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1 Introduction

Articular cartilage is a highly structured tissue and playsimportant role in the
pathogenesis of osteoarthritis (OA), which is a global socioeconomieiuiyelin
1995, MacLean 1998, Buckwalter 1997). The degradation of articular gartita
considered to be an entry point in the process of irreversibledegeneration. Loss of
integrity within the collagenous fiber network is considered toab&allmark of
transition from potentially reversible to irreversible degenanatf articular cartilage
long before macroscopically visible loss of cartilage substancarodBuckwalter
1997).

Consequently, there is a strong need to diagnose cartilage damdge aed
increasing efforts are made to develop and to validate effedisease-modifying
therapies. This creates a demand for tools that can not only digpicige of the
articular cartilage both noninvasively and as early in the cafrdesease as possible,
but can also quantitatively monitor the status of articular cartilage.

Magnetic resonance imaging (MRI) is a noninvasive imaging tquakniused
primarily in medical settings to produce high quality imagethefinside of the human
body. MRI is based on the principles of nuclear magnetic resor{f&iMR), i. e., the
coherent resonant excitation of the atomic nuclei in a staticnetiagfield with
electromagnetic radio frequency pulses. NMR spectroscopy can dak tasobtain
microscopic chemical and physical information about moleculedudioh tensor
imaging (DTI) is an MRI technique based on the orientation-depémaeasurement of
the molecular diffusion properties of water, which can be empldyeanalyze the
internal anisotropy of tissues and the main directions of lodaisthh in a tissue. DTI
allows one to calculate pixelwise a matrix (the diffusion tensbiose elements contain

directional information of local (voxel) water diffusivity, thus goingeyond



conventional diffusion-weighted imaging (DWI), which offers informatadyout the
mean diffusivity (apparent diffusion coefficient (ADC)) of water in tissoby.

Based on the assumption that the magnitude and the direction of lkemad i
diffusivity are influenced by the macromolecular environment of diiieising bulk
water, DTI is thought to provide information on tissue ultrastructdse such, DTI
appears to be an ideally suited tool for analyzing tissues avitiighly anisotropic
ultrastructure. Thus, DTI may come very helpful for analyzimgcw@ar cartilage
because it may be capable to reflect early changd®ialignment of the collagenous

fibers.

The value of water diffusion as a marker for OA is lardelpwn. First invasive
measurements of the diffusion in cartilage were performed yollas et al.
(Maroudas 1968, Maroudas 1977), who obtained diffusion coefficients in healthy
cartilage of 1.37x1®mnt/s and 1.45xI®mn¥/s in OA cartilage at 37° C. Since MRI
can measure diffusivity non-invasively at scales of microns, diffusian be an
interesting biomarker for the early diagnosis of OA. Early wanksspectroscopy and
DWI of the cartilage demonstrated the increment of diffusioh witzymatic cartilage
degradation (Burstein 1993).

Furthermore, DTl has been demonstrated to be effective inyzamgl the
microstructure of various tissues. In addition to myocardial fiber otientéHsu 1998),
the lamellar arrangement of the annulus fibrosus of the intervalrigisc (Hsu 1999),
and the spinal cord (Gulani 1997), the measurement of orientation and cbnesee
fiber bundles in the white matter of the brain (Pierpaoli 1996) haeeatracted high
clinical interest as applications of DTI (Le Bihan 2001, Melhem 2002).

On this background, the purposes of the first part of this work (prelsentetail in
chapter 4) were to 1) assess the feasibility of DTI foryanay human hyaline articular
cartilage, and 2) evaluate whether DTI can demonstrate zohékataral properties of

articular cartilage (Filidoro 2005).



Since the signal-to-noise ratio (SNR) in MRI increases with mhagnetic field
strength, there is a continuous trend towards applying higher felosprove spatial
resolution (Behr VC 2004). Therefore, further MRI experiments destin chapters 5
and 6 of this work were performed at a field strength of 17.&T€ke main objectives
to be assessed in these experiments were to systemaéigaltyine the relationship
between the DTI parameters and the constituents of the ekilacematrix
(proteoglycan and collagen), and especially the dependency ofgheifienvector on

the collagen structure and the mechanical properties of cartilage.






2 Articular cartilage

2.1 Functional characteristics and composition

Hyaline articular cartilage represents one of the threadoclasses of cartilaginous
tissues present in the body. The most common hyaline cartilage, @stdstudied, is
articular cartilage. Hyaline articular cartilage is, onacrscopic scale, glassy smooth,
glistening and bluish white in appearance (although older tissuestdelute this
appearance). This tissue covers the articular surface (Figlyeof2long bones and
sesamoid bones within synovial joints, e.g., the surfaces of thethibifemur, and the
patella of the knee joint. Other tissues with hyaline cartilagiide the larynx, the

support structures of the tracheal tube, rib and costal cartilage (Mow 1997).

Figure 2.1: Hyaline articular cartilage is present in seyjerats of human body: e.g.

hip and hand.



Hyaline articular cartilage builds temporarily the skeletorembryo and forms
most of the bones in a preliminary model of cartilage that Veitebe replaced by bone
tissue (Geneser 1990). During the phase of growth in childhood and cahalesthe
growth in length of the bones depends on the presence of hyalinageaii the bone
jointing. Finally, hyaline articular cartilage resides ontytlae surface of the joints
(Geneser 1990; Mow 1997). In this location, the articular cartilslggs a very

important role for the joint movement.

Articular cartilage in freely moveable joints, such as hip and,koae withstand
very large loads and is, at the same time, a smooth, lubricatiregiahatith minimal
wear (Mow 1997). Articular cartilage is subjected to a wide tspec of mechanical
loading forces in vivo, which produce time varying and spatially nonumifor
compressive, tensile, and shear deformations within the tissue. The dlnhtyilage to
withstand such deformations and to perform a physiological functiomdspeitically

on the structure, composition, and integrity of its extracellular matrix (MasoL@l).

Cartilage is one of the few tissues of the human body without bloselsggigure
2.2). Its nutrition is based on diffusion mechanisms of nutrient fromlagpilessels of
the surrounding connective tissue or from the synovial fluid in theu&tion. In the
cartilage, the transport of nutrient and of intermediate catapavducts (metabolites)
occurs by means of the interstitial water of the matrixti@ge has neither lymphatic

vessels nor nerves (Niethard 2005).



Figure 2.2: Histology of hyaline articular cartilage: tage has no blood vessels,

nerves, or lymphatic vessels.

2.2.1 Morphology

Morphologically, cartilage is characterized by the cagélaells, the chondrocytes, and
by the typical extracellular substance (Figure 2.3a). Thmndrocytes represent less
than 5% of the cartilage volume (Pullig 2001). The extracelkubstance is composed
of water with dissolved ions and of collagen, proteoglycans and rsneitater
represents circa 70% of the cartilage weight and collageresents 50% of its dry
weight, i.e. circa 15% of the whole cartilage (Figure 2.3b) (Niethard 2005).
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Figure 2.3: Schema of components of the articular cartilageha)drocytes reside in
the extracellular matrix: a compound of collagen fibrils and pgiyean-

hyaluronic acid aggregates immersed in interstitial wateFhk)sizes of the



different components of the articular cartilage and their welatiolume
contents are shown (Raya 2009). The remaining volume is occupied by

water.

2.2.2 Chondrocytes

Chondrocytes are rounded cartilage cells that lie in the agetiburrows. They can
build cell groups that are generated through mitosis from one chondrdeytke
chondrocytes reside abundant organelles, as RER and Golgi apparptusant in the
synthesis of proteoglycans and collagen. They synthesize thecakitar substance
and are surrounded by this substance. The transport of nutritive substathce
metabolite occurs through diffusion in the water of the extraeglfubstance. To favor

the diffusion transport, chondrocytes exhibit extensions of the surface (Niethard 2005).

2.2.3 Collagen

Collagen is the main protein of connective tissue in animal& o 2002). There are
at least 30 different collagen genes dispersed through the human genome.
Articular cartilage contains primarily collagen type |l d&ie 2.4), with smaller
amounts of types V, VI, IX and Xl. They all have a basic structidiréhree chains
forming a triple helix, but with a wide range of variation, praably to provide for

extensive differences in function (Mow 1997).

This basic structure forms the subunit tropocollagen or “collagen niefedn
articular cartilage, type Il tropocollagen molecules have aboutn89@ength and are
polymerized extracellularly to form collagen fibrilkHulmes 2002; Mow 1997
Collagen |l fibrils have a diameter of 100 nm in width and are egltidéd in the

extracellular matrix.
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Figure 2.4: Collagen architecture: from bottom up: schematicidga@f the assembly
of the triple helix into the collagen molecules, the moleculeassembled

to form packing and molecule packing composes the fibrils.

In articular cartilage the primary function of the collaggpears to be providing to
the tensile properties of the tissues. During the development oferti@yonal
connective tissue, many loads act on the extracellular subsfEmeg cause the strain
of the tissue and induce the orientation of the fibrils in the distendirections
(Kummer 2005; Mow 1997).

The scanning electron microscopy (SEM) allows representingdltegen fibrils

with a resolution by 1 um (Figure 2.5).
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Figure 2.5: SEM image of the collagen fibrils of articulattizage with a resolution of
1 um (Glaser 1998).

2.2.4 Glycans

In the extracellular matrix of articular hyaline cartgagglycans occur as “filler”
substance between cells. They are polysaccharides (i.e. polyretohydrate
structures) and are in the form of proteoglycans and hyaluronic acid.

Proteoglycans have a structure similar to a bottle brush: goooten with one or
more covalently attached glycosaminoglycan (GAG) chain(slu(€ig.6a). The GAG
chains are long, linear carbohydrate polymers that are negatnvelrged under
physiological conditions. The major proteoglycan in articulatilage is aggrecan,
which has an important role in skeletal growth, joint function, and the afaweint of
OA (Mow 1997). Proteoglycans regulate the movement of molecules through the mat
(Brooks 2002; Alberts 1994).
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Hyaluronic acids are glycans in form of a monofilament chaigufiéi 2.6b). The
function of hyaluronic acid is to form macromolecular aggregatésproteoglycan by
means of a link protein. These structures are immobilized withiodl&gen network.
A further function is to link the extracellular matrix with tbleondrocytes (Mow 1997;
Holmes 1998).

a | Proteoglycan b Aggregate of proteoglycans
GAG chain
-
\/ >
// -
-~ -
=

Core Protein

Hyaluric acid

Figure 2.6: In the schema: a) single proteoglycan; b) the hyaluronibiadisi the single
proteoglycans through a link protein to form a macromolecular aggrefa
proteoglycans.

The electric charges of the proteoglycans provide the swelliogepres of the
tissue. First, the fixed negative charges are places closthéoge the dense solid
matrix, and so create charge-charge repulsion forces. At the thameto maintain
electroneutrality, counter-ions, i.e. Na+, will be present and thidkseause a Donnan
osmotic pressure (Eisenberg 1985, Maroudas 1979). These two phenomena define the
swelling pressure (Lai 1991), which has be measured and calculdtedetss than 0.25
MPa(Mow 1997).
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The swelling pressure contributes to compressive stiffnessadilage, which
usually ranges from 0.5 to 1.0 MPa depending on the type of tissue.X€decharge
density also largely determines the transport of electrofytdselectrokinetic properties
of cartilage (Mow 1997).

All the proteoglycan characteristics undoubtedly will promote prdyeag-
proteoglycan networking and proteoglycan-collagen interactionstin wihich are
important in stabilizing the collagen-proteoglycan solid matixd thus enabling it to

function in the highly loaded environment of diarthrodial joints (Mow 1997).

2.2.5 Interstitial water

By far, water is the most abundant component of articular g@tiMow 1997). It is
believed that in normal cartilage, a portion of this watppieximately 30%) resides
within the fibrillar space of collagen. It is known, phenomenologicéiigt changes in
the total water content have strong influences in the mechanealjng and fluid
transport properties exhibited by the tissue (Mow 1997). The amourdtef depends
largely on several factors: 1) the concentration of the proteoglyand the resultant
swelling pressure; 2) the organisation of the collagen network; atite 3trength and
stiffness of this network (Mow 1997).

The predominant ions within the interstitial fluid are sodium, chlonmeassium
and calcium (Mow 1997).

2.2.6 Metabolic activities

Articular cartilage, like all soft connective tissues, is abetically active and is
synthesized and maintained alive by its own cell population, the chonesodie
metabolic activities involve both anabolic and catabolic events, which include:

— the synthesis of matrix components;
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— the incorporation and organization of these components into the matrix

— their degradation and loss from the matrix.

In summary, the cartilage extracellular matrix can be uikeag a tissue in which
there is a continuous set of metabolic events occurring. Any distebaf this
carefully coordinated process may lead to deterioration of the ekttacehatrix (Mow
1997).

2.3 Ultrastructure

The content and structure of collagen and proteoglycans within sue tgry with the
depth from the articular surface. Electron microscopic studies have showmettiastie
can be regarded as having three separate structural zonesaftdage surface to bone:
tangential zone, transitional zone and radial zone (Figure 2.7) (Gl89&; Mow
1997).

Articular surface

Tangential zone (5x9)% =

Transitional zone (30+£16)%

|
i | Tide mark
Radial zone (65:12)% ]{ t k‘ S [

Calcified cartilage
~ Subchondral bone

SRMEREEN

Figure 2.7: Schema of the collagen structure in articular @getiltangential zone at the

surface, followed by the transitional zone in the middle, the radia and

after the tidemark, the calcified cartilage. The relativekiiness of the
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respective displayed zones corresponds to those measured for ther patell
cartilage with SEM (Filidoro 2008).

2.3.1 Tangential zone

The tangential zone resides at the surface of the hyalicalartcartilage and obtained
its name because of the parallel orientation of the colladgerisfito the cartilage

surface. This zone represents the slice with the highest costoemtof collagen fibrils

and the lowest content of proteoglycans. The collagen fibrils inatigential zone are
the finest in the tissue (Buckwalter 1997, Mow 1997, Clarke 1971).

The dense parallel orientation of collagen fibrils near thelage surface seems to
have the function to distribute all possible forces on a biggercsuifae tangential
zone has as well a function of mechanical protection, againsnaksdrear force and
abrasion (O’Connor JJ 1993). This theory is supported by the expetie@ida most
degenerative diseases the first pathological changes betie &ngential slice and
thereby the mechanical characteristics of the articulatien reduced (Buckwalter
1997).

2.3.2 Transitional zone

Underneath the tangential zone follows the transitional zone. Herlllagen fibrils

are isotropically distributed. The collagen density of approxim&8®s is lower than
in the tangential zone, but the content of proteoglycan is highertrénsitional zone
connects the functional properties of tangential and radial zone (Rliekwi997,

Glaser 1998).

2.3.3 Radial zone

The transitional zone ends directly in the radial zone. The radra is characterized

by an orientation of the cartilage fibrils perpendicular to sexfén the radial zone, the

15



fibrils have the largest diameter and there is the highestoglgtan content of all

cartilage (Buckwalter 1997). Due to the proteoglycan content, a reiglstance to

pressure is guaranteed. This indicates that the radial zone appéage a damping

function (O’Connor 1993). Furthermore, the radial zone builds the ancharage
calcified cartilage (Glaser 1998). The calcified part oftileaye resides on the
subchondral bone and it is separated from the radial zone througitietimeark, where

the perpendicular collagen fibrils end.

2.4 Osteoarthritis

OA is a group of diseases involving degradation of joints, includitiguar cartilage

and the subchondral bone next to it.

2.4.1 Epidemiology

Degenerative articular diseases have an ample social atidaineelevance. Due to
their high frequency of occurrence, OA and its treatment talenimat position in the
health system. Starting from the third life decade, the morplwhggrations of the
articular tissue in x-ray imaging increase (Niethard 200%5)Germany, one counts 5
million affected people, generally over 60 years. 300,000 patieaty ggar undergo a

replacement of the knee or hip joint (Witte 2009).

2.4.2 Etiology

On the basis of the different causes of OA, primary and secor@Arycan be
distinguished (Brandt 2009, Valdes 2008).

Primary: This type of OA is a chronic degenerative disorder related todiwdaused by
aging, as there are people well into their nineties who haveimoat|or functional
signs of the disease. Up to 60% of OA cases are thought to result from genetsc factor

16



Secondary Although the resulting pathology is the same as for prir@sky this type
of OA is caused by other factors:
* Congenital disorders of joints
* Diabetes.
* Inflammatory diseases and all chronic forms of arthritis
* Injury to joints
* Septic arthritis (i.e., infection of a joint)
* Ligamentous deterioration or instability
* Obesity
In both cases, wear and tear play a very significant role, but are not the unique cause

2.4.3 Pathogenesis

The developing of degenerative joint diseases is slowly progresdineearly stage
shows the loss of hyaline cartilage (Niethard 2005). Thisadiloer of articular cartilage
occurs in three phases (Figure 2.9). In the first one, the watentaftthe cartilage
increases as a result of a deterioration of the macromolematix, which may be
caused by a modified metabolism of the chondrocytes. The protengigoaentration
decreases, whereas the collagen content remains constant (Mankinli®7d)second
phase, the chondrocytes perceive the presence of a lesion and theseirtbea
synthesis, as ‘“repair-effect” (Mankin 1974). Extending over sevgedrs, in
consequence of increased synthesis, the nutrient supply for the chorglidesfiaes.
As result of the altered activity, the cartilage molecukes o longer provide to the
maintenance of the extracellular matrix: this situation spwads to the third phase
(Mankin 1974).

17



Healthy cartilage

Bene

Microlesions of
matrix

Loss of cartilage

Figure 2.9: Schema of the phases of the pathogenesis of the Cgktilage: from
healthy cartilage &), the clinical latent arthritisb) becomes clinical

activated arthritisd) through enzymatic process.

Loss of integrity of the collagenous fibril network is consideretddhe hallmark of
transition from potentially reversible to irreversible degenenatf articular cartilage
long before macroscopically visible loss of cartilage substancar®¢Buckwalter
1997). The articular cartilage loses more and more volume and function.

Following and due to the cartilage degradation, the correspondent bonerdéggn
cysts develop and OA will be relevant (Niethard 2005) (Figure 2.10).
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Normal knee Osteoarthritis knee

Subchondral Bone
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Ligaments Cattilage
Cartilage degradation |
Synovium Meniscal
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Figure 2.10: Pathogenesis of OA in knee joint: comparison betweenirkriezlthy

state and knee with OA. The entire joint is involved

2.4.4 Symptoms

Clinical manifestations of OA may include joint pain, tendernssfness, creaking,

locking of joints, and sometimes local inflammation (Niethard 2005).

2.4.5 Diagnosis

In the early stage of OA diagnosis is obtained by anamnesis améstlles of clinical

examination, later on by analysis of alterations in x-ray imagesh@tee2005).

2.4.6 Early diagnosis

Loss of integrity within the collagenous fibril network is considdretle the hallmark
of transition from potentially reversible to irreversible degatien of articular

cartilage. Since the cartilage tissue is not connected to theusesystem, the pain
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symptoms appear only when the disease is already advanced anstrottteres of the
joint are affected. On account of this, many efforts are aitoedptimize the early
diagnosis of OA in hyaline cartilage. Prerequisite of an inyasdon method for the
early diagnosis is the capacity to analyze the tissue inhlyeadindition. The surgical
invasive arthroscopy allows investigating the surface status andldbgcity of the
cartilage, but is not sufficient to describe the (internal) &irecof the cartilage matrix.
Conventional methods of radiography and x-ray computed tomographyoftef)an
estimation of cartilage thickness or cartilage pathologicabrdedtions, but are not
adequate to show the cartilage structure. Otherwise, MRéimbst efficient technique
for the representation and evaluation of the cartilagenous strudsoandhe healthy
conditions (Glaser 2006).

2.4.7 Therapy

In the past forty years, many efforts were made to aniag the progressive loss of
cartilage. In addition to the pharmacologic approach, surgical sodutvere attempted,
as transplantation of chondrocytes or of cartilage extracelinkrix, to reduce the
suffering of the patient. (Buckwalter 1997) Such implants wilfdrely rejected from
the immune system and they have the ability to stimulateaimeation of cartilage
tissue (Geneser 1990; Buckwalter 1997). However, no treatment guararitesy-term
rebuilding of the cartilage.
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3 Magnetic resonance imaging (MRI) of

molecular diffusion

3.1 Introduction

Magnetic resonance imaging (MRI) is an imaging techniqud psenarily in medical
settings to produce high quality images of the inside of the human biilyis based
on the principles of nuclear magnetic resonance (NMR), a spegpiogechnique used
to obtain microscopic chemical and physical information about mokcMRBI started
out as a two-dimensional tomographic imaging technique, i.e., it pro@duncedage of
the NMR signal in a thin slice through the human body. Later on, Rladvanced
beyond a tomographic imaging technique to a three-dimensional volungngna
technique (Hornak 2010).

The concept of nuclear magnetic resonance had its underpinnings thveit
discovery of the spin nature of the proton. Based on the work of Stern aladtGe
(Gerlach and Stern 1924) as well as of Rabi and coworkers (Rabi Fl88k, and
Purcell (Bloch 1946; Purcell 1946) performed the first measuremantsuclear
magnetic resonance effects of preceding spins in a magnetic fedadkel 1999).

The physical basic principle for the magnetic resonance tighantrinsic angular
momentum (spin) of the atom nuclei in a magnetic field precesisest the field
direction at the ‘Larmor frequency’, which, in turn, depends linearlfhenmagnitude
of the magnetic field itself (Haacke 1999). The idea of Lauterlar Mansfield
(Lauterbur 1973; Mansfield 1973) was that if a spatially varyirggmetic field is
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introduced across the object, the Larmor frequencies are al8allgpaarying. They
proposed and showed that the different frequency components of the sigltabe
separated to give spatial information about the object. This key poispaifally
encoding the data opened the door to MR imaging (Haacke 1999).

Diffusion is essentially a random walk of molecules in a medianthe presence of a
magnetic field gradient, diffusion of water molecules causplase dispersion of the
transverse magnetization, resulting in the attenuation of the &ifdlal (Carr and
Purcell 1954; Stejskal and Tanner 1965). The degree of signal loss depeissi®n
type, structure, physical and physiological state, as vgetirathe microenvironment.
MRI data acquisition methods that are designed to explore tisBusiah are called
diffusion imaging (Le Bihan 1986, Basser 1994). In diffusion imagihg, &pparent
diffusion coefficient (ADC) for a determined direction can becwaltted, where the
term apparent refers to the dependence of this coefficient ondio@lofactors other

than prior molecular mobility (Le Bihan 1995).

However, in anisotropic media, such as skeletal and cardiac mustlevlate
matter, where the measured diffusivity is known to depend on the oibentitthe
tissue, no single ADC can characterize the orientation-dependert wembility.
Diffusion tensor imaging is a technique that measures the spagatation anisotropy
of the diffusion process (Pierpaoli 1996). It requires six or moreperment diffusion
gradients directions to produce a set of diffusion-weighted imaggisient to fully
describe the orientation-dependent water mob{lBgrnstein 2004). These diffusion-
weighted images can be converted to scalar and vector maps ttrabed@svariety of

tissue diffusion properties.
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3.2 Diffusion-weighted imaging (DWI)

3.2.1 Theory of diffusion

Molecular diffusion is a stochastic thermal phenomenon (Reif 1987)diffasion of a
substance is quantified by the constant teri3oif the concentratiom(r, t) of the
substance is not homogeneous, a flux dedsisyobserved. The relation betweadn, t)
andJ is given by Fick’s law:

J=-D On. (3.1)
With the request that the number of particles remains constambtam the equation

of continuity

on/ot = - 0-J. (3.2)
And so we obtain the diffusivity equation:
on/at = O- (D On). (3.3)
For an isotropic medium, wheie= D1, the diffusivity equation will be:
on/ot = DAn (3.4)
and the behavior of the unrestricted diffusion is described by the Einstein equation:
I'ms = V(6Dt) (3.5)

This relates the three-dimensional root-mean-square displacemett the diffusion
timet and the diffusion coefficierd, whereD is expressed in mm?3/s. Equation (3.5) is
also valid, if the flux density is zero. This is the case of-difflusion of water

molecules in water.

3.2.2 Measurement principles

The principle of the diffusion measurement is based on the introductioppafsite
magnetic field gradients in the MRI pulse sequence, which, due to the ahftofsivater
molecules, causes a phase dispersion of the transverse magmetiesulting in the
attenuation of the MRI signal (Figure 3.1) (Carr and Purcell 195{sk&teand Tanner
1965).
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From the knowledge of the signal attenuation, it is possible tonoataeaap of the
diffusion coefficientD. The conventional measurement method in diffusion-weighted
MR imaging is the Stejskal-Tanner pulse sequence (Stejskal amael 196 The

Stejskal-Tanner method for the case of spin echo is shown in Figure 3.1:

90° 180°

fl

ACQ
1
. J

IgD IgD

A
A 4

A
A 4

A

Y

___________________________________:ml

>

0 Te/2 Te t

Figure 3.1: The sequence timing diagram illustrates the whiffupulse sequence
introduced by Stejskal and Tanner: its characteristic featarestwo
strong symmetric gradient lobes placed on either side of the 180°
refocusing pulse in a spin-echo sequercs. the gradient duration arl

is the interval time between the onsets of the pulses.

Two diffusion-weighting gradients are incorporated into the spin-ectoesee.
Both gradients have equal area, i.e. the same amptiuded the same duratidnthey
have the same polarity and are placed at either side of a riefpcadio frequency (RF)
pulse, with interval tim& between the onsets of the pulses (Bernstein 2004). The first
diffusion gradient induces the spins to dephase as a result of thmrLiequency
dependent on the position. If all spins remained at their original uositie second
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diffusion gradient would rephase every spin. But due to the moleculasidiff some
spins will change their position in the direction paralleln® direction of the magnetic
gradientgp, and hence will not be fully refocused. In this case, a losphake
coherence occurs. The macroscopic transversal magnetizationbevilhttenuated

dependent on the intensity of the diffusion.

Combining the Bloch’s equations (Bloch 1946) with the diffusion equation k8ltejs
and Tanner describe the transversal magnetization by the equation:
d/at M1(r,t) =y M1(r,t) x B— 1/, M+(r,t) + D A M+(r,t) (3.6)
whereM+(r t) is the transversal magnetization @& the main magnetic field.

Analytic expressions have been derived for the pulse sequence shownvettioiie
relate the measured signal intensity to the diffusion coefficient.

For isotropic media, the magnitude of the magnetization at tleedfrthe echdp,
A(Tg), is related to the scalar diffusion coefficiebt,by:
IN(Y(Te)/S0)) ==y o' (F(t') — 2H(t' - Te/2) f)TID (F(t) — 2H(t' - Te/2) f) dt’.(3.7)
Above, y ist the gyromagnetic ratio of proton§0) is the initial transverse
magnetization (at=0) just after the 90° pulse is applied, &) is the Heaviside step

function. In addition,

G(t) = G(t), Gy(B), GA1)" (3.8)
is the applied magnetic field gradient (column) vector, Byis defined as
F(t) =l G({t") dt”"; f = F(Te/2). (3.9)

After the integration, the relationship between the diffusion caoefficand the

logarithm of the echo intensity can be written as

IN(YTe)/S0)) =-b D (3.10)
(in vivo it would be more exact to introdubeseciive Where the factob is

b=y2Jo'E (F(t) — 2H(t - Te/2) f) OF(t) - 2H(t - Te/2) f) dt'. (3.11)
For rectangular gradient lobes in a spin-echo pulse sequence, théfaagoren by:

b =y2 G252 (A-5/3) (3.12)

The degree of attenuation of the signal depends on the dimensiprddsst of the
diffusion coefficientD and on the factdn, a quantity known as the b-value (in seconds
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per millimeter square). The b-value is determined by thesgiiin-weighting gradient
waveform and can be adjusted in the pulse sequence. Increasthffukien gradient
amplitude, the separation between both diffusion gradient, or the pudish of each
diffusion gradient, results in a higher b-value. (Bernstein 2004).

It is also possible to write:
S=S exptb D) (3.13)
where S and § are the voxel signal intensity with and without diffusion weighting
respectively.

If we consider two different b-valués andb,, from equation (3.13) we obtain:
SIS = expb2 D) / expb: D) = exp(b2 — by) D) (3.14)
whereS, and$; are the voxel signal intensity fbg andb,, respectively.

3.2.2 Apparent diffusion coefficient (ADC)

When various barriers and restricting factors such as cellonaer@s and microtubules
interfere with the free diffusion and tissue perfusion, and partiainwelaveraging as
well as other experimental errors (Le Bihan 1995) are preseftiieinvoxels, the
diffusion coefficientD determined over the diffusion-sensitive interval A —&/3 is
different from the diffusion coefficient of free water. We areasuring the ADC, the
“apparent diffusion coefficient”, because the measurement mifisiee docal effects
and treats it as if all the movement rates were solelyt@uBrownian motion. This is
the case of microscopically heterogeneous, but macroscopicahyps media (Basser
1994). Whereas in free water, the root-mean-square displacementreases
proportional tovT, in a porous medium the displacement will be limited by the porous
walls. For the limitt - oo, for restricted diffusion and in absence of tissue perfusion,

ADC equals a limit value I3 dependent on the porosity of the medium (Tanner 1978).
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3.3 Diffusion tensor imaging (DTI)

3.3.1 Determination of the diffusion tensor

In anisotropic media, such as skeletal and cardiac muscle ([&idv&976, Garrido
1994, Turner 1979) and in white matter (Henkelmann 1994, Moseley 1990, Moseley
1991), where the measured diffusivity is known to depend on the orientatithe of
tissue, no single ADC can characterize the orientation-dependent waterynobiigse
tissues. The next more complex model of diffusion that can desaris®tropic
diffusion is to replace the scalar diffusion coefficient by &udibn tensor of watei)
(Basser 2002). The MRI measurement of the diffusion tensor andntigsia and
display of the information contained in each voxel, is called diffugasor imaging
(DTI). The diffusion tenso, is estimated from a series of diffusion-weighted images
using a relationship between the measured echo attenuation in eashaudxthe
applied magnetic field gradient sequence. Just as in diffusionrigyaghere a scalar b-
value is calculated for each diffusion-weighted image, in DTInansgtric b-matrix is
calculated for each diffusion-weighted image. Whereas thelue-vsummarizes the
attenuating effect on the MR signal of all diffusion and imagyngdients in one
direction, the b-matrix summarizes the attenuating effect lo§radient waveforms
applied in all three directiong, y andz

With the diffusion tensob, equation (3.10) is generalized to:

IN(S'S) = -2%-1 %1 by Dy (3.15)

(in vivo it would be more exact introdud®.) where theb; are elements of the b-
matrix, b (Basser 1994ylefined as

b=y2[o"" (F(t) — 2H(t — Te/2) f)AF(t) - 2H(t - Te/2) )" dt’. (3.16)

There are two important distinctions between DWI and DTI. Firg¥] 3 a one-
dimensional technique, therefore it is sufficient to apply diffusi@uignts along only
one direction. DTI is three-dimensional: one has to apply diffusion egreedalong at
least six non-collinear, non-coplanar directions in order to prowndegh information

to estimate the six independent elements of the symmetnigsidiff tensor. Second, the
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b-matrix formalism forces us to expand the notion of ‘cross-tesffécts between
imaging and diffusion gradients that are applied in orthogonal direstiand even
between imaging gradients that are applied in orthogonal directiorsotropic media,
gradients applied in orthogonal directions do not result in cross-gffects; in

anisotropic media, however, they can (Basser 2002).

3.3.2 Quantitative parameters obtained by DTI

By diagonalization of the diffusion tensor obtained from equation 3.15, the
characteristic values or eigenvalues of the tensor are agdulEach eigenvalueg (i=
1,2,3) corresponds to a characteristic vector or eigenvactdrhe eigenvectors and
eigenvalues represent the three principal directions of diffusion heed rhagnitudes
within the tissue.

If one eigenvalue is considerably larger than the other two (such as in thof treese
white-matter fiber tracts in the brain), the largest eigenvadueeferred to as the
principal diffusion coefficient and its eigenvector is alignedngl the principal
diffusion direction. This scenario is graphically represented bydifiusion ellipsoid
(Figure 3.2) (Pierpaoli and Basser1996).
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Figure 3.2: Peter J. Basser, James Mattiello and Denis hanBshowed how the
classical ellipsoid tensor formalism could be deployed to aealyffusion
MR data. The three axes of the ellipsoid are now directly aloagnain
orthogonal axes of the coordinate system so we can easily thder
lengths. These lengths are the eigenvalues or characteaktes (Picture

with kind permission of Olaf Dietrich).

Anisotropic diffusion can be described by a diffusion ellipsoid withsdémaiaxes equal

to the amplitude of the diffusion tensor eigenvalug9,, A3 (Bernstein, 2004).

Eigenvalues, eigenvectors, and parameters derived from theseotatienally
invariant quantities; that is, they have the same numerical vhltiee matrix is
expressed in a rotated coordinate system (Basser 1994, Basser 1992).

For example, each eigenvalue can be used to form its own map tatsheMdC
along each axis of the diffusion ellipsoid.

The first moment of the diffusion tensor field, the orientationallgraged value of the
diffusion tensor field can be calculated at each point within an imaging volume as:
<A> = TraceD)/3 = A1+ A+ A3)/3. (3.17)
This is the mean diffusivity. Physically, an estimate d%<an be obtained by taking
the arithmetic average of ADCs acquired in all possible directions (KE9§8).

The second and higher moments bfhave been proposed for use as diffusion
anisotropy measure, because they characterize different iwaykich the diffusion
tensor field deviates from being isotropic. This has resulteml mamber of diffusion
anisotropy measures based upon the second moment of the distributidre of t
eigenvalues obD:

o = A1-(A)*+A2-(A))*+As-(A))?, (3.18)
which characterize the eccentricity of the diffusion ellipsoid. (Basser 2002).

Such diffusion anisotropy measures are the relative anisotropy (RA)

RA = (0 / 3(\)Y2 (3.19)

the fractional anisotropy (FA)
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FA = (30 / 2B)'? (3.20)

where

B =A%+ A2+ A (3.21)
and the volume ratio (VR)
VR = A1 A2 A3/ ()3, (3.22)

Both RA and FA are based on the standard deviation of the eigenvaliidbey
are normalized by different denominators and coefficients. Relatisotropy ranges
from 0 toV2. Fractional anisotropy, which has values ranging from 0 to 1, has bee
found to be more sensitive than RA at low values of anisotropyp@ik and Basser

1996, Ulug and van Zijl 1999).
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4 DTI of cartilage at 9.4 Tesla

4.1 Introduction

The first part of this work considers the application of DThiticular cartilage from
the human patella (Figure 4.1), employing a 9.4-T MR scanner. lthedgst time that
this application was realized. Therefore, the purposes of thig steiek to 1) assess the
feasibility of DTI for analyzing human hyaline articular dage, and 2) evaluate

whether DTI can demonstrate zonal architectural properties of artcartdage.

Figure 4.1: The patella is a thick, circular-triangular boneckarticulates with the
femur and covers and protects the anterior articular surfadeedtrtee

joint. It is the largest sesamoid bone in the human body.
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4.2 Materials & Methods

4.2.1 Sample preparation

MRI measurements were performed on human patellar cartilaberm-samples
(Figure 4.2). The patellae were harvested within 48 h afteth d&ept. of Forensic
Medicine, LMU Munich) from three individuals (mean age: 47+5 yYe&sly patellae
with a macroscopically normal aspect of the cartilage withaytsagns of OA were

imaged. Cylindrical cartilage-on-bone samples (diameter 7 wen¢ drilled from the

center of the lateral patellar facets of three patéia®RI. The use of a small water
level ensured that drilling was achieved perpendicular to thdaggrtsurface. During
drilling the patellae were continuously rinsed with physiologsadine. For MR, the
samples were put in a hollow Plexiglas cylinder (free innemeiar = 7 mm, outer
diameter = 10 mm) filled with physiological saline. The cylmdas adapted to and
closely fixed within the resonator of the MR system to preventomairtifacts. The

samples were oriented with their surface perpendicular to the main mdugiétic
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Figure 4.2: Preparation of the sampée. In the MR laboratory the samples were
prepared for the MR measuremebt. The drilling apparatus and the
patella will be hold stable in their positions using screw ckarmopThe
patella was catalogued: it was cleaned with NaCl solutiortkelefor any
signs of OA and then photographet. The patella was fixed under the
drill, ensuring through a small water-level that drilling washiaved
perpendicular to the cartilage surface. During drilling, thellpatevere
continuously rinsed with physiological salire.Cylindrical cartilage-on-
bone samples.
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4.2.2 MRI

Imaging protocol
A 9.4-T magnet (Bruker Microimaging Systems, Rheinstettemm&ey) (Figure 4.3)

with a maximum gradient strength of 1 T/m was used.
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Figure 4.3: A 9.4-T magnet (Bruker Microimaging Systems, RhetasteGermany)
was used for the MRI experiment. Its main magnetic field wasically
oriented. The high magnetic field allows microscopy measurentBidture

with kind permission of Thomas Orther).
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We acquired DTI data applying a diffusion-weighted pulsed-gradient-exhio
sequence provided by the manufacturer. Repetition time (TR) was#9@ad TE was

11 ms. Diffusion gradient pulses had a duratoof 2.1 ms, and the time interval
between the onsets of the pulses was 3.7 ms. Two measurements fAguwith a b-
value of 0 s/mm2 and 12 measurements with a b-value of 1000 s/mmz, applying
diffusion-sensitizing gradients in 12 isotropically distributed dioes, were
performed. Using a 18 10 mm? field of view (FOV) and a 256128 matrix, a spatial
resolution of 39x78x1500 pinwas achieved, providing 80 — 100 pixels from the
surface of the cartilage to the tide mark. The total acquiditioe (18 averages) was 15
hours.

- Cartilage
i

Figure 4.4: For MRI measurements, the samples were put incaviieléxiglas cylinder
(free inner diameter = 7 mm, outer diameter = 10 mm) filleith w
physiological saline. The diffusion measurement Witk 0 gives aT,-
weighted image: saline solution (NacCl), cartilage and bone wesik
distinguishable.
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Imaging processing

For evaluation and visualization of the DTI data, an AVS-based (AddaNisual
Systems Inc., Waltham, Massachusetts, USA) software packpagegramming
language: C) was developed. We kept the evaluated number of difffiersion
directions used for the diffusion tensor calculation variable betwbe required
minimum of 6 (Basser 1998; Basser 1994-b; Jones 1999) and the maximum available 12
directions in order to be able to reject certain diffusion directiortase of artifacts in

the measurements.

We calculated the diffusion eigenvectors and the corresponding ialkffus
eigenvalues A1, A2 A3) by diagonalizing the diffusion tensor. These quantities are
independent of the scanner coordinates, and represent the three pdiveigtadns of
diffusion and their magnitudes within the tissue, as mentioned above.

From these eigenvalues, the mean diffusivity (corresponding to ADCiyAandere
determined using equations (3.17) and (3.20).

All parameters were calculated pixel-wise for the wholeszsextional area of the
cartilage determined by manual segmentation in stananegtighted MR images. The
mean diffusivity and FA were visualized as grayscale parameps (Figure 4.5a and
4.6a) and as a function of the normalized distance from the gartdarface to the
cartilage-bone interface (Figure 4.5b - e and 4.6b - e). For ttlee, laine horizontally
oriented rectangular regions of interest (ROIs) (each covdrsg of the individual
sample’s cartilage depth) were projected over the cross saiftieach sample and
mean and standard deviation of each ROl were calculated asergpte® values for
the diffusivity and FA in each depth in the cartilage. The figenvector (i.e., the
eigenvector corresponding to the largest directional diffusivityy wisualized by
projection on the MR section plane (Figure 4.7). Any line represdmsniain
orientation (not its magnitude) of water movement within the cartilage matrix

Additionally, we estimated the signal-to-noise ratio (SNR)hia tartilage. In our

experiments, a volume coil (single receiver channel) was usethaneconstruction
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was realized by Fourier transform with subsequent magnitudelat&n. For a single
receiver channel, without filter, the signal will be then described byiarRiitstribution

in general and a Rayleigh distribution in the image background qtedel1984;

Kellman 2005). Hence, the SNR was calculated as the quotient af/¢haged signal
intensity atb = 0 in a rectangular ROI in the cartilage and the standaritibn in a

ROI of a region without signal. The SNR of the cartilage wasalized as a function of
the normalized distance from the cartilage surface to the cartilagadterface (Figure
4.8).

4.3 Results

All three samples showed comparable behavior of mean diffusivity, &8 the
eigenvector corresponding to the largest eigenvalues.

The mean diffusivity (Figure 4.5) was highest close to thelaget surface, and
showed a decrease from (1.28+0.14)%1@inf/s at the cartilage surface down to
(0.7420.19)x10 mnt/s at the cartilage-bone interface. The mean diffusivityhef t
physiological saline surrounding the cartilage was 2.28mitf¥/s. Signal attenuation
in NaCl was homogeneous with a coefficient of variation (COV2&% in the
different diffusion directions indicating sufficient gradient calibration.

In contrast to the clear gradient of mean diffusivity along as p&rpendicular to
the cartilage surface, no systematic variation in mean diffustould be detected
parallel to the cartilage surface (average COV: 3%). Tlybdst change in mean
diffusivity (as plotted against the normalized distance from thdagge surface, Figure
4.5b - e) occurred in the lower half of the cartilage.
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Figure 4.5: Mean diffusivity of human patellar articular cagd. The mean diffusivity
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shows maximum values at the cartilage surface, and decreasestol the
cartilage-bone interface. In contrast to the high variabilityha tadial
direction, diffusivity appears fairly homogenous parallel to theéasa. a:
Grayscale parameter map of mean diffusivily.Mean diffusivity in the
cartilage as a function of the normalized distance from theukat surface
(values of the separate samples (dots) and averaged values (oh@Jn |
The diffusivity values vary between 1.15 and ¥#G* mnf/s at the
cartilage surface, and between 0.52 and X168 mnt/s at the cartilage-
bone interface. The relative variation of diffusivity from the tizge
surface to the bone is up to 50%. The highest changes in diffugppgaa

to occur in the uppermost portions and the lower 60% of the cartdagye.



Diffusivity plot (mean and SD) of samples 1-3 calculated frontaregular
ROIs each covering about 10% of the total cartilage height.

FA (Figure 4.6) varied between 0.05+0.02 at a depth of approximately 20 to 40% of
the total height of the cartilage, and 0.28+0.09 close to the cartiageinterface.
Immediately underneath the cartilage surface, FA was about 0.06£i8ar to
mean diffusivity, variations of FA occurred primarily along arsgerpendicular to the

cartilage surface and not parallel to it.

0.15
0.10

0.05

Fractional Anisotropy

I: M -:|! 1] az 1ap
C Distance from articular surface (nomalized)

i ; e
S B B oo
B E .
= ’
B E
ke o A
[= il
=< 1 =
m e
C
g T
g T
B-nt
'S o
1 .IU = -
) 4z 51 L red
— - d Distance from articular surface {normalized)
b Distance from arlicular surface (normakzed)

_Fractional Anlsotropy

e I:I";51ar1|:1=_-‘lf:rnm arl.ili:ular 5|JI!|I"IEa|:e (ngrmalizeli::i]
Figure 4.6: FA of human patellar articular cartilageGrayscale map of FA: FA in
the cartilage as a function of the normalized distance from rineular

surface (values of the separate samples (dots) and averaged {(@iawn
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line)). The FA is comparably small throughout the whole sample, aresva
between 0.04 and 0.38. Similarly to the mean diffusivity, FA varies
predominantly in the radial direction from the cartilage surtacde bone.

The values indicate a high degree of isotropy in the intermeglat®n of

the samples, a moderate degree of anisotropy immediately uritlethea
surface, and a steep increase of anisotropy in the lower thing chttilage
toward the cartilage-bone interfacee: FA plot (mean and SD) of samples
1-3 calculated from bar-shaped ROIs covering about 10% of the total

cartilage height.

Like the other evaluated parameters, the eigenvector projection simaped
variations mainly with increasing distance from the surface rastdparallel to the
surface. In this direction the eigenvector projections (Figuresthdlved a strong zonal
distribution of the predominant alignment of the eigenvectors. We waee ta
distinguish two layers with a distinctly predominant eigenvect@ntation alternating
with two comparably thin layers showing isotropic eigenvector alegrinin the upper
portions of the cartilage, the eigenvector projections lay predominamtly plane
parallel to the cartilage’s surface. In our samples, thiomelgad a thickness of up to
30% of the entire cartilage’s thickness. In the lower 50 — 70% of dhéage, the
eigenvector projections were oriented mainly radially. Betweere ttves areas a thin
transitional region exhibiting a random orientation of the eigeoveavas detected.
This isotropic alignment of the eigenvectors was also observed imtelydabove the
tide mark.

The share of all tangentially oriented (within £15° around the hot@hne) first
eigenvectors was 75.3t£7.5 % in the upper 20% (surface layer) and 35.3ée%0cC

the tide mark of the cartilage.

40



{3

PR A A I'= |
jiT a0 J =

o Ao Eh P e S

:'E IR E:::""r

!
H
1
|
:

c d

Figure 4.7: Pixelwise projection of the first eigenvector on theebf the MR image.

a: Any line represents the main orientation of bulk water movemehtrwi
the cartilage matrix, and dots represent diffusion into or out afrhging
plane. b: Color map of the first eigenvector orientation. Blue indicates
vectors infout of the imaging plane, and red and green represeatsvect
parallel and perpendicular to the cartilage surface within thgenplanec-

e: Magnified ROI of eigenvector plots of samples 1-3. The orientation of the
eigenvectors exhibits a zonal pattern. In the upper portion of theagartil
the predominant orientation of the eigenvectors is parallel todtidage
surface. Similarly, in a small ribbon-like area close to tide mark a
predominantly tangential alignment of the eigenvectors can be Been.
between these two regions, covering an area of about 50-60% daitdhe t
height of the cartilage, the predominant orientation of the eigesrgers
perpendicular to the cartilage surface. Variations of the thisknéshe
respective layers in the three samples from three diffeneiniduals are
likely to reflect biological interindividual heterogeneity difet cartilage
microstructure (Clarke 1971; Glaser 2002; Eggli 1988).
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SNR averages on all three measurements (Figure 4.8a) showedi@mum in the
transitional zone, a low decrease in the tangential zone andng stecrease close to

the cartilage-bone interface. SNR was higher than 5 in all cartilage. are
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Figure 4.8: SNR profiles in the samples. 9 ROIs in the directigpepdicular to the
cartilage surface were considerad.the values of SNR were averaged on
all three samples. SNR had a maximum of 86 at a distancetli®osurface
of circa 20% of the total thickness. Direct at the surfaceth@aSNR about
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7% lower than at the maximum and the averaged value of SNBRadecrto

11 at the cartilage-bone interfated: SNR plot of samples 1-3.

4.4 Discussion and conclusions

In this study we assessed the applicability of DTI for amadyarticular cartilage, and
investigated whether DTI can demonstrate regional structuspepres of the matrix
of articular cartilage.

The matrix of hyaline articular cartilage constitutes ahlyigstructured tissue
composed of a network of collagenous fibers in which a proteoglyeter gel is
entrapped. Only the reciprocal stabilization of both constituentsvashtbe amazing
long-term compressive and tensile stiffness of the cartilag&ixmas a whole
(Buckwalter 1997; Glaser 2002; Maroudas 1976). It is commonly agreedthgitote
main structure-giving element of the cartilage matrixtheecollagenous fibers. Their
predominant alignment relative to the cartilage surface asna@usdoy scanning
electron microscopy (SEM) is used to describe the zonal archi#geof cartilage
(Clarke 1971). The most superficial zone, the tangential zone, witghacontent of
collagenous fibers which are aligned predominantly parallel tsulface is followed
by the transitional zone with an isotropic alignment of collagenbessfand finally by
the radial zone with fiber orientation predominantly perpendiculathéo surface
(Buckwalter 1997; Glaser 2002). Loss of integrity within this fibetwork is regarded
to be the hallmark of irreversible damage to cartilage, leaiirfgrther deterioration
and finally cartilage loss in advanced OA.

As expected, all of the assessed DTI parameters showed a higfiomafrom the
cartilage surface towards the -cartilage-bone interface, inragtnto almost no

detectable variation parallel to the cartilage surface.
The high-field MR system allows achieving an in-plane resolutioB9af78 um?2,

sufficient to investigate the structure of the articularileg@ as suggested from the
previous literature (Clarke 1971; Glaser 2002; Eggli 1988). The loweatieas of the
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values of ADC and FA in the direction parallel to the cartilggace in comparison to
the variations of ADC and FA in the direction perpendicular to thilage surface,
validate the setting of an asymmetric in-plane resolution.

Both the range of the values for the mean diffusivity (:4552x10* mm?/s) and
their decrease from cartilage surface to bone observed hene tre same order of
magnitude as data reported by Mlynarik et al. (Mlynarik 2003) aldeX al. (Xia
1995). These authors measured ADC values using unidirectional diffusisiizeg
gradients in human femoral condyle (Mlynarik 2003) and canine humeadl (xéa
1995) cartilage, which varied between 0.75%htnf/s in the radial zone and 1.20%°L0
mn/s near the cartilage surface.

The absolute values of FA were relatively small in the egilsamples, especially
in the upper 60% of the cartilage. However, the relative changdsAi between
adjacent regions in the cartilage were quite high (Figure fdicdting a zonal
variation in the samples. They amounted up to 60% when the most supé&fiera
(uppermost 10% height) was compared with an intermediate layer $80%0-depth)

and even up to 400% between this intermediate layer and the deepest 20% of cartilage.

These findings appear consistent with the assumption that theah#uproperties
of cartilage are principally determined by two componeh)sa rather homogeneous
“ground substance” (probably the proteoglycan-water gel) that givdmsaline
diffusivity, and 2) a highly anisotropic structure (the collagenous fileéwork) that
overlays the baseline and characterizes separate layemediease of diffusivity from
surface to bone (Figure 4.5) may be explained by the distribution téogigcan
concentration in cartilage. It follows a slightly asymmetridl sbape (O’Connor P
1988) with low concentration near the surface, increases to a nmaxamuocentration
in a depth of 50 — 90 %, and decreases again when it approaches tharkdé has
been assumed that proteoglycans may constitute obstacles tos#amct the free
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mobility of water protons (Xia 1995; Mlynarik 2003). Thus, regions of high
proteoglycan concentration may well show a comparably low mean diffusivity.

Similar data on anisotropy throughout the depth of cartilage hese lkeported
2003 by Nissi et al. (Nissi 2003) and 2001 by Nieminen et al. (Niem2061) using
T2-relaxation time mapping correlated with optically determhir@refringence of
histologically prepared samples. In bovine articular cartildggy showed comparably
long T2-relaxation times at approximately a depth of 20% down frorsutiace, and a
second small relative peak of T2-relaxation time at a depttb@fita®0% from the
surface, close to the tide mark.

Still neither FA nor T2 mapping gives (by definition) directiomdbrmation. This
is provided by the eigenvector projections (Figure 4.7). They show a cleactibst of
diffusional properties between upper and lower zones of the cartilage, withl a@mnea
of transition between them. There is a distinct predominance ofntiate oriented
eigenvectors in the upper zone, and a clear predominance of radiahtedri
eigenvectors in the lower zone of cartilage. Wentorf et al. (WeB@83) performed
experiments with human femoral and bovine patellar cartilage wiaerediffusion
sensitizing gradients were applied parallel and perpendiculdretadrtilage surface.
Their results also showed larger parallel diffusion coefficielose the cartilage
surface, and a higher perpendicularly oriented diffusion coeffiaiesper in the
cartilage.

Our findings correlate well with the results of SEM analysfighe collagenous
fiber network of cartilage (Clarke 1971; Glaser 2002; Broom 1986). Sinagly
suggests that DTI eigenvector alignment reflects the predomalgmment of the
collagenous fiber network in articular cartilage. The cleastirdition between
tangential (upper zone) and radial (lower zone) alignment is ireagmE with previous
findings regarding the collagenous fiber architecture of cartilagekeletally mature
individuals (Clark 1997).

The eigenvector map is in good agreement with the FA values.idbbvious for
the lower third of the cartilage where the FA is highest, ardttie intermediate

portions of the cartilage samples, where minimal FA appears tespond to an
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isotropic collagenous fiber architecture. The small increaseAofuRkderneath the
surface can be explained by the 3D characteristics of cobagefiber anisotropy:
there is some anisotropy related to an axis perpendicular tartflaees but within the
tangential plane a rather random distribution of diffusivity/fibersuceclt is known
that in some joint surfaces that are prone to unidirectional mowe(eey. femoral
condyles), the alignment of the collagenous fibers within the tamyertne of the
cartilage follows the trajectories of the main tensile stressesv@ta1960).

The small number of samples imaged and the lack of direcidust or electron
microscopic correlation are limitations of this study. However, such isseresbeyond
the scope of this preliminary work on DTI of articular cartilaghich was confined to
a qualitative and descriptive comparison of MRI results widrdiure data on the
ultrastructure of cartilage. In this study, a comparably smdillsiion timeA was used,
which allowed only for a relatively short diffusion distance (apprataty 3 — 4 um)
to be experienced by the water protons. According to previous findingsank et al.
(Frank 1999), this may have reduced the sensitivity of the technmugetect
macromolecular influence on the direction of diffusion, and may thus ked to

underestimation of spatial anisotropy.

In conclusion, our results indicate the feasibility and applicabitify DTI
experiments for structural analysis of hyaline articulatilege in high-field-strength
MRI. The mean diffusivity, FA, and the eigenvector projection map eHow
characteristic variations throughout the depth of cartilage. Eigenvepjmearao be the
most promising parameters to characterizing the zonal anthigeof cartilage, and
reflected a tangential zone and a radial zone with a small @otransition. These
results are in good agreement with the current literature alpalimé articular cartilage
architecture as defined by the collagenous fibers. They dutigesDTI eigenvector
analysis is related to the alignment of the collagenous fibersartilage, which is

relevant to the detection of early cartilage damage in OA.
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5 DTI of cartilage at 17.6 Tesla:

feasibility and limitations

5.1 Introduction

Since the signal-to-noise ratio in MRI increases with the nagheld strength, there
Is a continuous trend towards applying higher fields to improve spasalution (Behr
VC 2004). Thus, further MR measurements of the diffusion propertiestdadga were
performed at 17.6 T on a Bruker Avance 750 MHz wide-bore vemiésiR system
(Bruker Biospin GmbH, Rheinstetten, Germany). This field strergyt360 000 times
stronger than the earth’s magnetic field. With its large bime af 89 mm, it allows
imaging and spectroscopy of samples ranging in size fravarat mice down to single
cells.

The work described in this chapter includes the analysis afitheacteristics of the
instrument to understand limits and feasibility of DTI of artawdartilage with a 17.6-

T scanner and the optimization of the measurement protocol.

5.2 Instrument

The basic hardware components of all MRI systems are the thago@ucing a stable
and very intense magnetic field, the gradient coils, creatiariable field to encode
spatial positioning, and RF coils which are used to transmit e@édyeceive the MR
signal. A computer controls the MR scanning operation and procéssa@sdrmation
(Haacke 1999)
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5.2.1 Main magnet

The main magnet (Figure 5.1) produces the time-constant and homogeneoesianag
field By. This field must satisfy high requirements of stability and hgeneity. The
higher the field strength, the higher will be the SNR. Drawbaxf high field strength
are the prolongation of the relaxation time T1 and consequently tgerlacquisition
time, stronger susceptibility discontinuities and heavier cheralg#l artifacts and still
higher motion sensitivity (Haacke 1999)

Because of fabrication tolerances and the influence of the investigample,
spatial inhomogeneities occur in tlBg magnetic field. The shim system creates an

additional small magnetic field to correct these inhomogeneities

Figure 5.1: A 17.6 T magnet (Bruker Biospin GmbH, Rheinstetten, Ggjmaas used
for the MRI experiment. Its main magnetic field was orieqtegpendicular to the floor

(vertical).
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5.2.2 Gradient system

The gradient coils produce linear magnetic fields that arerisypesed on the main
magnetic field By) and provide slice selection and position encoding within the slice.
The efficiency of the gradient system determines the qudlitg@acquisition: proper
design of the size and configuration of the coils is realizgatdduce a controlled and
uniform gradient.

For our measurements, a gradient system Bruker Micro 2.5 wattinmal field
strength 1 T/m was used (Figure 5.2).

The Micro 2.5 probe has been developed for micro-imaging of srjtts (max.
diameter 30 mm) in wide bore magnets (89 mm internal diametég. pfobe is
assembled from its separate modular components: gradient systdra, qmdy (with

variable temperature fittings), and exchangeable RF-inserts.

Figure 5.2: Micro 2.5 gradient system (top), probe body (bottom) and exclidege

resonator (middle).
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5.2.3 RF coil

When the sample resides in the MR system, it acts as a mésanzuit for each
decoupled nucleus (Haacke 1999). Each of these circuits has a resegaehdy at
which it is most sensitive. The RF system in a magnesicnance imaging apparatus
has the function to produce the RF pulse to excite resonantly thed, rta receive the
signal from the precessing nuclei and to prepare the dignalrther processing. This
system is composed of dedicated coils. The frequency of theiRHs defined by the
Larmor relationship. Large coils have large measurement fielddow signal intensity
and vice versa. The closer the coil to the object, the strongéeisignal; and the
smaller the coil volume, the higher is the SNR.

Tuning is the process of adjusting the transmitter and receiraritcso that it
provides optimal signal performance at the Larmor frequencyopeply tuned system
will produce images with a higher SNR, and therefore improved diagnosticiltgrsat

Matching is the process of adjusting the impedance of the resonaunt amtil it
corresponds with the impedance of the transmission line connected Goriect
matching maximizes the energy transmitted to the coil. The pugidbes operation is
to increase the SNR.

The adjustments of tuning and matching must be repeated for every sample.

For our experiments, we used a birdcage quadrature resonator (refsegaency
750 MHz, Larmor frequency dH at 17.6 T), with inner diameter of 20 mm (Bruker,
Rheinstetten, Germany). The bird cage coil design provides theiddddddmogeneity
of all RF imaging coils.

To verify the quality of our measurements, we first analyzedyesiagle repetition
of a T2-weighted measurement (Figure 5.3). We performed theurseaant with 32
repetitions and calculated in an arbitrary ROI the signal iityefe every repetition.
Thereby, we found that the signal intensity had fluctuations of up @&6lifetween

different repetitions with correspondingly high SNR fluctuations (Figure 5.3).
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Figure 5.3: The SNR was estimated for every repetition in bitrary ROI. Strong

fluctuations between repetitions indicated an error in the acquisition.

We could identify that these oscillations were caused by &anémal instability of
the resonator. Strong mechanical vibrations from the gradientrsystiiced in the
resonator a change of tune/match setting and, as a resultiaflans of the signal
intensity were determined. After these first experimentstabenator was repaired and

for all successive experiments, the quality of every repetition wasl teste

5.3 Optimization of the DTI protocol

To avoid the problems corresponding to susceptibility effects, whtkraswn to be
particularly severe at 17.6 T, a diffusion-weighted spin-echo sequBassef 1994;
Bernstein 2004) was employed. Because of the short relaxatierofithe cartilage, the
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echo time TE should be as short as possible. For our experiment,sTE5vmas, which
is the minimal achievable TE with the available gradient gtreriThe repetition time
TR was 1000 ms.

The FOV was 1816 mm? and an in-plane asymmetric matrix &6 was chosen,
because previous results (see chapter 4 and Filidoro 2005) showed thattilhge
structure is approximately homogenous along the (tangential) phasgatircompared
to the radial direction. This matrix causes a reduction of the sitqnitime and an in-
plane resolution of 62.5x250 Fmwhich satisfies the request of a resolution in the
radial direction in the scale of 50 um. The bandwidth was 130 kHz.

The b-values were calculated from the pulse sequence including aljirgn
gradient, resulting imb-values of 0.5 s/mm? and 550 s/mm?2. They were the best
compromise between sufficient diffusion contrast and adequate SNR.

The diffusion-weighted spin-echo sequence included two diffusion-sengitizi
gradient pulses with duration of 3 ms situated around the 180° pulse sepgr8tatk.
Diffusion-weighting gradient were applied in 6 isotropically distributedations:

(Gx, Gy, G) ={(1,0,0), (0, 1,0), (0,0, 1y2,V2, 0), /2, 0,v2), (0,V2 ,V2)}

5.3.1 DTl in an isotropic phantom

For an initial analysis of diffusion tensor measurements at theTlVIRI system, DTI
measurements of an isotropic liquid phantom are discussed. The phantostscoinai
Plexiglas cylinder containing a saline solution (NaCl 0,9% BauB). DTI
measurements were realized with the diffusion protocol describetthel previous
subsection. After the measurement, we estimated the effectfusian tensorD"*"
using the equation (3.15). We wanted to assess whetfi&f was an isotropic matrix

Water could be

subject to explainable experimental statistical variabilitythis caseD
represented by a sphere with raditi&*" and should have the form (Basser 1994 b):
Dwater - Awaterl (5 1)

wherel denotes the unit matrix

52



(5.2)

=
1

o O

o - O

O O

This condition is necessary and sufficient forrispy and can also be expressed by the
identity equation:

DWater = pWater | - pwater, )\ water (5.3)
and
Dwaterxy — Dwatel;(Z — DwateI;/Z: 0 (54)

We calculated the elements BY**"in a sufficiently large ROI (containing at least
20 pixels) in the bulk of the saline solution, feom the surface to avoid susceptibility
artifacts, and we averaged on all pixels of the .R@k considered the diagonal
elements of the tensor and we found them to bereéfft from each other: the difference
between the higher and lower value was 25%.

We also calculated the diffusion coefficient prdfudiion direction as in equation
(3.14):
DY = In(S/S) 1 (b%-b%) (5.5)
for every diffusion directiony. (Figure 5.4). The necessary isotropy conditiotinéd the
diffusion coefficients were the same for evayy We found a maximal difference
between these coefficients of circa 30%.

With both calculations, the obtained differenceseneonsiderably higher than the
coefficient of variation of 2.5% at 9.4 T (Sectii3).

To better understand this apparent anisotropy, amsidered the equation (3.15). If
the calculated>"®® does not correspond to the physical diffusionderseveral causes
could be responsible for this effect. A first pbdgly is that the post-processing
program is incorrect. However, the validity of selgrevious experiments confirmed
the quality of this program. The reliability of tkalues for the signal intensity obtained
from the processing consol of the instrument wagigd in previous measurements as

well. Another cause could be that time-dependanpgzature variations may generate
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corresponding variations of the diffusivity. In ghiegard, a more accurate analysis of
the temperature during the experiment is presentéioe next section. At last, one had
to take possible errors in the b-matrices into anto

diffusion coefficient pro diffusion direction

2,8
2,7 A
2,6
2,5 A

2,4

2,3 —

2,2

2,1

diffusion coeffcient (10exp(-3) mm?2/s)

1,9 T T T T T T
Read Phase Slice Read/Phase Read/Slice Phase/Slice

diffusion direction

Figure 5.4: The diffusion coefficients in the isygrc saline solution were calculated for
each diffusion direction. Differences of up to 30#re registered.

5.3.2 Analysis of temperature influences

In the case of variations of the temperature duthmg measurement, corresponding
deviations of the diffusivity are induced. Temparatvariations could be caused e.g. by
problems of the cooling system of the gradientesysor by the released sequence
energy. Therefore, we controlled the temperaturthefsample during the experiment.
At first, during the acquisition, the temperatufdle gradient cooling system was kept
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between 17 °C and 19 °C (precision 5%). Second ea&snored the sample temperature
directly in the sample box, in brief time intervalgith a fiberoptic thermometer. An
example of the temperature behavior is reportdeigare 5.5. The sample was inserted
in the RF coil in the center of the gradient systerd we found that the sample needed
about 1 hour to reach the temperature of the gnadsgstem. Diffusion-weighted
imaging did not cause any substantial temperatargatons. We paid attention to
measure DTI only in the temperature equilibrium.
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Figure 5.5: The temperature of the sample was medsluring the entire experiment.
About 1 hour after the start, the sample had thmestemperature as the gradient
system. Standard diffusion-weighted sequences daautse a significant increase in

the temperature. Pink are the experimental valodsyallow the averaged values.
The oscillations of the temperature during the Di@¢asurement correspond to the

precision of 5% of the cooling system and canngtiar the high differences in the
diffusivities.
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5.3.3 Analysis of b-matrix

Another possible source of the inaccuracy in thterd@nation of diffusion coefficients
could be the effective b-matrix employed in theexkpent and the calculated values of
the b-matrix. As shown in chapter 3 (equationsah8 3.16), the b-matrix depends on
the values of the magnetic gradients. For diffusi@ighted sequences, the magnetic
gradients work only at circa 50% of their efficignand only for circa 3 ms (the
gradient ramp-up time). Hence the gradient systes mot at its performance limit and

substantial non-linearity in the gradient scalirgsvimprobable.

As next step, we verified the calculation of thenhtrix elements. In DTI, we
estimated the effective diffusion tensbr, from the measured spin-echo signals, using
equation 3.15. By calculating an analytical expgmsdor the b-matrix, we have
accounted for all gradient pulses that typicalig@rincluding localization, crusher, and
diffusion gradients; all of which are known to affehe echo intensity. Therefore, so-
called “cross-terms” have to be considered as wetinsidering all imaging and
diffusion gradients, each element of the b-matam be decomposed into three parts
by = bpjj + beTij + bimai (5.6)
bpj is the diffusion term and is proportional to theoguct of the strength of two
diffusion gradients. The second telay;, also called the “cross term”, depends on the
product of a diffusion gradient pulse and one imggyradient. The third tertow; is
generated by the imaging gradients alone; it ugleb the smallest contribution lbp
and can be ignored in the calculation jf An additional assumption is that the
influence of the phase-encoding gradient on thealir elements can be neglected.
This is a reasonable approximation because the mgimal intensity is related to the
center of k-space where the amplitude of this grdis zero or close to ze(Gullmar
2008).

Calculating the above b-matrices with equation 3wl obtained diagonal elements
of the diffusion tensor better matching the expgaquality of equation 5.3, such that

these b-matrices were used for the following.
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5.3.4 Eddy-current effects

As an additional possible cause for the diffusiemsbr anisotropy in the water
phantom, we investigated the influence of gradiemdsced from eddy currents.

Large, rapidly switched magnetic field gradientsinly the diffusion sequence produce
electric fields that result from changing magnéiix (Faraday’s law). These electric
fields induce eddy currents in the MR system. Imuhe eddy currents produce
additional unwanted, rapidly and slowly decayinggmetic fields (Basser 2002;
Bernstein 2004). Depending on their spatial depeceleeddy currents will be classified
into By eddy currents which are spatially constant overithage volume, and linear
eddy currents, which have a linear spatial deperydsimilar to imaging gradient fields
(Bernstein 2004). Linear eddy currents resultswo undesirable effects: first, the
effective magnetic gradient at the sample diffei@mf the set magnetic gradient,
resulting in a difference between the effective ealdulated b-matrix; second, the eddy
current produces a slowly decaying field duringdma of the image causing
geometrical distortions of the diffusion-weightedchage. (Basser 2002). In our
measurements, the linear eddy currents were predomicompared to thBy eddy
currents. The resulting preemphasized wavefornthferlinear component looks like a
high-pass-filtered version of the original gradiemveform (Bernstein 2004). The
result was that geometrical distortions were cdeckcNevertheless, the eddy current
induced an apparent anisotropy in the isotropicnfra. To reduce this effect,
correction strategies based on the acquisitionifbdsion-weighted data with opposite
polarity diffusion gradients were adopted (Bodam@@®4; Neeman 1991).

5.3.5 Chemical-shift artifacts

Chemical shift is a variation in the resonance dsgpy of a nuclear spin due to the
chemical environment around the nucleus. In an endlte chemical-shift artifact is a
misregistration between the relative positions wb ttissues with different chemical
shifts. Most common is the misregistration betwkrand water (Haacke 1999).
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In our samples, the water of the cartilage as a&lihe fat of the bone was present;
hence, the relevance of the chemical-shift artifacthe DTI measurement will be

investigated.

During the slice selection process, there is dslidfset between the location of the
fat and water spins which have been rotated by Rrpise. During the frequency-
encoding gradient, fat and water spins locatedhm $ame voxel precess at rates
differing by 3.35 ppm. The net effect is that thé dnd water located in the same voxel
are encoded as being located in different voxelenEhough the phase is different, the
fat is not encoded as being in a different phas®ding-direction voxel (Haacke 1999);
instead, the chemical shift artifact will manifesbng the frequency-encoding direction
(Haacke 1999). Furthermore, the sign of the shefpeshds on the orientation of the
growing frequency-encoding steps, feet first orchigast.

To quantify the effect of the chemical-shift artifawe analyze the position of the
fat in the image in comparison with his effectivespion in the sample. This
displacement isNsnir, the number of shifted pixels along the frequeangeding

direction.Ngpit; IS given by the ratio of the frequency sliftbetween water and fat and

the bandwidth per vox&if,oxer.

Nihitt = AF / Afyoxel (5.7)
The frequency shift of fat relative to water, i thuman body, is:

Af = frar-fwater (5.8)
and

frar-fwater = -0 Y Bo (5.9)

whereo = 3.35 - 10, y=42.577 - 10Hz/T andB, = 17.6 T.Af was 2510 Hz.

From (Haacke 1999), we know that the bandwidthvpeel is:

Afvoxel = Y Gread FOVread/Nread (5.10)
whereGreag is the applied magnetic gradient in read dire¢tl@V,eaqthe FOV in read
direction andNeaq the frequency encoding steps. Known tBat.g is 43 - 1G T/m,
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FOVieag 16 - 10° m andNeaq256. Hence the value df oyl is 116.3 Hz. Then, for our
measurements, we obtailgni: ~ 22 pixels, which cannot be neglected.

We verified with an experiment the dependence efftt shift on the bandwidth
(Figure 5.6). The experimental curve is in goodeagrent with the theoretical profile.
The bandwidth of 130 kHz selected for the DTl measients results in a chemical
shift that is relatively low in the tested intervalt still relevant due to the very high

spatial resolution of about 50 pm in readout dicect
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Figure 5.6: The experiment was realized with dédférbandwidths and the chemical
shifts were obtained from the measured values disawecalculated with
the theoretical equations (5.7-5.10). Both cunkesasa similar profile and

agree well.

In our experiment, however, the measurement gegnseuery helpful (Figure 5.7).
In the slice direction the fat shift from bone cered only the bone region and not the
cartilage part of the sample. Additionally, the pdéanwas positioned so that bone,
cartilage and water were aligned along the readdoettion. With the setting “Feet

59



First”, the fat signal was shifted away from thenbmutside the sample, whereas with
“Head First” the fat signal overlapped the car@amage. For this reason, we realized
all experiments with “Feet first” setting and fugthstrategies to avoid chemical-shift

effects were not necessary.

Feet first Head first

Figure 5.7: Chemical shift of the fat signal ralaty to the water signal. The read-out
direction is the vertical direction. The green spepiresents the fat signal
from the bone fat. With the setting “Head First’tie read direction, the fat
signal was shifted towards the cartilage; wheredéh the setting “Feet
First”, the fat signal was shift away from the dage. The distortion of the

cartilage was caused by the low bandwidth of 20.kHz
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5.4 Coordinate systems

A significant parameter obtained from DTI is thesfieigenvector, which represents the
principal direction of diffusion. The projection d@e first eigenvector in the image
plane is helpful to analyze the microstructurehef tartilage.

To correctly project this eigenvector, it is neeggsto analyze the coordinate
systems involved in the measurement. The labordtange is the reference system in
which the MR instrument is located. The gradientl ¢d@mme is the frame with
coordinates in readout, phase-encoding, and sfilestson (RPS) directions. The image
will finally be displayed in the post-processingirfre. The transition from the RPS-
frame to the post-processing frame has to be dtyrdescribed. But the directions of
the axis in the RPS-frame are a priori unknown.réfoee, we determined the axis
direction in the RPS-frame with a phantom measungntey considering a phantom
with a known pronounced anisotropy, and measuringiith DTI in two different
positions (Figure 5.8). Then we chose the reprasentof the RPS-frame in the post-

processing frame so that the known anisotropysgldyed correctly.
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read

phase

Figure 5.8: The anisotropy of the phantom is knoajrSchematic representation of the
anisotropic phantom in two different positions: aigin anisotropy parallel
to the read direction; a2) main anisotropy in tregdnal between read and
phase direction; b) Our phantom was a part (emdjcbf a carrot with
known fiber structure; c) After the measuremeng, data were processed.
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Different orientations of the coordinate systenihia post-processing result

in images with c1) correct anisotropy or c2) eraurseanisotropy.

55 FA versus SNR

Image noise in DTI can introduce a significant braghe estimates for the eigenvalues,
which makes isotropic media appear anisotropic, @mdotropic media appear more
anisotropic. Therefore, it is important to analyhe dependency of FA on the SNR
(Figure 5.9) (Weber DL 2007, Bastin 1998, Pierpaalil Basser 1996).

The cartilage was divided in three regions of esémwith different distances to
the surface (Figure 5.9). To obtain different SNi#s averaged different numbers of
repetitions (1, 2, 4, 8 and 16). The noise in #ggans of interest was determined using
difference images of identical acquisitions (Firkd1999).

1.4 pm?/ms

Figure 5.9: ADC in the articular cartilage. Thetdage is divided in 3 areas: 1 =
surface, 2 center, 3 = close to bone.
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In Figure 5.9 an ADC-map of the probe is shown. BNR dependency of the FA
is shown in Figure 5.10. The FA decreases as exgpewith increasing SNR and

reaches approximately constant values for SNRaegrdsan 70.
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Figure 5.10: The dependency of the fractional daropy from the SNR is shown.
Diamonds are area 1, squares are area 2, andésaang area 3.

An accurate analysis of diffusion tensor data aalg be done if it is guaranteed that the
SNR is high enough to determine the correct raBowben the eigenvalues of the
diffusion tensor. Figure 5.10 shows that this iggiin our setup for an SNR of 70 and

higher.

5.6 Discussion and conclusions

On the one hand, cartilage exhibits short T2 rdiaratimes (20-60 ms) (Mlynarik
1999, Mosher 2000) and its thickness is limitedatobest) 5-6 mm. On the other hand,
it is important achieve an optimal spatial resolntat sufficient SNR to differentiate
the zonal properties of the cartilage. Based @rditire data on the thickness of the
various cartilage layers (Clarke 1971, Glaser 2@fli 1988), a resolution of circa

50 um providing approximately 100 voxels for thealgmis of variations of DTI
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parameters in the radial direction, seems high gmao reliably monitor regional
differences in diffusivity (Filidoro 2005)Such resolution is usually achieved by
combining dedicated gradient systems with high retigrield strength. On account of

this, our measurements were realized at 9.4 T AL

With high-field-strength magnets, the problems egponding to susceptibility
effects will become very severe, particularly at6lT. For this reason, a spin-echo
sequence, less sensitive to susceptibility effdwa echoplanar imaging techniques, is
preferred (Basser 1994; Bernstein 2004). However, 9pin-echo sequence is highly
sensitive to motion. Motion could arise from twaiszes: patient or sample bulk motion
and vibrations of the sample apparatus induced hey strong diffusion-weighting
gradient pulses. In our experiments, there wasatemq motion and it has been taken
care that gradient-induced vibration was avoideduh mechanical stiffness of the
measurement device. The spin-echo sequence iclaésacterized by very long data
acquisition time, but this point is decisive in tfiest instance only for clinical

applications.

In conclusion, we introduced and optimized a measent protocol for cartilage
DTl at 17.6 T that respected all requirements tuex® the best compromise between
good SNR and high in-plane resolution. With thistpcol, the diffusion tensor was
calculated in an isotropic phantom. The resultsw&tb an undesirable apparent
anisotropy, which causes were further investigabyda detailed analysis of the
influence of temperature, of eddy-current effetisnatrix calculation, and chemical-
shift artifacts. The main factors influencing theegsion of the DTI measurements
turned out to be the calculation of the b-matrirsidering cross-term contributions due
to the imaging gradients and the influence of gmatdieddy currents, which could be
reduced by improved diffusion-gradient encodingescls. The amount of chemical
shift of bone fat was determined and the potewtiatierfering effect was removed from
our cartilage image data by geometrical considemati Finally, the representations of
the diffusion tensor eigenvectors in the laborafoayne, gradient coil frame and post-
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processing frame and the dependence of the FA@SKNR were analyzed in order to

ensure a correct and accurate DTl measurement.
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6 DTI of cartilage at 17.6 T: correlation
with histology and scanning electron

microscopy

6.1 Introduction

The results on DTI of the cartilage presented iafér 4 showed that the orientation of
the first eigenvector likely represents the zonahiecture of the cartilage (Filidoro
2005). Further, a recent study demonstrated tleabtientation of the first eigenvector
correlates with the orientation of polarization polarization light microscopy (de
Visser08), while mechanical loading of the caridgads to reduced ADC, increased
FA and reorientation of the first eigenvectorsifféifo 2004; Raya 2008; Raya 2011; de
Visser 2008b). Degradation of the cartilage witypsin, which selectively removes
proteoglycans from cartilage, resulted in increa8&{C (Knauss 1999; Meder 2006;
Deng 2007) and unchanged FA (Meder 2006; Deng 20073 indicating a dependence
of ADC on the proteoglycan content and a dependehE& on the collagen content. A
main question, however, remains to be assessedt M/kize dependence between the
DTI parameters and the constituents of the extidael matrix, especially the

relationship of the first eigenvector and the aqpdia structure of the cartilage.

After the analysis of the feasibility and the liatibns of DTI at the 17.6-T system
(cf. chapter 5), DTI measurements with this systegre realized. The aim of the work
presented in this chapter was to confirm the rexfitDTI at 9.4 T and to investigate

the relationship of the different diffusion tensanaging parameters with the
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constituents (proteoglycans and collagen) and tkehamical properties of articular

cartilage.

6.2 Materials & Methods

6.2.1 Sample preparation

MRI was performed on human patellar cartilage-oneébsamples. The patellae= 8,
(31+£15) y) were harvested within 48 h after deatidl @onserved at 5 °C until the
imaging session, which was performed between 6 %hdhours after harvest. Only
patellae with macroscopically intact cartilage (i@tgolor, integrity of the surface of the
articular cartilage and stiff mechanical propertigsmanual testing), were considered

for MRI examination.

From each patella a cylindrical cartilage-on-boamgle of 14 mm diameter was
drilled perpendicular to the articular surface frtra centre of the medial patellar facet.
During drilling, the patella was continuously ridseith cooled (5 °C) physiological
saline. The desired MRI slice was visually sele@ad marked with an incision in the
bony part of the sample which could be seen in MRle sample was placed in a
cylinder of acrylic glass (plexiglas, 20 mm out@rdeter) tightly fitting into the coil to
prevent motion artifacts. The inner diameter ofd¢iiender was equal to the diameter of
the sample and had a thread of 1 mm pitch matchiitlg a cylindrical screw for
loading experiments. After inserting the sampleghe plexiglas cylinder, physiologic
saline was added to prevent cartilage dehydrationng MRI. The sample was
positioned so that its articular surface was oednperpendicular to the external
magnetic field.

6.2.2 MRI

Imaging protocol

All samples were imaged at a 17.6-T scanner (BruRBeinstetten, Germany), with a
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maximum gradient strength of 1 T/m and using a 20 mirdcage coil (Bruker,
Rheinstetten, Germany). The imaging protocol inetuda high resolution FLASH
sequence (TR/TE=60/3.1 ms, FOV =16x16 mm?, mathl2x512, in-plane
resolution = 31x3Lum?, slice thickness =1 mm, bandwidth = 101 kHzerages = 8,
acquisition time = 4:06 min), and a diffusion-weiggh spin-echo sequence (described in
section 5.3). During the acquisition, the temperatf the gradient cooling system was
kept between 17 °C and 19 °C.

Three of the samples were measured under mechaloiading conditions in
addition to imaging without loading. Therefore, imdmtely after MRI, the samples
were taken out of the scanner and indented usirfigman non-porous cylindrical
indenter of acrylic glass (plexiglas) with slightiyunded borders to avoid susceptibility
artifacts (Figure 6.1). A strain of 20% of the dage thickness as measured on the high
resolution FLASH image was applied. The angle, byclvthe screw must be rotated to
get the desired strain, was calculated using theh pf the thread. The strain was
applied in three steps with a rest-time of 30 miteraeach stepwise indentation to
ensure that the cartilage reached equilibrium. §draple was introduced in the scanner

and imaged at the same slice position as in thesuneaent without loading.
One of the three samples measured under loadinditmors was additionally
measured after 1 hour of relaxation from the logdéxperiment to demonstrate the

process of recovery.

After MRI, the samples were extracted from therwdir and conserved in physiologic
saline at 4 °C for analysis/preparation.
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Figure 6.1: Schema of the experiment design. FMER| was performed with and
without mechanical loading. Second, the sample weasted for
biomechanics: the load was applied from the indemrnethe region of the
MRI slice. Than the sample was cut perpendiculatheo MRI slice and
further analyzed in SEM and histology.

Imaging processing
DTI data were processed using self-written programdatlab (MathWorks Inc.,
Natick, Massachusetts, USA). For each voxel theetl@igenvalues\{, A, andAs) and
their corresponding eigenvectors were calculat&C/Aand FA were calculated for each
voxel from the eigenvalues according to the formimachapter 3.

In order to perform interindividual comparisonstioé distribution of ADC and FA
values across the cartilage, the complete cartiesge automatically segmented in the
ADC and FA maps and stretched to fill a rectanglee height of the rectangle was
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normalized from zero at the bone-cartilage intexfex one at the articular surface to
simplify interindividual comparison. Average ADC carfrA profiles of each sample
were obtained. These profiles were used to testfiignt differences between samples
with and without loading (two-sample t-té%t0.01).

Automatic segmentation of the cartilage was peréatrasing the ADC and SNR
maps. SNR maps were obtained as the quotient cfiginal intensity ab = 0.5 s/mm
and the standard deviation of noise automatically calculated by fitting the first jpea
in the histogram of the signal intensity of the Dieasurements to a Rician
distribution. The segmentation algorithm automdiycadentified the center of the
cartilage in the image, and placed an initial R@hwva width of 16 voxel symmetrically
around the center. With a growing algorithm théahiROI was extended to include the
complete cartilage height. At the articular surfabe growing algorithm stopped when
the ADC was larger than ADC in water minus five égrthe standard deviation of the
ADC in water (both calculated automatically frone thistogram of ADC), or when the
SNR was lower than 10 (in the case of indentati@hthe bone-cartilage interface the
algorithm stopped if the SNR dropped below 5 othé ADC became lower than
0.1 x 10 mm?/s (i.e., the difference in signal intensitytvieen the images with
b =0.5s/mm2 and b = 550 s/mm? were lower than times the standard deviation of
noise).

The projection of the first eigenvector (i.e., thigenvector corresponding to the
largest eigenvalue) in the imaging plane togethén the information of the FA maps
were used to calculate the height of the diffepamtilage zones (tangential, transitional
and radial). The radial zone was characterized bigla anisotropy and a predominant
orientation of the first eigenvector along the wait direction (Figure 6.3). In the
transitional zone, the eigenvectors showed no pegfeorientation with the FA taking
very low values. In the tangential zone, the FAjtdly increased and eigenvectors
clearly orientate in the direction of the articusarrface. With this criterion the height of
the different zones was calculated for each samipfeve different positions along the
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bone-cartilage interface. After normalization te ttartilage thickness in each position,

the relative heights of all zones in a sample veeeraged.

6.2.3 Biomechanical testing

Samples underwent biomechanical testing within da@r$ after MRI. The mechanical
properties of the cartilage samples were assesgbdvinigh-precision material testing
machine (Zwick/Roell Z2.5, Ulm, Germany), with aaspl and force resolution of
0.1pum and 0.001 N, respectively. Samples were inderteder non-confined
conditions using a non-porous indenter with theesdmmeter (5 mm) and shape as the

indenter used in the MR experiments (Figure 6.2).

Load

Cartilage
sample >

Figure 6.2: The indentation experiment simulataseb¢han other mechanical tests the
anatomical loading on the cartilage in the bodye tbad is local, the
cartilage is still anchored to the bone and thélage fluid can move freely
in the sample.
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With the indentation test, physiological conditioms the loaded region were
maintained: fluid distribution and collagen fibessucture were the same as in intact
cartilage (Hayes 1972, Korhonen 2002). During tihemiechanical testing, samples
were continuously rinsed with physiologic salinangsa perfusion pump to avoid

drying of the sample.

After equilibration under an offset force of 0.5 feur stepwise stress-relaxation
tests each one of 5% of the uncompressed cartifageness were performed. In each
step, indentation was performed at a constant iglo€ 1 um/s. The time duration of
each stress-relaxation test was 20 min to ensurglete relaxation of the cartilage.
This setup was identical to the procedure usetbating experiments in MRI.

The Young’'s modulus was calculated from the norfined strain-stress
experiments using the model for a single phasstielematerial of Hayes et al. (Hayes
1972),
nak
2k h

whereEs is Young's moduluss is Poisson’s ratio (the theoretical value of Karéo et

E.=(@1-v.) (6.1)

al. where used)a is the radius of the indentex, is a geometric factor, which is

tabulated forvs anda/h in (Hayes 1972), ang is the slope of the equilibrium stress-

strain curve calculated as follows,
__hoaf
a® Ah

whereh is the height of the cartilagaf / Ah is slope of the linear fit to the forgsf at

(6.2)

equilibrium with the indentatiod\h. Young's modulus of the samples was correlated
with the bulk ADC and FA to demonstrate a possiklationship of the diffusion and

biomechanical properties.
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After biomechanical testing, all samples were pu 4% paraformaldehyd solution
in phosphate buffered saline (pH 7.2) at 4 °C. S&mples were then split in two equal
parts (Figure 6.1) perpendicular to the MR sliceiraicated by the incision in the
subchondral bone. One half of the divided sampléeament histology and the other
half SEM.

6.2.3 Scanning electron microscopy (SEM)

Sample parts undergoing SEM were incubated for BA2hM CaC} solution at room
temperature (20+2)°C for proteoglycan extractiofieAvards, samples were fixed in a
phosphate buffered 4% formaldehyde solution fortlao24 h and dehydrated by
immersion in an ascending acetone series (30 neoratentrations of 50%, 70%, 80%,
90%, 96%, 100% and twice for 1 h at 100%) for,Cfitical-point drying (Critical
Point Dryer CDP 030; Bal-Tec, Balzers, PrincipalifyLiechtenstein). Samples were
then frozen by 30 s immersion in liquid End freeze-fractured in two parts along the
MRI imaging plane. One of the two fractured cag#gieces was selected to undergone
SEM and was 30 nm gold-coated (2.4 kV and 20 mAhgu® sputter coater unit
(Polaron SEM E5000; Polaron Equipment, Watford, |&imd).

The gold-coated samples were analyzed with a segretectron microscope (JSM-
35 CF; Jeol, Tokio, Japan) at a 6000x magnificationresolve the course of the
collagen fibers (Glaser 2002). In SEM the heighthef different zones of the cartilage
(tangential, transitional and radial zones) is raeas. From the articular surface to the
tide mark, the fiber orientation in the SEM 6006®V was visually classified in steps
of 50um as predominantly tangential, predominantly radalwith no predominant
orientation. The boundary between two zones (tamgeransitional or transitional-
radial), were calculated as the mean of the positibthe nearest SEM 6000 x FOV
showing the adequate fiber orientation in eachlage zone. The height of the cartilage
zones was calculated at five different location®sg the cartilage. After normalization
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to the cartilage thickness as measured in SEM, ritative height of the zones

calculated at the five positions were averaged.

The heights of the zones calculated with SEM weramared to the zonal heights
measured from DTI images. Correlation of the SEM 871 heights was calculated
and significant differences in the median of theghts were assessed with the
Wilcoxon signed-rank test.

For documentation and semi-quantitative assessoferdlative collagen content,
SEM 6000 x FOVs with well defined fiber orientatiovere photographed for each
sample (camera Mamiya 6x7; Mamiya, New York, USAthwfilm llford (FP4 Iso
125/22°; llford Imaging Switzerland GmbH, Marly, &xerland)). For collagen content
guantification, negatives were scanned for furfirecessing. In each digitalized image,
the collagen fibrils appeared bright (with higheinsity), showing a good contrast to the
image background (Figure 6.3). Therefore, the armowi collagen was
semiquantitatively estimated as the fraction ohhigtensity voxels (i.e. voxels whose

intensity was larger than a cutoff) compared totthial sum of voxels in an image.
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Figure 6.3: Example of fibril arrangement in th&etient zones of the articular cartilage
from top to bottom tangential, transitional, raciald calcified zones. On the
right a panoramic SEM view of the complete cargl&gight. White squares
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indicate the position of the high resolution 60063V. Imaging scales are

given at the bottom.

6.2.4 Histology

The digitalized Safranin-O stained cuts is an ctirmeasured of the proteoglycan
content. Samples for histological analysis were arsad 6+2 weeks in a 7% EDTA
solution at 37 °C for bone decalcification. EDTAwmn was changed each 48 h. After
decalcification samples were soaked with flowingpdy water for two hours to
guarantee complete elimination of any remaining BEDDecalcified samples were
dehydrated in ascending ethanol series (1 h atectrations of 50%, 70%, 80%, 90%
and 100% und subsequently twice for 1 h in Xyl@8amples were embedded in fluid
paraffin, cooled at 4°C for 24 h and microtomed &0 thickness of ¥m
(Schlittenmikrotom, Jung AG, Heidelberg, Germanifiree cut sections were placed
on a transparent microscopy slide and dried ovhtrag60 °C in an incubator.

The GAG chains of the proteoglycans were then staby placing deparaffinized
cut sections in buffered 0.5% Safranin-O solution 7 min. For deparaffination, cut
sections were burned in for 10 min on a heatingepdé 60°C and dipped in decreasing
ethanol series (twice 5 min Xylol and 5 min eachl®0%, 96%, 90%, 80%, 70%
ethanol). After staining, the cut sections werecgth at 100% ethanol and rapidly
changed to Xylol for twice 5 min. The cut sectioasaAfinally covered with a cover slip
using a mounting media (Neo-Mount, Merck, Merck, ridstadt, Germany) and

avoiding the formation of air bubbles.

Two representative cut sections of each sample vimemged using a 1.25x
microscope (Wild Makroskop M420, Leica, Heerbrugitzerland) with a 0.5x
objective. Special attention was paid to acquiesithages under the same illumination
conditions. Images of the cut sections were coedetd an inverted grey scale (255-

grey values, 255 being the highest grey value)habrelative Safranin-O content could
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be quantified with the grey level. The contour loé¢ tcartilage in each cut section was
automatically identified with a self-written prognain Matlab. After manual selection
of two points at the bone-cartilage interface (Bidlthe center of the cut section, the
cartilage was automatically segmented and strettthachormalized rectangle similarly
to the processing of MRI images (see MRI procegsivigan profiles of the grey values
between the articular surface (AS) and the BCl weakeulated by averaging the
rectangle. To facilitate comparison the grey valéh the MRI images the resolution
of the grey profiles were averaged down to thelutiem of MRI images and the grey

values scaled between 0 (minimum) and 1 (maximum).

6.3 Results

6.3.1 MRI

Maps of ADC, FA and of the projection of the fiesgenvector in the imaging plane are
shown in Figure 6.4 for measurements performeditilage with and without loading
conditions. Figure 6.5 represents the averaged ADE FA profiles from the bone-
cartilage interface to the articular surface. AD@htuously increased from the BCI,
(0.72+0.11)x10 mnt/s, to the AS, (1.30+0.07)xEdnnf/s. FA took large values at the
BCl, (0.61+0.14), and rapidly decreased towards mimum, (0.06+£0.05), at
approximately 20% distance from the surface. Thas a slight increase of FA closer
to the AS, (0.09+0.06), which coincides with a cegin which the first eigenvector was
predominantly oriented parallel to the AS (Figuré)6

Loading of the cartilage resulted in significant{i?<0.05) reduced ADC in
approximately one third of the superficial cartdagFigure 6.5), and significantly
increased FA in the 5% of the cartilage under ttiewdar surface. Interestingly, a
significant reduction in the FA was found around at 75% distance from BCI.

Loading also led to a reorientation of the firgiezivectors as can be seen in Figure 6.4.
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The first eigenvectors showed a more horizontataye orientation directly underneath

the indenter.

Laterally to the area direct under the indenteeerelse in ADC was observed as
far as (1.12+0.06) mm both in left and right direxs (Figure 6.4). In contrast, no
significant changes in FA or first eigenvector weteserved laterally to the samples,
apart from an increased FA in the tangential zanaWay from the indenter.

0 ~ ADC ; 2.3
(x 107 mm?/s)
0 FA 0.5

Figure 6.4: Example (from left to right) of ADC, FAnd the projection of the first

eigenvalue in the image plane. Top: without loadbwjtom: with loading.
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Figure 6.5: ADC and FA without loading (circle, kigsamples) and under loading

conditions (pentagon, three samples) and afteringatelaxation; solid

line, one sample) from the BCI to the AS. Error baepresent the

interindividual variability of the data. The hori#al bars indicate the

regions where parameters differ significantly (teample t-testP<0.05)

between loaded and unloaded conditions.

6.3.2 Biomechanical testing

The results of the biomechanical testing in theasmare summarized in Table 6.1

together with the mean ADCs, FAs, and grey valueshe samples. There was a

significant difference in Young's modulus of you@0 years), (0.77+0.18) MPa, and
the older samples (>30 years), (0.63+0.39) MPa. fisn4 and 5 were used in a

different experiment not reported here and are thigsing in Table 6.1.

There was no significant correlation between Yosimgbdulus and the mean ADC
(r*=0.19,P = 0.7), mean FArf =-0.24,P = 0.6) and mean grey?(= 0.06,P = 0.9)

values of the cartilage samples.
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Table 1: Young moduleE), mean ADC and mean EA

Sample Age ADC FA Es Grey
Y (10° mnt/s) MPa value

1 17 1.04 (0.12) 0.22(0.12) 0.56 144.5
2 30 1.08 (0.15) 0.25(0.13) 0.85 128.3
3 63 1.05 (0.19) 0.28 (0.14) 0.25 96.5
6 47 1.04 (0.15)  0.26 (0.23) 1.03 88.6
7 55 1.07 (0.22) 0.21 (0.18) 0.61 79.2
8 10 1.07 (0.21) 0.21(0.11) 0.89 123.8

! Mean value (standard deviation).

6.3.3 SEM

The zonal height measured with DTl and SEM showedignificant £<0.01)
correlation coefficient for the radiat’(= 0.89) and transitional zones € 0.87) and a
low correlation of 0.10 for the tangential zoneal-Altman plots (Figure 6.6) show
that DTI has a tendency to overestimate the razbale, although not significantly
(P>0.01).
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Figure 6.6: Bland-Altman plots of the thickness swad in the DTI and SEM for the
radial, transitional and tangential zones. Corn@hatcoefficients,p, are

displayed on the axis.

The semiquantitative evaluation of the collagenteonin all regions of the cartilage is
summarized in Table 6.2. Collagen content decréase the AS to the transitional

zone and increased from the tangential zone t8@le

Table 6.2: Semiquantitative density of collagen (%)

Zone Mean Std.dev. Min Max
Tangential 73.1 11.4 57.4 87.5
Transitional  52.7 9.3 42.6 63.7
Radial 65.0 8.9 49.6 75.4
Calcified" 63.9 4.3 60.8  67.0

! Only two images of the calcified zone were acqtire
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6.3.4 Histology

Figure 6.7 shows an example of the histologicalofwune of the samples, together with
the steps in image processing. The averaged naedajjrey profile over all samples is
represented in Figure 6.8. The grey values grewtimaously from the AS to
approximately the 75% of the cartilage depth anchaieed constant or slightly
decreasing, in the depth radial zone. Interestinglynost of the samples an increased
grey value was found close to the AS.

SEGMENTED HISTOLOGY STRETCHED GRAY MAP GRAY PROFILE
WITH REGION —— 170
) E———
VR 170
ey 160 165}
= 3 150
3 ) L
140 % 160
3 >
5 130 E 155
120 O
"o - 110 1507,
5 o %
Sty 3 100
FEARINE 145
- LA 90
Distance form the AS
e - H 140

0 05 1

Figure 6.7 Example of a histological cut with thetamatic contour and the
segmentation overlaid. Segmented cartilage is aten/¢o grey and stretched
to fill a rectangle. Averaging in the horizontakatition resulted in a grey
profile (blue points). The resolution of the grapfile is averaged down to fit
the resolution of MRI images (red line).
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Figure 6.8: ADC (black dashed line), FA (dark gmontinuous line) and grey values
(light grey dashed line) averaged over all samplesn the BCI
(distance=0) to the AS (distance=1). The iiterval is represented for each

parameter as thin dashed lines.

Pooled FA and ADC values of all samples have belatted against their
corresponding grey values (Figure 6.9). Both ADCd a@®A showed two well-
differentiated regions with respect to the greyueal which are related to the
proteoglycan content. ADC values larger than apprately 1.0 - 18 mnf/s (values in
the superficial 75% of the cartilage) decayed isghr proportional to the grey values.
Below 1.0 - 1 mn¥/s, the grey values did not account for the dena4DC. The FA
slightly increased with the increased grey valygsoua value around 0.25, which again
occurs at a 75% of the cartilage height from the B&yond this point, large increments
on FA occurred at almost constant grey values. tfdngsition of these two regions is

indicated in Figure 6.8 by a grey band.
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Figure 6.9: Grey values represented against the ADC FA values for all samples,
from which histology was present. Note the two vdifferentiated
diffusion regimens. The FA diagrams showed a lowetation between

grey values and FA.

6.4 Discussion and conclusions

The following relationship of ADC, FA and the firgigenvector to structural and

compositional properties of human articular cagelaould be derived.

6.4.1 Comparison with previous DTI in articular cartilage

The ADC and FA values measured in this study agoimd agreement with previously
reported data (Filidoro 2005; Deng 2007; Meder 20Réya 2008; Raya 2011; de
Visser 2008). The somewhat lower ADC values in study are probably due to the
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lower temperature at which the MRI was performeetyieen 17°C and 19°C). The
projections of the first eigenvector for 9.4 T (liig 4.7) and for 17.6 T (Figure 6.4) are

in good agreement as well.

It is interesting to compare the SNR level for 8.4nd 17.6 T. SNR was calculated
from the images without diffusion for all sampleslahen averaged. Figure 6.10 shows
the SNR versus the distance from the cartilageasarfSNR profiles were similar and
SNR values for 17.6 T were higher, which is welpleable through the higher field
strength and the greater number of repetitions.
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Figure 6.10:SNR of the cartilage versus the distance from the agetisurface. The SNR
is calculated for the diffusion-weighted image with b-valud s/mm?2and

averaged on all measurements. 9 sub-ROI were considered.
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6.4.2 DTI under mechanical loading

In accordance with the results in bovine articidartilage (de Visser 2008b) and in
human patellar cartilage (Filidoro 2004; Raya 20B&ya 2011), indentation of the
samples produced changes in ADC, FA and the figenwector. A significant
reduction of the ADC was found in the upper 30%af cartilage. The significantly
increased FA directly underneath and in the imntedrecinity of the indenter together
with the higher share of the first eigenvectoremed parallel to the surface of the
indenter, are compatible with local compressivesstracting on the collagenous fiber
network. Under loading, the orientation of the tfiesgenvector follows the expected
changes in fiber orientation as demonstrated by $GMser 2002). Additionally to the
increased FA, a significant decrease in FA was robsgebetween 40% and 20% of the
distance from the superficial cartilage (Figure-6.8). This reduction might be a sign
of the ‘crimp’ presented by the collagen fiberstle area underneath the indentation
(Glaser 2002). For the strain used in this worlA2ff the cartilage height), this crimp
is only expected in the transitional zone (Glas¥2).

The increased FA observed in the tangential zonewiay from the indenter is
consistent with a higher degree of tangentiallyemted fibers. It thus supports the
hypothesis that the tangential zone distributesllpcapplied (compressive) stress
laterally over a larger cartilage volume (Broom 398laser 2002).

Between the ADC and FA as well as the gray valueasured from the digitalized
Safranin-O stained cuts and the Young’s modulussignoificant dependence could be
established. Here, future work can be done, whgbears to require a much higher
number of samples of healthy patellar cartilage tiv@se included herein.

6.4.3 DTI versus SEM

The good correlation derived within this study be#w the height of the different
cartilage zones as measured by the first eigenvaotb SEM now gives direct evidence
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for a close relationship between the average @iemt of the collagenous fibers and the
first eigenvector. The slight underestimation ot teuperficial zone (Figure 6.6)
presumably is due the shrinking of the sample dupreparation for SEM.

The relationship of the first eigenvector was fisstggested by Filidoro et al.
(Filidoro 2005), and more recently investigatedngsthe polarized light microscopy
(deVisser 2008b). De Visser et al. (deVisser 2008bihd a good statistical agreement
between the angle of the projection of the firgeavector in the imaging plane and the
collagen fibril orientations as measured with pakdl light microscopy.

6.4.4 DTI versus Histology

Histology with Safranin-O stain allows semiquariiitaly analyzing the proteoglycan

content in the cartilage. Safranin-O is a catictye of low molecular weight which

selectively bounds to the glycosaminoglycans intilege. In sectional cuts the

concentration of Safranin-O was found to be propoai to the negative fixed charge in
cartilage, which is uniquely due to glycosaminoglys (Kiviranta 1984). Since it was
not possible to determine the exact concentratibrSafranin-O, only the relative

proteoglycan content could be established. The easwd concentration of
glycosaminoglycans towards the bone-cartilage fiaber measured in this work is in
good agreement with the distribution found withdnemical analysis by other authors
(Bayliss 1983; Kiviranta 1984).

6.4.5 Influence of cartilage components on the maa®d parameters

For the short diffusion times used in this workc{g® 5.3), diffusivity is predominately
determined by the volume fraction of free water ddss 1999), i.e., the volume of
water divided by the cartilage volume. Thereforasitexpected that the diffusivity
decreases as the proteoglycan and collagen dansiigases. The correlation of the
diffusion parameters with the histology seems tdicate that both collagen and
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proteoglycan contribute to ADC and FA. ADC and Fidtied against the histology
gray values are shown in Figure 6.9. ADC presetiteee well differentiated regions
when correlated with the gray values. Low gray galuat the articular surface
correspond to high ADCs of around 1.5%1@inf/s. These high ADCs may be a
consequence of partial volume effects with the fahggic saline solution (remember
the large slice thickness of 1.5 mm). In the secorgion, ADC decreases almost
linearly as the proteoglycan content increases thdicating that the decrease of ADC
in this region can be to some extent explainedhieyiticrease in proteoglycan content.
However, for ADCs below approximately 1.0%lGnt/s, the data present a sharp
decay at almost constant gray values (see the ingRidure 6.8), thus indicating that a
different component of the extracellular matrix edatining the diffusivity may
predominate in this region.

There are two possible explanations for the deereasADC. The first is the
increase of the collagen content from the transdtiozone to the radial zone (see
Table 2). Although the values in Table 2 are oelsquantitative, several biochemical
studies have analyzed the distribution of collageoartilage and found that collagen
content decreases from the articular surface (2b%he middle zone of the cartilage
(15%) and then increases again towards the bomiéagarinterface (19%) (Muir 1970;
Venn 1977; Maroudas 1980).

A second explanation is the presence of two T2 @orapts close to the BCI, a fast
T2 component, T2 of around 2-4 ms and a slow T2 component, 3230 ms (Keinan-
Adamsky 2006; Shinar 2006). From the BCI to the B% increases and its weight
decreases (from T2 4 ms with a weight of 80% at the BCI to 15 msd at0%
weighting at 60% of the cartilage height (Shina®@). T2 and T2 are sensitive to
different dipolar interactions (Keinan-Adamsky 2D0®62s is principally influenced by
the dipolar interaction due to oriented collagédmmils, whereas Ti2s influenced by the
isotropic dipolar interactions either caused bytriguic reorientation of the water
molecules or by proton exchange with chemicallyitstii protons of the NH and OH
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groups (Keinan-Adamsky 2006). Therefore, it is ljkéhat both components have
different diffusion properties. Due to the diffusigradients, the TE of the diffusion-
weighted spin-echo sequence was 16 ms, which mé&rdge enough to strongly reduce
the contribution of the fast T2 component (for iig model of (Keinan-Adamsky
2006) the TE is four times larger than)l2

At last we would like to point out that the existerof the two diffusion regimens
does not mean that the diffusion properties arey aansequence of one of the
components. With our data it is only possible tateechanges in DTI parameters with
changes in proteoglycan content, and in a much maxtent with collagen. As Knauss
et al. demonstrated (Knauss 1999), at low diffusiores (here 5.85 ms) the diffusivity
is primarily determined by the water content sot titais expected that both
proteoglycans and collagen contributes to diffugivihis is corroborated by the fact
that in trypsin (Knauss 1999; Meder 2006; Deng 2G0W collagenase (Knauss 1999;
Deng 2006) degraded cartilage, a systematic ineretite ADC was found.

6.4.6 Conclusions

The results presented in this chapter demonsthaie ADC and FA depend both on
proteoglycan and collagen content, although diffdyein the superficial and deep
regions of the cartilage, and that the first eigaer, indicating the main diffusion

direction, is closely related to the collagen aetture.
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7/ Conclusions and summary

Articular cartilage is a highly structured tissuedaplays an important role in the
pathogenesis of osteoarthritis (OA), which is abglosocioeconomic burden (Yelin
1995, MacLean 1998, Buckwalter 1997). The degradabf articular cartilage is
considered to be an entry point in the processreVersible joint degeneration. Loss of
integrity within the collagenous fiber network i®nsidered to be a hallmark of
transition from potentially reversible to irrevdil® degeneration of articular cartilage
long before macroscopically visible loss of cag#asubstance occurs (Buckwalter
1997). Consequently, there is a strong need tondem cartilage damage early, and
increasing efforts are made to develop and to addiceffective disease-modifying
therapies.

Magnetic resonance imaging (MRI) is a noninvasiweaging technique used
primarily in medical settings to produce high gtyaimages of the inside of the human
body. MRI is based on the principles of nuclear nedig resonance (NMR), i. e., the
coherent resonant excitation of the atomic nucfeiai static magnetic field with
electromagnetic radio frequency pulses. Diffusiensor imaging (DTI) is an MRI
technique based on the orientation-dependent nezasuat of the molecular diffusion
properties of water, which can be employed to a®alihe tissue ultrastructure by
measuring the internal anisotropy and the mainctiors of local diffusion in a tissue.
Thus, DTI may come very helpful for analyzing astar cartilage because it may be
capable to reflect early changes in the alignméttiecollagenous fibers.

The value of water diffusion as a marker for OAargely known. First invasive
measurements of the diffusion in cartilage werefgoered by Maroudas et al.
(Maroudas 1968, Maroudas 1977), who obtained isecaapparent diffusion
coefficients (ADCs) in OA cartilage. Since MRI careasure diffusivity non-invasively
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at scales of microns, diffusion can be an intemgdbiomarker for the early diagnosis of
OA. Early works on spectroscopy and DWI of the itage demonstrated the increment
of diffusion with enzymatic cartilage degradati®@u(stein 1993).

This PhD thesis consists of two parts. Aims of fire part (cf. chapter 4) were to
assess the feasibility of DTI at a magnetic fielcersgth of 9.4 Tesla for analyzing
human hyaline articular cartilage and to evaluatetiver DTl can demonstrate zonal
architectural properties of articular cartilage.tie second part (cf. chapters 5 and 6),
the meaning of the DTI parameters determined ab I&sla are systematically
examined with respect to the proteoglycan and getlacontent and the relationship
between the DTI parameters and the mechanical grepef cartilage are presented.

The presented results at 9.4 T confirm the feasibdnd applicability of DTI
experiments for structural analysis of hyalinecaar cartilage in high-field-strength
MRI. The mean diffusivity, the fractional anisotsodFA), and the eigenvector
projection map show characteristic variations tgiemut the depth of cartilage. Based
on these maps, eigenvectors are confirmed to bentb& promising parameters to
characterize the zonal architecture of cartilageesg results are in good agreement
with the current literature about hyaline articutartilage architecture as defined by the
collagenous fibers. Accordingly, the results canfthe suggestion in the literature that
DTI eigenvector analysis is related to the aligntmeh the collagenous fibers in
cartilage, this confirmation being relevant to thetection of early cartilage damage in
OA.

For the second part of this work, a 17.6-Tesla seawas employed and histology,
SEM, and mechanical investigation of the cartilageple were performed. The ADC
and FA values measured in this study are in goodeagent with previously reported
data for high-field measurements.

The geometric profile of the measured ADCs findesgplanation through the effect
of proteoglycan content, collagen content, andipbsthrough the presence of two T2
components close to the bone-cartilage interfactileNVNADC decreases from the
cartilage surface to the bone-cartilage interfagth ihe increase of proteoglycan
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content, which is known from histology, the ADC sisoa sharp decay at almost
constant proteoglycan content for values below @pprately 1.0x18 mn¥/s.
Therefore, the results indicate that both pos®ijdanations for this higher decrease in
ADC (the first being the increase of the collagentent from the transitional zone to
the radial zone; and the second being the presainveo T2 components close to the
bone-cartilage interface) maintain so far theirdigf also when high fields are applied.

FA has a general slightly increasing tendency ftbencartilage surface to the bone-
cartilage interface with the increase of the prghgman content. The strong increase of
FA directly at the cartilage surface and in theiabdone, where the content of
proteoglycan is approximately constant, confirme thlevance of the influence of the
collagen structure.

The good correlation in this study between the titedd the different cartilage zones
as measured by the first eigenvector on the ond had SEM images on the other hand
gives direct evidence for a close relationship leetwthe average orientation of the
collagenous fibers and the orientation of the igenvector.

Finally in accordance with earlier results in baverticular cartilage and in human
patellar cartilage, indentation of the samplesdeadchanges in ADC, FA, and the first
eigenvector. Under load, the orientation of thstfeigenvector follows the expected
changes in fiber orientation as demonstrated by SHM increased FA observed in the
tangential zone far away from the indenter is ckiesi with a higher degree of
tangentially oriented fibers. The results thus supthe hypothesis that locally applied
(compressive) stress is distributed laterally avéarger cartilage volume.

In conclusion, this work demonstrates the feasybif DTI of articular cartilage
with high spatial resolution at 9.4 and 17.6 Tesld establishes relationships between
DTI parameters on the one hand and the zonalagetrchitecture and the constituents

of the extracellular matrix (proteoglycan and cgdla) on the other hand.
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Zusammenfassung

Der Gelenkknorpel ist ein hochstrukturiertes Gewebhe spielt eine wichtige Rolle in
der Pathogenese der Osteoarthrose (OA), die eilteeite soziale und wirtschaftliche
Belastung darstellt (Yelin 1995, MacLean 1998, Buaker 1997). Die Zerstorung des
Gelenkknorpels wird als Startpunkt flir den Prozess irreversiblen Gelenk-
Degeneration betrachtet. Dabei wird ein Verlust ldézgritat des Kollagenfasernetzes
im Gewebes als Zeichen des Ubergangs von poteméedrsibler zu irreversibler
Degeneration angesehen, welches dem Entstehen mialk®skopisch erkennbaren
Knorpelverlusts vorangeht (Buckwalter 1997). Intalgssen besteht ein hoher Bedarf
an Techniken zur Fruhdiagnostik erster Knorpelsehadnd es wird zunehmend in die
Entwicklung und Verifizierung von effektiven Therap investiert.

Die Magnetresonanztomographie (MRT) ist eine niclatsive bildgebende
Technik, die primar in medizinischen Anwendungem Aufnahme hochqualitativer
Bilder aus dem Korperinneren dient. Die MRT basiedf dem Prinzip der
Kernspinresonana(clear magnetic resonancdMR), also der koharenten resonanten
Anregung von Atomkernen im statischen Magnetfeldt ralektromagnetischen
Hochfrequenzpulsen. Die Diffusionstensor-Bildgebudiffusion tensor imagingDTI)
ist eine MRT-Technik, die auf der richtungsabhaegigMessung von molekularen
Diffusionseigenschaften  beruht und zur Analyse danikroskopischen
Gewebe(ultra)struktur verwendet werden kann, indieninnere Anisotropie und die
Hauptrichtungen der lokalen Diffusion im Gewebe gesen werden. Insofern erscheint
die DTI auBerst nitzlich fir die Untersuchung desle@kknorpels, da sie zur
Darstellung erster Veranderungen in der AusrichdgigKollagenfasern geeignet ist.

Der Diffusionskoeffizient als Marker fur Osteoadbke ist allgemein bekannt. Erste
invasive Messungen der Diffusion in Knorpel wurdem Maroudas et al. (Maroudas
1968, Maroudas 1977) durchgefuihrt, welche einetilggm Diffusionskoeffizienten im
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osteoarthrotischen Knorpel ermittelten. Da mittédsnspintomographie die molekulare

Diffusionsbewegung nichtinvasiv auf einer Grol3enarty von Mikrometern gemessen

werden kann, dient die Diffusion als Biomarker diie Frihdiagnose der Osteoarthrose.
Erste Arbeiten zur Spektroskopie und zur diffusg@wichteten Bildgebung des

Knorpels zeigten die Zunahme der Diffusion bei emaischer Knorpeldegradierung

(Burstein 1993).

Die vorliegende Dissertation besteht aus zwei Theilgiele des ersten Teils
(Kapitel 4) dieser Arbeit waren, die Durchfiihrbatlaer Diffusionstensor-Bildgebung
bei einer magnetischen Feldstarke von 9.4 Tesldein Analyse des menschlichen
hyalinen Gelenkknorpels zu untersuchen und zu @raln, ob die Diffusionstensor-
Bildgebung zonale Eigenschaften der Architektur Getenkknorpels darstellen kann.
Im zweiten Teil (Kapitel 5 und 6) wird die Bedeuguder bei 17.6 Tesla bestimmten
DTI-Parameter systematisch beziglich des Proteaglykund Kollagengehalts
Uberprift und eine Beziehung zwischen den DTI-Patam und den mechanischen
Eigenschaften des Knorpels hergestellt.

Die Ergebnisse bei 9.4 Tesla bestéatigen die Dulcbhfirkeit und Anwendbarkeit
von DTI-Experimenten zur Strukturanalyse des hyainGelenkknorpels in der
Hochfeld-MRT. Der Diffusionskoeffizient, die frakielle Anisotropie (FA) sowie die
Darstellung der Eigenvektorprojektionen in Paramkatéen zeigen Uber die
Knorpeltiefe hinweg charakteristische Anderungen.asiBrend auf diesen
Parameterkarten erweisen sich die Eigenvektoredealsielversprechendste Parameter
zur Charakterisierung der zonalen Architektur dergels. Diese Ergebnisse sind in
guter Ubereinstimmung mit der aktuellen Literaturefi die Architektur des durch
Kollagenfasern definierten hyalinen Gelenkknorp&smentsprechend bestatigen die
Ergebnisse den in der Literatur vertretenen Voegghldass die Resultate der
Eigenvektoranalyse mittels DTl im Zusammenhang rdagr Ausrichtung der
Kollagenfasern in Knorpel stehen, was wiederum &ie Friherkennung von
Knorpelschaden bei der Osteoarthrose relevant ist.
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Fir den zweiten Teil dieser Arbeit wurde ein 17&8[8-Gerat verwendet sowie
parallel eine Histologie, eine Rasterelektronenoskopie (REM) und eine
mechanische Belastungsprifung der Knorpelprobehdeféhrt. Die dabei gemessene
Diffusionskoeffizienten (ADC) und die FA-Werte stimen gut mit zuvor berichteten
Daten fur Hochfeldmessungen tberein.

Das geometrische Profil der gemessenen ADCs kamohddie Wirkung des
Proteoglykangehalts, des Kollagengehalts und nldgiweise durch das
Vorhandensein von zwei T2-Komponenten nahe dem kemdnorpel-Ubergang
erklart werden. Wahrend der ADC von der Knorpelbdehe hin zum Knochen-
Knorpel-Ubergang mit (aus der Histologie bekanntemiinsteigendem
Proteoglykangehalt abnimmt, zeigt der ADC einenadem Abfall bei beinahe
konstantem Proteoglykangehalt fiir Werte unterhalb gtwa 1.0x18 mnf/s. Daher
weisen die Ergebnisse darauf hin, dass beide ni@ggli&rklarungen fur diese héhere
Abnahme des ADCs (sowohl das Ansteigen des Kolggeats von der
Ubergangszone zur Radialzone als auch das Vorhseitlenweier T2-Komponenten
nahe dem Knochen-Knorpel-Ubergang) auch bei hohelistarken weiter ihre
Gultigkeit behalten.

Die FA weist bei steigendem Proteoglykangehalt den Knorpeloberflache hin
zum Knochen-Knorpel-Ubergang eine allgemein lemhsteigende Tendenz auf. Das
starke Ansteigen der FA direkt an der Knorpeloldetfe und in der Radialzone, in der
der Proteoglykangehalt naherungsweise konstant bisstatigt die Relevanz des
Einflusses der Kollagenstruktur.

Die in dieser vergleichenden Analyse erhaltene Ginereinstimmung zwischen der
Hohe der unterschiedlichen Knorpelzonen, einersdiisch Messung des ersten
Eigenvektors und andererseits durch REM-Bilderglieeinen direkten Nachweis fir
einen engen Zusammenhang zwischen der gemittelisnchtung der Kollagenfasern
und der Orientierung des ersten Eigenvektors.

SchlieRlich fuihrt ein Eindriickenn@entation der Proben in Ubereinstimmung mit
friheren Ergebnissen zu Anderungen von ADC, FAdem ersten Eigenvektor. Unter
Last folgt die Orientierung des ersten Eigenvektdesy erwarteten Anderungen
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entsprechend der durch die REM demonstrierten &asechtung. Die in der

Tangentialzone weit von dem Stempel entfernt bdaieée hohere FA passt zu einem
hoheren MalR an tangential ausgerichteten Fasee.EfQjebnisse stitzen somit die
Vermutung, dass eine lokal aufgebrachte kompresSipannung lateral Uber ein
grofReres Knorpelvolumen verteilt wird.

Zusammenfassend zeigt die vorliegende Arbeit, d&8d-Messungen am
Gelenkknorpel mit hoher raumlicher Auflosung bet @nd 17.6 Tesla durchfihrbar
sind, und etabliert Zusammenhange zwischen DTIRetern einerseits und der
zonalen Knorpelarchitektur und den Bestandteilerr @xtrazellularen Matrix
(Proteoglykan und Kollagen) andererseits.
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