients, as shown later in Fig. 7.2.

5.2 Relaxation in articular cartilage
5.2.1 17 and T; relaxation

In an NMR sense, articular cartilage is a unique tissue since it consists both of
a highly ordered collagen network and charged hydrophilic PGs that indisputably
contribute to the relaxation properties of MRI-visible water protons.

Structural organization of water in anisotropic tissues can provide a powerful
T relaxation mechanism. Orientational dependence of T3 in tendons, arising from
the structural anisotropy of collagen, was first demonstrated by Berendsen (1962)
and hence has been studied at different hydration levels [20, 53, 125]. The laminar
appearance of articular cartilage was initially observed by Lehner et al. (1989)
[89]. They claimed that the anisotropic 77 and T, relaxation times in cartilage
would be due to the spatial variations in the water content. Modl et al. (1991)
first observed the low signal intensity (SI) in the superficial cartilage and linked
the anisotropic appearance to the different histologic zones with variable collagen
oricntation [113]. Rubenstein et al. (1993) finally showed that SI from cartilage was
dependent on the orientation of collagen fibrils in the By field. By rotating bovine
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patellae in the static field they demonstrated that the maximum signal was observed
at an angle of 55°, i.e. the magic angle [132]. Other explanations included claims
of SI dependence on PG concentration [124], truncation artefacts as the origin of
laminar appearance [43, 48], and even a weak relation between the MR laminae and
histologic zones has been presented [152]. Nevertheless, high-resolution rotational
experiments confirmed that the T, contrast of cartilage is ultimately affected by the
varying orientation of the collagen fibrils in the magnetic field [110, 161, 62, 159, 34].
It was recently argued that the magic angle effect would not alone account for the
regional differences in Ty in vivo [115]. To date, several studies have looked at
the variation of 75 in different species and joints, in both normal and degenerated
cartilage, [36, 58, 112, 160, 59, 61, 114, 115, 140, correlated T, with the biochemical
content [45], and provided qualitative microscopic data to support their MR findings
(132, 34, 62, 58, 49, 76, 112, 61, 59]. Apart from the work described in this thesis,
only a single quantitative microscopic study exists that has correlated the collagen
structure, as revealed by PLM, to spatial the variation of 75 [164].

In cartilage, the T, anisotropy in vitro is currently explained by the change in the
orientation of collagen fibrils. It has been hypothesized that PGs oriented by collagen
fibrils would mediate this anisotropic T, effect [62, 159], or water could interact
directly with the collagen fibril [20, 108, 86]. With articular surface perpendicular
or parallel to By, superficial tissue shows a zone with low 75 due to strong dipolar
effects around tangential fibrils. 75 increases when moving towards the intermediate
zone with unarranged fibrils, and varies here only little when the sample arrangement
with respect to By is altered [159]. Finally lower values are again observed in the
deep radial zone with effective dipolar interaction [62, 159, 164]. With a 55° rotation
of the sample, the geometric factor determining the dipolar interaction, equation
(5.17), is minimized and higher 75 values are observed in the superficial and deep
tissue. Often the narrow band of low Ty values in superficial tissue is not observed
due to inferior imaging resolution as compared to high field MR-microscopy. In high
field studies, an additional lamina of high 75 is sometimes observed in deep tissue
61, 160]. T and T> relaxation times of cartilage are strongly affected by osmotic
loading [95] and mechanical compression [131, 74, 61], and are related to the outflow
of water and rearrangement of the collagen network. 7} relaxation time possesses
no orientational dependence in cartilage [69] and has been reported to be relatively
constant across the tissue [162, 110, 159]. Its role in terms of cartilage constituents
remains to be clarified.

Spin density (SD) is obtained as a by-product from either 7} or T, measurements,
as the term My. MRI would seem to be ideal for the determination of cartilage
water content, which is significantly altered during the disease process [99]. This is
hampered, however, by several factors. First, SD measurements are always relative
and therefore would require external phantoms to calibrate S D from tissuc to actual
water content [137]. Second, the solid matrix density needs to be taken into account
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[137]. Third, relaxation processes affect the calculated SD, especially fast 75 decay,
and therefore compensation for these factors is required [111, 137]. Even after these
procedures, the measured SD reflects the MRI-vigible spin population, and thus
does not necessarily account for all water compartments. The water content has
been related to tissue Tp relaxation time [94], however, the strong dependence of
T, on collagen anisotropy through dipolar interaction is likely to contribute to the
measured T, values, as discussed above.

Out of these native MR parameters, T relaxation time has been most widely
exploited. T} is non-specific for cartilage components and its role is somewhat
unclear, and S D measurements may be prone to error.

5.2.2 Contrast agent-enhanced MRI

Paramagnetic contrast agents are frequently utilized in MRI to induce a relative
enhancement of tissue SI. The paramagnetic center of contrast agents, often a
gadolinium-atom embedded in an inert chelate, has a large and fluctuating local
magnetic field that provides an additional relaxation sink for 'H protons [87]. If
other interactions are negligible, proton relaxation rates are functions of the con-
trast agent concentration C' in tissue and relaxivity R [141, 21]

1 1

ﬂ,c E,O

Y CR;, =12 (5.21)

i.e. for the contrast agent concentration

1 1 1
C=— — =12 5.22
R <T To> T (5.22)

where T, and 7;. are the relaxation times in the absence and presence of the
contrast agent, respectively. The relaxivity of the contrast agents is characteristic
for different tissues and typically decreases with increasing magnetic field strength
[37, 138, 165].

MR contrast agents have been utilized in qualitative in vivo imaging of articular
cartilage for several years. Intra-articular and intravenous administration of agents
has initially been used to increase 77 contrast between tissues and synovial fluid,
referred to as MR arthrography [31, 157]. Recently a quantitative technique, Gd-
DTPA -enhanced T imaging of articular cartilage, has been introduced [16, 17].
This technique utilizes the double-negative charge of the contrast agent, gadolinium
diethylene triamine pentaacetic acid (Gd-DTPA). Analogous MRI approaches have
been taken with the cationic contrast agents manganese [84] and nitroxide [12]. In
Gd-DTPA -enhanced 77 imaging, the contrast agent is assumed to distribute into
cartilage inversely to the concentration of negatively charged GAGs and according
to Donnan equilibrium, (2.2). The T3 relaxation time shows an approximately linear
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relationship with the GAG content of cartilage [16]. Further, if the relaxivity of the
tissue is known or may be assumed, consecutive 77 relaxation time measurements
in the absence and presence of the contrast agent permit the estimation of the
contrast agent concentration in the tissue using (5.22). For bulk cartilage studies,
Bashir et al. (1996) derived a quasi-theoretical expression for FCD, exploiting the
MRI-resolved contrast agent concentration [16]

FCD = 2[Na?] [Gd-DTPA*" ],  [[Gd-DTPA* ], (5.23)
- *\VcapTPA?], \ [Gd-DTPAZ], |’ '

where subscripts £ and b stand for tissue and bath, respectively. This approach has
been validated with 2*Na NMR and biochemical assays [16, 17], and thus proved to
be applicable for in vitro assessment of bulk cartilage FCD. For in vivo studies, how-
ever, the equilibrating concentration in serum and synovial fluid is not known and
thus the applicability of MRI-resolved FCD is limited. The technique has been used
in wvitro [16, 17, 150, 112] and its feasibility to follow GAG replenishment in cartilage
explants has been successfully utilized [3]. Several in vivo investigations measuring
T; relaxation time after intravenous or intraarticular administration of Gd-DTPA
have been published [16, 15, 150, 149]. Protocol issues on delayed gadolinium en-
hanced MR imaging of cartilage (dGEMRIC) were recently published [28], and the
technique has been applied to monitor PG distribution in patients with autologous
chondrocyte transplants [55]. The ability of the technique to indicate the spatial,
depth-dependent PG content of cartilage has not yet been demonstrated. In quan-
titative terms, the accuracy of the technique was recently questioned in a study
that revealed the dependence of relaxivity on the macromolecule content in various
protein models at By = 1.5T, however cartilage was not studied [145]. Despite this,
the overall sensitivity of the technique has been reported to be high [56].

5.2.3 Other quantitative MRI techniques

Several other MR techniques have lately been developed and tested for compo-
sitional characterization of articular cartilage. Magnetization transfer (MT) is a
process in which the irradiation of macromolecular protons causes the saturation
of the steady-state magnetization of the observable water pool interacting with the
macromolecules [68]. Cartilage exhibits considerable MT effects due to the presence
of abundant macromolecules and their interaction with water. Collagen has been
reported to provide the main mechanism for MT in cartilage, while PGs may also
contribute to the effect [77, 60, 135, 155]. T3, relaxation, i.e. spin-lattice relaxation
in the rotating frame, provides a probe for studying macromolecules with slow ro-
tational motion. In cartilage, 77, and Tj, dispersion are sensitive to PGs, while
their specificity to PGs remains open to debate [40, 1, 39, 38]. NMR-asscssment of
diffusion in cartilage is well supported by the importance of fluid flow in cartilage
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during locomotion. The apparent diffusion coefficient (ADC) increases with PG
and collagen depletion [27, 163], and ADC has been related to degenerated human
cartilage ex vivo [49]. As described in Section 2.1.2, the negative FCD of cartilage
attracts Nat ions. Thus, imaging of the *Na provides an alternative means for in-
direct quantitation of PGs [91]. Recent studies have described the sensitivity of the
technique to reveal experimental PG-depletion [130], sodium concentration mapping
in human cartilage in vivo [130] and the spatial variation of Na concentration [136].

The in vivo measurements of cartilage thickness and volume are a branch of
their own. By the use of fat-supressed gradient echo imaging these measurements
describe reproducibly both tissue loss in disease and topographical variations in
normal human cartilage thickness [144, 41, 70].
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Aims of the present study

Quantitative MRI provides a probe to examine tissue water that interacts with the
macromolecular environment, thus giving information on tissue which is inaccessible
with any other modality. Specifically, 'H NMR relaxation parameters potentially
may provide information on the structure and composition of articular cartilage in
vitro and in vivo. It is hypothesized that even the mechanical status of cartilage
may be indirectly estimated since tissue mechanical properties are determined by
the constituent macromolecules and their interactions with each other and the in-
terstitial water. Currently, however, the relationship between MRI contrast and
the spatially anisotropic ECM of cartilage is not adequately understood. To elu-
cidate this dependence and the potential of MRI techniques to access mechanical
characteristics of tissue, the present in vitro and in vivo studies particularly aimed
to

e investigate the effect of selective enzymatic degradation of cartilage constitu-
ents on the 75 relaxation time, and the parallel change in the tissue compressive
stiffness;

e assess the spatial variation in 75 relaxation time in cartilage and correlate it
with the anisotropy of the collagen network;

e evaluate the capability of Gd-DTPA -enhanced 77 imaging to reveal the spatial
PG content of normal articular cartilage and after enzymatic PG depletion of
superficial tissue;

e study whether the structure and composition of cartilage, as assessed by T re-
laxation time and Gd-DTPA -enhanced 77 imaging, could provide information
on the mechanical characteristics of normal bovine articular cartilage;

e apply the dGEMRIC technique in () asymptomatic volunteers, and (i4) pa-
tients with autologous chondrocyte transplantation (ACT) and compare the
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results with those from arthroscopic stiffness measurements.



CHAPTER VII

Materials and Methods

The present work consists of four studies (I-IV) supplemented with unpublished
data. The study construction is summarized in Table 7.1.

Table 7.1: Summary of materials and methods

Study Materials n MRI Microscopy  Mech.Analysis
I normal and digested 31 ey PLM, indentation
bovine patellar SD, T DD E,
osteochondral
specimens
11 bovine patellar 8 Ty PLM, -
osteochondral DD
specimens
111 macromolecular 35 R - -
phantoms
normal and digested 16 71, Thaa DD -
bovine patellar [Gd-DTPA]
cartilage
IAY bovine humeral 32 T1, Thga - unconfined
and patellofemoral [Gd-DTPA], compression
cartilage Ty v, Es, Eq, H,
unpublished  healthy volunteers 6 dGEMRIC - -
data patients with ACT 4  dGEMRIC arthroscopic
indentation

dGEMRIC: delayed Gadolinium Enhanced MRI of Cartilage, DD: digital densitometry,
FEg4: dynamic modulus, Fy: Young’s modulus, H,: aggregate modulus, PLM: polarized
light microscopy, R: relaxivity of Gd-D'TPA, SD: spin density, v: Poisson’s ratio.
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7.1 DMaterials
7.1.1 Cartilage explants

For studies I and 11, intact patellofemoral joints of 1-3-year old bovine were obtained
from the local abattoir (Atria Lihakunta Oyj, Kuopio, Finland) within a few hours
of slaughtering. Cylindrical osteochondral specimens (n = 31) were harvested from
the lateral upper quadrant of each patella (Fig. 7.1, PAT) using a 13-mm hollow
drill bit. The plug was detached with a saw (Stryker Autopsy Saw 868, Stryker Eu-
rope bv, Uden, The Netherlands). Articular cartilage with 1-2 mm of subchondral
bone was isolated using a diamond saw (Buehler Isomet Low Speed Saw, Buehler
Ltd., Lake Bluff, IL, USA). Zero hour control specimens (n = 9) were investigated
immediately after preparation (I, IT). For study I, the rest of the samples were incu-
bated with or without enzymes for 44 hours at +37°C and 5% CQ, in Gibco BRL
Minimum Essential Medium with Earle’s salt (Life Technologies, Paisley, Scotland,
UK) supplemented with 100U /ml penicillin (PAA Laboratories, Linz, Austria), 100
mg/ml streptomycin (Sigma Chemical Company, St. Louis, MO, USA), 70 mg/ml
L-ascorbic acid (Sigma) and 200 ml L-glutamine (PAA Laboratories). The 44-hour
control samples (n = 7) were incubated without enzyme supplementation. To digest
the superficial collagen network of samples (n = 8), 30 U/ml of type VII bacterial
collagenase (Sigma) was added, and to deplete PGs from samples (n = 7) 0.1 U/ml
chondroitinase ABC (Seikagaku Corp., Tokyo, Japan) was used. Finally, a 6-mm
osteochondral disk was removed from the center of the original sample with a steel
punch to assure that the enzyme penetration into the specimen took place only
through the articular surface into the deeper tissue.

In study III, patellofemoral joints were stored overnight at +5°C after slaugh-
tering. Cartilage disk pairs (dia. = 4mm, n = 8) without subchondral bone were
prepared from the lateral upper-quadrant of the patellae using a 4-mm biopsy punch
(Stiefel Laboratories Ltd., Sligo, Ireland). One disk served as a control while the
other was treated with chondroitinase ABC for 44 hours as described previously.
Prior to MRI measurements, a small slice of tissue was cut from the side of each
sample for DD measurements.

In study IV, humeral and patellofemoral joints were stored overnight and two ad-
jacent samples without subchondral bone (dia. 3 and 4mm, n = 32) were prepared
from various sites of the joints (Fig. 7.1, all locations). Prior to measurements, all
samples were equilibrated for a minimum of one hour in phosphate buffered saline
solution (PBS) without Ca?* or Mg?" (HyClone Europe Ltd., Cramlington, UK and
Life Technologies, Paisley, Scotland, UK).

7.1.2 Macromolecule phantoms

For relaxivity experiments (I11), Gd-DTPA (Aldrich Chemical Company, Milwaukee,
WI, USA) solutions (0, 0.12, 0.25, 0.5, 1, 2 and 5mM) in PBS were prepared.
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Figure 7.1: Anatomical sites for the samples from different bovine articular surfaces.
Humeral samples: anterior (H1), posterior (H2), central (H3) and proximal (H4);
patellofemoral samples: lateral upper quadrant of the patella (PAT); femoral patellar
groove (FPG), femoral lateral condyle (FLC) and femoral medial condyle (FMC).

Different amounts of skimmed milk powder (Valio Ltd., Helsinki, Finland) were
added into these stock solutions to obtain contrast agent solutions with 0, 10, 20, 30
and 40% of solid skimmed milk by weight. chosen to cover the approximate range of
the macromolecules in healthy human articular cartilage at different depths (about
20% in superficial tissue to 35% in deep tissue [22].

7.1.3 Healthy volunteers and ACT patients

Asymptomatic volunteers (age 39411, 3 female and 3 male) and patients undergoing
an ACT surgery in medial or lateral femoral condyles 12-19 months earlier (age 28+
12, 4 male) were studied according to the dGEMRIC protocol [28]. An intravenous
injection of 0.2mM /kg Gd-DTPA (Magnevist, Schering AG, Berlin, Germany) was
followed by 10 minutes of knee bending exercises to speed up the contrast agent
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intake. MR experiments were carried out within 2 - 3 hours after the injection.

7.2 MRI methods

7.2.1 T, relaxation time measurements

T, relaxation time of osteochondral samples (I, II) and excised cartilage disks (IV)
was determined in PBS solution using 5-mm or 16-mm high resolution spectroscopy
probes (Varian Associates Inc., Palo Alto, CA, USA), respectively. A 9.4T vertical
magnet (Oxford 400 NMR, Oxford Magnet Technology, Oxford, UK) and a SMIS
console (SMIS Ltd., Surrey, UK) equipped with Magnex gradients (30G/cm, Magnex
Scientific Ltd., Abingdon, UK) was utilized at 25°C. Tr-weighted experiments were
performed using a single spin-echo sequence (Fig. 7.2) with adiabatic refocusing [54]
and minimized sensitivity to diffusion [50], with four ccho times (TE = 14, 24, 34,
44ms), a repetition time (T'R) of 2500ms and a 1-mm slice. The frequency-encoding
direction was selected along the cartilage thickness, and the cartilage surface was
aligned perpendicular to the By field.

TR

TE

r.f.

Gq

e

Figure 7.2: Timing diagram of the single spin-echo imaging sequence used in the
experiments. For T» measurements the echo time (TE) is varied while for saturation
recovery 11 measurements repetition time (TR) is altered. For inversion recovery Ty
meaurements the sequence is preceded by an inversion pulse. G, Gpe and Gy stand
for slice selection, phase encoding and frequency encoding gradients, respectively.
90°-pulse is slice selective while refocusing with 180°-pulse is achieved using a non-
selective adiabatic BIR-4 pulse [54]. Crusher gradients (indicated in gray) destroy

residual magnetization from incompletely refocused spins.
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For studies I and II, a 256x128 data matrix was acquired and zero-filled to
256%256. With a 20-mm field of view (FOV), an in-plane resolution of 78x78um
was obtained. For study IV, a 256x64 data matrix was collected, yielding a 39um
resolution along the cartilage depth. 75 relaxation time maps were calculated using
least-squares fitting (Matlab, Mathworks Inc., Natick, MA, USA) into the linearized
form of (5.20). Consequently, depthwise T3 relaxation time profiles were calculated
after averaging several pixels along the cartilage surface. SD maps were calculated
by extrapolating the 75 fit to TE = Oms (I).

7.2.2 Measurements of Gd-DTPA relaxivity

Gd-DTPA relaxivity per kilogram of water was determined for the contrast agent
solutions containing varying amounts of skimmed milk powder (n = 35). Measure-
ments were performed at 9.47T using a spectroscopic inversion recovery 7} series (11
T'Is between 20-4000ms, TR = 10000ms). Relaxivity was determined by fitting 7}
and contrast agent concentration data into (5.22).

7.2.3 17 and Gd-DTPA -enhanced 77 measurements

In study I, 7 relaxation time of two samples in each group (control, chondroitinase
ABC, collagenase) was measured with the same setup as in Section 7.2.1 but using
an inversion recovery spin-echo sequence (TE = 14ms, TR = 6000ms, TT = 50,
150, 500, 800, 1000ms). 7} relaxation time maps were obtained by performing a
three-parameter fit into (5.19). T} profiles were calculated as described in Section
7.2.1.

In study III, the appropriate diffusion time for Gd-DTPA to penetrate into 4-mm
cartilage disks (n = 6) was studied by performing successive T1-weighted saturation
recovery experiments (T'E = 14ms, TR = 800ms) with adiabatic refocusing imme-
diately after immersion in 1ml of 1mM Gd-DTPA solution for six hours.

For studies III and IV, Gd-DTPA -enhanced T; imaging was conducted with
the following protocol. A Ti-weighted saturation recovery series (TE = 14ms, TR
= 200, 500, 1000, 1500, 3000, 5000ms) was measured with a saturation recovery
sequence. This experiment was followed by an equilibrating period of at least 2.5
hours in ImM Gd-DTPA solution. Finally, another 77-weighted imaging series (T'E
= 1l4ms, TR = 100, 300, 500, 800, 1200, 1500ms) was conducted. 77 relaxation
time maps and profiles were calculated as earlier. Spatial Gd-DTPA concentration
profiles were calculated from 77 and Tjgq profiles using (5.22).

7.2.4 dGEMRIC of normal and ACT-repaired cartilage

Single slice Tj-weighted experiments were conducted with 1.0T clinical MRI scan-
ners (Siemens Harmony or Siemens Impact Expert, Erlangen, Germany), using a
fast inversion recovery sequence (seven T'Is between 25 and 1600ms, TE = 15 or
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30ms, TR = 2000ms, 512 x 512 matrix, FOV = 230 or 290mm, 2 or 3mm slice
thickness). Images were obtained in two planes (medial and lateral oblique sagittal
slice positioning for healthy volunteers, sagittal and coronal orientations for ACT
patients). 77 maps with contrast agent were fitted and Tjgq profiles were calculated
by averaging an area along the articular surface, corresponding to the slice thickness.

7.3 Microscopic techniques
7.3.1 Polarized light microscopic measurements

For studies I and II, the samples were prepared for microscopy after MRI and biome-
chanical measurements. Each sample was cut into two halves in a vertically ran-
domized direction. The samples for PLM were fixed with formalin, decalcified,
embedded in paraffin [8, 78|, and cut into 5-pm sections. For DD of cartilage PGs,
Safranin-O -stain (Fisher Scientific, Fair Lawn, NJ, USA) was added into forma-
lin to minimize PG loss during fixation [79]. Three-micrometer thick microscopic
sections were processed and stained with Safranin-O [80]. The PLM analysis of
the collagen network was performed using a Leitz Ortholux BK-2 polarized light
microscope (Leitz Wetzlar, Wetzlar, Germany) equipped with a 6.3x magnifying
strain-free objective, a cooled 12-bit CCD-camera (Photometrics, Tucson, AZ), and
crossed polarizers. Monochromatic light (A = 589 £ 10nm) was used.

Grayscale microscopic images (pixel size 3.6 x 3.6um) with 0 and 45° arrangement
of polarizers against the tangential zone were recorded. The images were combined
(see Section 3.1) from the cartilage surface to subchondral bone using a 627-pm-wide
area, and were converted to BF. Because orientational dependence of fibrils also
exists in the plane of vertical sectioning, four vertically randomized orientations were
analyzed. Three b-um-sections, in each orientation, were measured to minimize the
effect of variable section thickness. For each section, a depthwise BF' profile was
obtained by averaging data parallel to the cartilage surface, and the final profile
was calculated as an average of all sections in all orientations. Due to the different
orientations and finite section thickness, the final profile received contributions from
the three-dimensional matrix instead of a single plane.

7.3.2 Digital densitometry of Safranin-O -stained proteoglycans

To determine the OD distribution of Safranin-O in samples (I, II, III), the afore-
mentioned camera and optics adjusted to standard transmission mode, equipped
with a four times magnifying objective (pizel size 5.7 x 5.7um) were used with
monochromatic light (A = 492 £ 5nm). The system was calibrated between 0 and
3.6 absorbance units using a neutral density filter set (Schott, Mainz, Germany). For
cach sample, six 3-pum-scctions were analyzed, full thickness profiles were calculated
from a 110 pixels wide area and averaged.
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7.3.3 Kossa’s staining

Kossa’s staining for calcium was used to reveal possible calcified tissue in cartilage
sections (III). In the technique, silver nitrate binds to calcium salts, which after
exposure to ultraviolet light appears dark [96].

7.4 Mechanical measurements

For mechanical measurements, a custom built high-precision material testing device
was used. The device consisted of a precision motion controller (Newport PM-500-C,
Newport, Irvine, CA, USA), 10 or 100N load cells (Sensotec, Columbus, OH, USA)
and a custom-programmed (Labview, Austin, TX, USA) acquisition and analysis
software [151].

7.4.1 Static loading

In study I, Young’s modulus was determined for samples using a stepwise stress-
relaxation experiment in indentation geometry. The sample was compressed with
a porous cylindrical indenter (dia. = 1.0mm) by a strain of 20% with ten steps of
equal size. The compression speed was lpm/s and an 8-min relaxation was allowed
between each step to reach equilibrium. The indenter force and displacement were
registered during the measurement. Cartilage tissue was modeled as a linearly elastic
material bonded to rigid subchondral bone, equation (4.2), to calculate Young’s
modulus from the equilibrium response in the linear range. A typical value v = 0.1
was used in the calculations [72, 11]. The original thickness of the cartilage, essential
for the experimental testing and data reduction, was obtained using high frequency
ultrasound [73, 151] and needle-probe measurements [73].

In study IV, a single-step stress-relaxation experiment was conducted in un-
confined geometry. An equilibrium compression corresponding to 10% strain was
followed by a step of 5% strain at 1pum/s. A 30min relaxation period was allowed.
Young’s modulus was determined from the equilibrium response. Poisson’s ratio for
the samples was determined optically with the same loading protocol as used for
the modulus measurements [72]. The aggregate modulus was calculated from (4.5)
using the measured E,; and v.

7.4.2 Dynamic loading

In study IV, static experiments were followed by 1Hz dynamic loading. Cartilage
disks equilibrated at 15% strain were loaded with four sinusoidal cycles of 1% strain
amplitude. The dynamic modulus was calculated from the last two cycles as the
ratio of peak-to-peak stress and strain.
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7.4.3 Arthroscopic indentation

For ACT patients, in vivo mechanical measurements were conducted using an arthro-
scopic indentation device (Artscan 1000, Artscan Ltd, Espoo, Finland) [98] within
three weeks from 77 mapping. In this technique, the cylindrical indenter (dia. =
Imm, length = 0.3mm) of the device was pressed instantaneously against the car-
tilage surface and the resisting force was registered to indicate tissue indentation
stiffness in Newtons. Measurements were performed from (¢) the repair site and (i)
from a control site at the corresponding site of the other femoral condyle. The Tiaq
values of approximately same locations were compared.

7.5 Statistical analysis

In study I, the nonparametric Mann-Whitney U-test was used in the statistical com-
parison of T3, spin density, Young’s modulus and cartilage thickness data between
different sample groups.

For study II, downsampling of BF profiles to match MRI resolution with nearest
neighbor interpolation (Matlab) enabled the linear Pearson correlation analysis be-
tween surface-matched 75 and 1/BF datasets from cartilage surface to subchondral
bone for each sample, and for pooled data of all samples. The additional contri-
bution of PGs, as measured with DD was assessed with stepwise linear regression
analysis (SPSS, SPSS Inc., Chicago, IL). In the analysis, first 1/BF' and thereafter
OD were entered into a linear model to assess whether accounting for PGs would
provide a significant improvement to the correlation with T5.

In study 111, superficial Tigq and MRI-resolved [Gd-DTPA] were compared be-
tween the control and PG-depleted superficial tissue using the Wilcoxon signed-ranks
test for two related samples. To reveal the relationship between MR, parameters and
DD, linear Pearson correlation analysis between resampled and surface-matched
MRI and microscopic data was performed. To test whether [Gd-DTPA] would pro-
vide a more useful tool for estimating the GAG content than 77 in the presence of
Gd-DTPA, the Wilcoxon signed-ranks test was used to compare the absolute values
of correlation coefficients between OD and Ti¢q or [Gd-DTPA] in normal and enzy-
matically treated samples. To further test the spatial matching of MRI parameters
and OD, the depthwise MR and microscopic data was divided into more superficial
and deep data by successively moving the cut point (pixel) of the two data sets into
deeper tissue. Consecutively, the linear Pearson correlation coefficient, slope and in-
tercept were tested for the two data sets to reveal the tissue depth at which the MR
parameters did not follow the PG content, as judged by the assumption of a linear
OD-MR parameter relationship. At this depth, the Wilcoxon test was applied to
comparc the slope and intercept of more superficial or deeper data between control
and enzymatically degraded samples.



7.5 Statistical analysis 49

In study IV, biomechanical and MR parameters were correlated with linear
Pearson correlation analysis. Forward linear regression analysis was used to re-
veal whether a combination of MR parameters could further improve the correla-
tion between relaxation and mechanical properties. The Friedman test for several
dependent samples and the Friedman post-hoc test were applied to assess the to-
pographical variation in MR and biomechanical parameters, and to reveal whether
MRI could distinguish between mechanically different tissue.

For the in vivo experiment with healthy volunteers, the Wilcoxon’s signed-ranks
test for two related samples was used to compare bulk Tigq values between the
patella and femoral patellar groove for both lateral and medial sides.
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CHAPTER VIII
Results

8.1 Quantitative MRI of normal and enzymatically degraded
articular cartilage

Various MR parameters were studied in normal and enzymatically treated bovine
patellar cartilage (I, III). The effects of enzymatic treatments were verified with
PLM and/or DD microscopic techniques. The most important results are given in
Table 8.1.

In study I, 75 relaxation time increased significantly only after a 44-hour colla-
genase treatment (Fig. 8.1). Superficial SD was not altered by enzymatic diges-
tions when compared to deeper tissue. 73 relaxation time after the PG cleavage
remained unchanged while the digestion significantly decreased Tigq and increased
\Gd-DTPA] as compared to controls (Fig. 8.2) (III). No significant differences in
cartilage thickness between sample groups were observed.

Table 8.1: Values of various MR parameters at 9.4T in normal and enzymatically
treated superficial (0-78um) bovine patellar cartilage (total thickness 1200-4100um).

Number of samples is given in parentheses.

Group Ty (ms) Ty (ms) Tigq (ms)  [Gd-DTPA] (mM)
control (0h) 20=5 (9°9) 1500180 (89 330L50 (89 0.51£0.09 (39
control (44h) 469 (7°°) - - -
collagenase 358+133% (8%°) -

chondroitinase 42413 (7°€) 16404180 (8¢) 300-£80° (8°)  0.610.12° (8¢)

@ p < 0.01, Mann-Whitney U-test, ® p < 0.05, Wilcoxon signed ranks test
°¢ osteochondral plug, ¢ cartilage disk
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0 h control 44 h control collagenase chondroitinase
Figure 8.1: (A) 75 maps at 9.4T, and (B) microscopic images (left: PLM image,
right: DD image, 4x magnification) for representative control, collagenase digested

and chondroitinase ABC treated bovine osteochondral specimens. White and yellow

arrows indicate articular surface and cartilage-bone interface, respectively.

control chondroitinase

T

low

Figure 8.2: T; maps at 9.4T (left, color bar 71 = 1000...2000ms) and Tigq maps
(right 71 = 200...600ms) for control and chondroitinase ABC treated bovine osteo-

chondral specimens. Articular surface is towards the top of the page.
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8.2 Spatial MR-assessment of cartilage structure and com-
position

Spatial T3 profiles were assessed and compared to PLM and DD measurements (IT).
A typical trilaminar Ty-appearance was observed, often with an additional maximum
close to the cartilage-bone interface. Visually, PLM images appeared similar to 75
maps although inverted, with a hyperintense appearance of arranged collagen fibrils
in the superficial and deep zones, and a hypointense signal in the intermediate zone
with its unorganized fibril structure. Analogously to the 75 maxima often present in
deep cartilage, a hypointense region was seen in PLM images. Correlation analysis
revealed a linear relationship with » = 0.907 & 0.020 between 75 and 1/BF among
samples (Fig. 8.3), and r = 0.789 with pooled data from all samples. Stepwise linear
regression analysis revealed a minor, yet significant improvement in the Pearson
correlation coefficient after adding OD into the linear model (for pooled data Ar? =
0.04).

To understand Gd-DTPA relaxivity at 9.4T (III), the relationship between Gd-
DTPA relaxivity and macromolecular content was assessed in a simple skimmed
milk solution model. Relaxivity increased with macromolecular content (Fig. 8.4),
however, this was less dramatic as compared with the finding at a lower field strength
[145].

Spatial Tigq and [Gd-DTPA] profiles were assessed and compared with OD of
Safranin-O -stained sections of normal and chondroitinase ABC-treated tissue (III).
For these measurements, the appropriate balancing time for 4-mm cartilage samples
in 1mM Gd-DTPA solution was found to be 2.5 hours.

Cartilage typically revealed a decrease in 77 from superficial to deep cartilage,
sometimes with low values close to the articular surface. Immersion in Gd-DTPA
resulted in an overall shortening of T} relaxation time, with shorter values in super-
ficial cartilage and longer values in deep tissue, resembling the spatial distribution
of PGs in cartilage (Fig. 8.5). Correlation analysis revealed a linear positive rela-
tionship between T1gq and OD (r = 0.885 £ 0.015 for control and r = 0.893 £ 0.028
digested samples). For [Gd-DTPA] and OD the correlations were negative with
r = —0.915 4+ 0.014 and r = —0.931 + 0.023, respectively. Further, the MR pa-
rameters showed a significant spatial correlation with OD in the more superficial
tissue up to a depth of 60 + 15% of total cartilage thickness, ranging from 34 to
89 %. Up to this depth, plotting Tigq against OD revealed an r of 0.964 4 0.038
and —0.927 + 0.061, a slope of 147 & 38 and 130 & 39, and an intercept of 288 £ 47
and 288 + 27 for control and chondroitinase ABC treated tissue, respectively. Sim-
ilarly, for [Gd-DTPA] and OD, r was 0.968 £ 0.025 and —0.930 £ 0.065 with a
slope of —0.215 + 0.064 and —0.230 4 0.050, and an intercept of 0.690 4= 0.077 and
0.753+£0.063 for control and chondroitinasc ABC treated samples, respectively. The
slopes between control and chondroitinase treated groups were not statistically dif-
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Figure 8.3: (A) T and the reciprocal of optical birefringence (1/BF) as a function

of cartilage thickness, and (B) linear relationship between these parameters for a

representative sample.

ferent, while the intercept in the case of [Gd-DTPA] and OD differed statistically
significantly between the two groups. The site where the anomalous behavior began
did not match with any specific PG concentration as measured by DD, but occurred
within a wide range of OD values in different samples. Kossa’s staining did not

reveal that any calcified cartilage could account for this finding.
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8.3 Quantitative MRI as an indicator of cartilage mechani-
cal properties

Superficial and/or bulk T3, Tigq and [Gd-DTPA] were related to tissue Young’s

modulus, aggregate modulus, dynamic modulus and Poisson’s ratio in normal and

enzymatically degraded bovine patellar cartilage harvested from various anatomical
sites (I, IV). A typical load response of cartilage is shown in Fig. 8.6.
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Figure 8.6: Load response of articular cartilage in a multi-step stress relaxation

indentation experiment.

After the digestion of collagen or PGs, a statistically significant decrease in
Young’s modulus was observed (Oh control: 1.07 & 0.31MPa, 44h control: 1.09 £
0.29MPa, collagenase: 0.67 & 0.28MPa, chondroitinase ABC: 0.41 £ 0.28MPa). For
MR parameters, only T3 revealed a significant change after collagenase treatment
(Fig. 8.7) (I). For normal bovine humeral and patellofemoral cartilage (IV), moder-
ate to excellent correlations were established between mechanical and MRI param-
eters (Table 8.2). These correlations were especially high when a single articular
surface, the proximal humerus, was assessed. Forward linear regression analysis of
combined data from both humeri and patellofemoral joints revealed that a com-
bination of [Gd-DTPA] or Tigq with the superficial 75 improved the correlation
with Young’s modulus significantly (p < 0.05) with an average r improvement of
0.34 = 0.15. Assessing the two different types of joints separately combining MR
parameters did not improve the correlation coefficient statistically significantly.

MR parameters revealed topographical differences that often could be related to
a similar pattern in mechanical properties (Fig. 8.8). For humerus, the Friedman
test revealed statistically significant topographical differences in Young’s modulus,
aggregate modulus, Poisson’s ratio, [Gd-DTPA] and Tjgq. For the patellofemoral
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Figure 8.7: Superficial T5 and Young’s modulus in control and enzymatically di-
gested sample groups, normalized by the mean Oh control value (** p < 0.01, Mann-
Whitney U-test).

joint, the superficial 75 relaxation time differed statistically significantly among the
sites. A further Friedman post-hoc assessment indicated that [Gd-DTPA| and Tigq
values were indicative of the consistent difference in Young’s modulus between the
anterior and central area of the bovine proximal humerus.

8.4 dGEMRIC of normal and ACT-treated cartilage

In healthy volunteers (Fig. 8.9A), the bulk Ti¢q values (mean value of tissue from
surface to deep cartilage) in approximately adjacent compartments of the patella and
femur were compared (Table 8.3). For both medial and lateral sides, a statistically
significant difference (p < 0.05, Wilcoxon signed-ranks test) was observed, with 20%
greater T values for the patella. In the femur, T1¢q values were higher on the lateral
side as compared to medial tissue (p < 0.05). Tiea profiles revealed an increasing
pattern of 77 for most profiles (Fig. 8.10), consistent with the known fact that deep
cartilage has a higher PG concentration than the superficial tissue.

In patients with ACT, arthroscopic examination revealed a good filling of the
repair site. The MR assessment of the grafts was in agreement with this finding
(Fig. 8.9B). Often a subchondral process was observed in MRI. ACT grafts revealed
Ty values of 91-164% relative to the control tissue (control: 310 %+ 40ms, graft:
340 + 60ms), suggesting that PG replenishment had occurred at the repair sites.
However, the dynamic stiffness of the repair site was only 24-51% of the control tissue
(control: 3.29 £ 0.79N, graft: 1.34 £ 0.38N), indicating that there was incomplete
mechanical maturation of the grafts (Fig. 8.11).
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Table 8.2: Linear correlation coefficients {r) between the MR and biomechanical
parameters in bovine humeral and knee articular cartilage. MR parameters are for
bulk tissue, except for T3 ; that represents the superficial tissue (0 - 78um).

All (n =20 or 32) Humerus (n =8 or 20) Knee (n =12)
Ty vs. Fs -0.118 -0.087 0.032
T1 vs. Ey -0.510 -0.433 -0.437
11 vs. H, -0.088 -0.139 -0.089
Ti vs. v 0.184 0.248 0.251
T vs. Eg -0.334 -0.208 -0.310
T vs. Ey -0.080 -0.050 0.202
15 vs. H, -0.342 -0.268 -0.327
T vs. v 0.217 0.631 0.225
To s vs. By -0.674 -0.738 -0.624
To s vs. Eqg -0.470 -0.736 -0.128
T5 s vs. Hy -0.650 -0.699 -0.617
I vs. v 0.530 0.608 0.450
Tiga vs. Fy 0.796 0.934 0.702
Tigaq vs. By 0.348 0.681 0.192
Tigq vs. H, 0.697 0.808 0.725
Tigq vs. v -0.282 -0.215 -0.441
[Gd-DTPA] vs. Es -0.861 -0.874 -0.843
[Gd-DTPA] vs. Ey -0.643 -0.705 -0.468
[Gd-DTPA] vs. H, -0.735 -0.715 -0.853
[Gd-DTPA] vs. v 0.381 0.325 0.636

Table 8.3: T} relaxation time (ms) values for healthy volunteers (n = 6) in different

compartments of the patella and femoral condyles.

medial lateral
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Figure 8.8: Topographical variation of bulk contrast agent concentration ([Gd-
DTPA]) (A, B) and superficial T relaxation time (C, D), with reference to the
reciprocal values of Young’s modulus (£;) and dynamic modulus (Ey) (n =2 —5
per point). High [Gd-DTPA] and T, values are attributed to lower PG content and
lower integrity of the superficial collagen network, respectively. Sample locations are
described in Fig. 7.1.



60

8. Results

T,: 100 600 ms

Figure 8.9: dGEMRIC 77 maps at 1.0T: (A) for an asymplomatic volunteer artic-
ular cartilage reveals increasing T values from superficial to deep cartilage (in-plane
resolution 450 x 450pm), {B) map reveals high 77 values in the ACT-graft (shown

with the arrow) indicative of PG replenishment (in-plane resolution 570 x 570um).
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CHAPTER IX

Discussion

9.1 Quantitative MRI, cartilage structure and composition

Enzymatic degradation of cartilage components in superficial tissue confirmed that
T, relaxation is sensitive to the integrity of the collagen network (I). Spin density
and additional T} measurements suggested that the observed increase in 75 was not
likely to be due to an increase in the water content, but rather from the destruction
of the collagen network and the consequent alteration in dipolar interactions. Tigq
and [Gd-DTPA] were altered by the enzymatic cleavage of PGs, while T} without
contrast agent did not follow the PG loss (I1). The experimental results were in line
with previous investigations indicating that the Gd-DTPA -enhanced 7} imaging is
applicable for detecting cartilage PGs and their loss [16, 17, 112, 150].

Spatial correlation of 75 relaxation time, measured with the articular surface
perpendicular to the B, field, and optical birefringence revealed that the spatial
variation in T3 is strongly controlled by the organization, i.e. anisotropy of the
collagen network (II). This finding is in accordance with a very recent study that
investigated anisotropic 75 and the fibril angle as resolved from quantitative PLM
measurements [164]. In the present study, a minor, yet significant, improvement to
this correlation was achieved by accounting for PGs, suggesting that PGs may have a
minor role in the formation of cartilage T contrast (II), though PG cleavage did not
alter the superficial T5 relaxation time (I). Water [62, 94], collagen content [45] and
the degree of compression [115] may also contribute to the absolute T values. For
a more realistic view of T, processes in cartilage, a deeper knowledge of relaxation
mechanisms between different water compartments in cartilage is required. Since
sample orientation relative to By clearly affects the MR laminar appearance, laminar
thickness may vary and MR laminae are not directly related to histological zones,
although they are closely connected. Also, 75 was investigated only with a single
sample oricntation, a fact that is to be considered as a limitation. Further ez/in
vivo studies are necessary to understand the origin of the topographical variation in

63
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T5 relaxation time.

Similar to previous reports [61, 160], an extra high-7, lamina, possibly related
to the high chondrocyte density observed at the same sites, was often observed in
deep cartilage (II). As suggested by PLM, the chondrocytes may force the course
of collagen fibrils from a radial arrangement more towards the magic angle with
corresponding higher 75 values. Also, provided that the cells occupy a large volume,
intracellular fluid which has only a few relaxation pathways could contribute to the
high 75 values found in deep tissue.

In normal and PG-depleted tissue, PG-sensitive MR parameters Tigq and [Gd-
DTPA] correlated with the spatial GAG content of tissue, semiquantitatively as-
sessed by DD. In deep cartilage, however, this correlation was impaired, for which
several reasons can be suggested. First, Gd-DTPA relaxivity may vary with tis-
sue depth. Interestingly, in the light of previous [145] and current findings (III)
on the positive relaxivity-macromolecule content dependence, accounting for this
effect would lead to a further overestimation of PG content by the MR technique,
opposite to the findings of the present study. Yet, relaxivity of Gd-DTPA in some
tissues has been reported to be even smaller than in saline, possibly due to compart-
mentalization of tissue water [138, 165]. Also, the present relaxivity measurements
were conducted in phantoms with disordered proteins as opposed to cartilage with
highly arranged proteins, and thus do not necessarily reflect the situation in carti-
lage. In cartilage, macromolecule loss through the depletion of collagen could alter
the relaxivity of tissue, and thus weaken the specificity of the technique. Second,
the penetration of Gd-DTPA may not be solely controlled by FCD, but could be
affected by permeability and high solid content of tissue. Third, the pH of normal
and diseased cartilage may vary with tissue depth, and possibly could affect the
charge of Gd-DTPA and consequently its distribution. Thus, there are still several
open questions that demand for further investigation.

The in vivo dGEMRIC measurements with asymptomatic volunteers mostly re-
produced the same increasing pattern of 71 relaxation time as observed in vitro. The
in vivo finding can be attributed to the increasing PG concentration from surface
to deep tissue known to exist in normal human tissue [101, 81]. Nonetheless, this
should be confirmed with cadaver studies. The difference in Ticq values between
medial and lateral compartments of the femur are in line with a previous dGEMRIC
study [149]. The comparison of Tigq values between patella and femur, however,
was not in agreement with an investigation that reported a higher PG content in the
femur than in the patella [51]. The apparent mismatch may result from a regional
variability in the uptake and wash-out of contrast agent [150] or a different effective
equilibrating concentration for different articular surfaces thus affecting the mea-
sured T} values. Therefore, it would appear that a quantitative comparison within
dGEMRIC experiments possibly can be performed only within a single articular
surface. The in vivo study with ACT patients revealed relatively high T} values of
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repaired tissue as compared to the control site, suggesting that PG replenishment
had taken place after ACT surgery. This agrees with a recent AGEMRIC study on
ACT grafts [55]. A higher imaging resolution would likely provide more information
on normal and engineered tissue. Due to the limited number of cases studied, these
preliminary findings have to be supplemented with more data.

9.2 Quantitative MRI and mechanical properties of carti-
lage

In study I, the 75 response was accompanied by a parallel decrease in Young’s
modulus. Mechanical properties of the tissue were altered also after PG cleavage by
chondroitinase ABC, but this was not detected by the 75 measurements. Thus, 75
does not appear to be an unambiguous indicator of cartilage stiffness.

Study IV involved a more systematic approach for investigating the usefulness of
MR parameters in predicting the mechanical properties of cartilage. Both collagen-
and PG-sensitive MR parameters showed moderate to high correlations with equilib-
rium moduli. Although a single MR parameter correlated with various mechanical
parameters in normal tissue, the information from studies I and III point to the fact
that at least both collagen- and PG-sensitive MR parameters are required for indi-
rect mechanical characterization of tissue. The results are parallel to those reported
in two preliminary studies correlating quantitative MRI and cartilage biomechanics
(133, 156].

In the in wvivo study with ACT patients, arthroscopic stiffness measurements
showed that the repair tissue had not reached a mechanical integrity comparable
to normal tissue, whereas dGEMRIC pointed to GAG replenishment. The elastic
stiffness in a short-term compression is sensitive to the collagen structure of the
tissuc (sce Scction 4.3), and it is likely that the engincered tissuc still lacks the three
dimensional collagen architecture necessary for the normal mechanical integrity of
cartilage. This is in line with a previous in wvitro study that revealed the insensi-
tivity of arthroscopic stiffness measurements to the PG component of cartilage [97].
Presumably, T5 relaxation time mapping could have revealed if this was the case. It
should also be noted that should the relaxivity of normal and engineered tissue be
different, this would have an effect on the PG-quantizations from 77 maps. Thus,
further ex vivo and in vivo work is necessary.
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CHAPTER X

Summary and conclusions

Quantitative MRI of articular cartilage holds great potential for the noninvasive di-
agnostics of cartilage-related diseases, particularly by enabling the assessment of re-
laxation processes related to the different macromolecular constituents of the tissue.
Future developments in MR technology and instrumentation will further increase
the feasibility of quantitative MRI techniques.

The present study investigated two potential quantitative MRI techniques, mainly
applied at a high field strength allowing superior resolution. Specifically, the rela-
tionship of 'H NMR relaxation characteristics in articular cartilage with the struc-
tural and compositional environment and functional properties was studied and
correlated with a variety of reference techniques. Preliminary in vivo results were
also presented. The following conclusions can be drawn:

e 715 relaxation time is sensitive to the integrity of the collagen network;

e T, anisotropy in cartilage can be related to spatial variations in the three-
dimensional collagen architecture;

e Gd-DTPA -enhanced 77 imaging can reveal spatial changes in the PG con-
tent of tissue in normal and enzymatically degraded tissue, although some
overestimation of deep cartilage PGs may occur;

e T} relaxation time and Gd-DTPA -enhanced T imaging are probes for assess-
ing the integrity of tissue macromolecules and can be used to estimate the
mechanical competence of cartilage in vitro;

e delayed Gd-DTPA -enhanced MR imaging of cartilage is a promising technique
in vivo for revealing (¢) the spatial variation of the PG concentration and (i)
the replenishment of PGs in surgically treated tissue. The latter, however,
may not be indicative of complete mechanical recovery of tissue.
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