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Abstract

Abstract

Osteoarthritis (OA) is a degenerative painful disease of the joint which functionally limits the
affected joint. It is the major cause of chronic disabilities in industrialized countries. The
absence of a robust and non-invasive way to detect the progression of the disease makes it
difficult to find new and effective therapies and drugs. Thus finding a non-invasive way to

detect OA in its early stages is of high importance.

Articular cartilage is one of the first tissues to suffer changes in the progression of OA with
the decay of two components of the extracellular matrix, proteoglycan (PG) and collagen.
Many researchers have focused on monitoring the decay of these two components with
available parameters, such as T, or Ty, [1, 2]. Diffusion Tensor Imaging (DTI) is the only MRI
method that offers the advantage of being sensitive to both PG and collagen and is therefore

a promising approach to evaluate the integrity of the cartilage extracellular matrix [3-5].

Although the use of DTI is promising, its acquisition in vivo is challenging. Many standard
diffusion sequences, such as diffusion-weighted echo planar imaging (DW-EPI) are useless
[6-8]. At 7T a working protocol for imaging articular cartilage has been successfully
implemented by Raya et al. using a line scan diffusion sequence [9]. However, 7 T scanners
are not approved in clinical environments. Hence, it needs to be applicable on 3 T scanners

as well.

The aim of this Master’s thesis is to provide DTI with high resolution images at 3 T by
implementing and evaluating an in house written radial spin echo sequence for diffusion
tensor imaging (RAISED) for DTI of articular cartilage in the knee. This is achieved in four

steps.

1. Implementation of the RAISED sequence at 3 T

2. Optimization of the protocol: The protocol was theoretically optimized to obtain images
with sufficient signal-to-noise ratio (SNR)

3. Ex vivo validation of the RAISED sequence: Ex vivo validation was performed on
water and asparagus phantoms

4. In vivo application in healthy and OA subjects: Images of healthy and OA subjects
were acquired with the RAISED sequence. Diffusion parameters were calculated and
evaluated. Statistical analysis was performed to determine whether significant

differences were present between the healthy control subjects and the OA subjects.



Zusammenfassung

Zusammenfassung

Arthrose (OA) ist eine degenerative, schmerzhafte und funktionell einschrankende
Erkrankung des Gelenks. Es ist eine der haufigsten chronischen Erkrankungen in
Industrielandern. Sie fuhrt zu erheblichen individuellen Beeintrachtigungen der Patienten und
stellt eine grol3e soziobkomische Belastung dar. Sowohl effektive Behandlungsmethoden als
auch eine robuste und nichtinvasive Methode zur Beurteilung des Krankheitsverlaufs
existieren nicht. Aus diesem Grund ist die Entwicklung einer neuen nichtinvasiven Methode

zur frihen Erkennung von OA von grof3er Bedeutung.

Der Gelenkknorpel ist mit dem Abbau von Proteoglykanen (PG) und Kollagen eins der ersten
Gewebe in dem bei Arthrose Veranderungen stattfinden. Die Beurteilung dieser
Veranderungen, mit Hilfe von MR-Parametern wie T, oder T, war der Fokus vieler
Forschungsarbeiten. Diffusions-Tensor-Bildgebung (DTI) ist als einzige MR-Methode sensitiv
auf den Abbau von PG und Kollagen und somit sehr vielversprechend [3-5].

Obwohl DTI in der Bildgebung vom Gelenkknorpel aussichtsreich zu sein scheint, stellt die in
vivo Anwendung eine Herausforderung dar. Viele gangige Methoden, wie die
diffusionsgewichtete Echo-Planar-Bildgebung (DW-EPI), sind unbrauchbar [6-8]. Raya et al.
setzten ein Protokoll mit exzellenter Bildqualitéat mit Hilfe einer diffusionsgewichteten Line-
Scan Sequenz an einem 7 T Ganzkorper Scanner auf [9]. Allerdings sind 7 T Geréte im
klinischen Bereich nicht zugelassen, weshalb das Aufsetzen eines erfolgreichen Protokolls an

einem 3 T Scanner notwendig ist.

Ziel dieser Masterarbeit ist es, mit der Implementierung und Evaluierung von einer
hauseigenen radialen Spin-Echo Sequenz fir die Diffusions-Tensor-Bildgebung (RAISED) fur
DTI von Gelenkknorpel im Knie DTI mit hochauflésenden Bildern an 3 T zu erhalten. Erreicht

wird dieses in vier Schritten.

1. Implementierung der RAISED Sequenzan 3T

2. Optimierung des Protokolls: Das Protokoll wurde theoretisch optimiert, um Bilder mit
ausreichendem Signal-Rausch-Verhaltnis (SNR) zu erhalten.

3. Exvivo Validierung der RAISED Sequenz: Ex vivo Validierung wurde an Wasser- und
Spargel-Phantomen durchgefiihrt

4. In vivo Anwendung an gesunden und OA Subjekten: Diffusions-Parameter wurden fur

die gesunden und an OA erkrankten Subjekte gemessen, berechnet und verglichen.
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Introduction

1. Introduction

Osteoarthritis (OA) is a degenerative disease of the joint. It is painful and functionally limits
the affected joint. OA is accompanied by progressive loss of articular cartilage, eburnation of
subchondral bone and inflammation of the joint capsule. OA is the major cause of chronic
disabilities in industrialized countries and as a result of the high prevalence and the absence
of effective therapies it is a big socioeconomic burden. Finding new therapies and drugs has
been proven to be very difficult because a robust and non-invasive way to detect the
progression of the joint disease is non-existent. Hence, it would be of high importance to find
such a non-invasive method to detect osteoarthritis in its early stages.

The articular cartilage is one of the first tissues to suffer changes in progression of OA. There
are two components in the cartilage which decay when OA is present, the macromolecules
protoeoglycan (PG) and collagen. Hence, articular cartilage is seen as an important factor in
the diagnostics of OA and has been the focus of many researchers during the last few
decades. However, monitoring the decay of these two components with the available
parameters, such as T,, T, and sodium, has been proven to be difficult. Diffusion Tensor
Imaging (DTI) offers the advantage of being sensitive to both components and is therefore a
promising approach to evaluate the integrity of the cartilage extracellular matrix [3-5].

The most commonly used sequence for diffusion studies on articular cartilage is the single-
shot diffusion sequence diffusion-weighted echo planar imaging (DW-EPI). While the
acquisition time is kept short and motion during the acquisition is thus prevented, DW-EPI
results in image distortions and low resolution [6-8], which is critical for cartilage as it is only
3-5 mm thick.

Therefore, due to the low T, of cartilage and the need of high resolution images, a sequence
is needed which is useful for imaging articular cartilage by providing high quality images.
Raya et al. have successfully implemented a working protocol for imaging articular cartilage
at 7 T using a line scan diffusion sequence [9]. Nevertheless, 7 T scanners are not approved
for clinical imaging. Hence, in order to introduce this method to clinical environments, the DTI
technique has to be successful for 3 T as well to guarantee accurate measurement of the

diffusion parameters.



Introduction

This Master thesis is based on the implementation and evaluation of an in house written
radial spin echo sequence for diffusion tensor imaging (RAISED) for DTI of articular cartilage
in the knee at 3 T. This objective is achieved in four steps:

Implementation of the RAISED sequence
Optimization of the protocol
Ex vivo validation of the RAISED sequence

P w0 NP

In vivo application in healthy and OA subjects

In chapter 2 | summarize the different components of articular cartilage and their properties
before describing the changes in articular cartilage during osteoarthritis. The current methods
of MR imaging of articular cartilage are then reviewed in chapter 3 which is followed by a
description of radial sequences and their importance for DTI in chapter 4. The calibration and
optimization of the radial sequence is the subject of chapters 5 and 6 and finally the in vivo
validation is shown and discussed in chapter 7. | conclude with a summary of the research
and outlook on future applications.
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2.  Anatomy and physiology of articular cartilage

2.1 Anatomy

Hyaline cartilage is a connective tissue that is present in many joint surfaces, e.g. contact
surfaces of bones in joints are covered by a layer of cartilage. It is also present in the larynx,
between the ribs and the sternum and in the nose. Articular cartilage does not have blood
vessels and nerves. Hence, it gets its nutrition only by diffusion [10]. In healthy state it is
translucent bluish white in color and possesses stiff mechanical properties. The cartilage
reduces the friction between the joints, distributes the load to the boney ends and absorbs the

mechanical shock.

The knee is the biggest and most complex joint in the human body and the focus of this
thesis. It consists of three elements, the femur, the tibia and the patella (Fig. 1). The knee
joint has to bear high strains. Hence, the rather thick cartilage of the knee is subject to high
mechanical loading and thus commonly affected by OA.
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3 Medial
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OMMG 2001

Figure 1. Anatomy of the knee joint [11]

2.1.1 Composition

Articular cartilage is composed of several different materials, a matrix which predominately
consists of proteoglycans (PG) and collagen and other ionic components, such as Na'.
Chondrocytes, the only cellular components, are of single-cell type and responsible for the
synthesis and degradation of all macromolecules in the extracellular matrix and thus for
maintaining a steady-state equilibrium [10]. Sorted by their percentage of the wet weight of
the cartilage, the different elements of the cartilage are as follows:
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Water: Water is the main component of articular cartilage, taking up 60 to 80% of its wet
weight. The water content in cartilage decreases with age. Furthermore, water is unevenly
spread throughout the cartilage. The highest amount of water is found at the articular surface
and decreases towards the bone-cartilage interface. With joint compression, the water moves
in and out of the cartilage matrix and thus ensures that nutrients reach the chondrocytes [10,
12-14].

MRI is commonly based on the detection of *H. It is mostly bound to the water molecules.
Hence, the water volume fraction (WVF) can be detected with MRI. The WVF decreases from
the articular surface to the bone-cartilage interface in healthy patellar cartilage [15]. Raya et
al. showed that WVF increases with the grade of OA. In healthy cartilage the average WVF
was (74+5)%, (77+5)% in moderate OA and (80+5)% in severe OA [15]. In Fig. 2 the WVF
map of a healthy cartilage sample is illustrated.
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Figure 2: WVF map of
healthy patellar cartilage
(adapted from [15])

Collagen: Collagen makes up about 10 to 30% of the articular cartilage [14]. Like water, it
also decreases with age and is unevenly distributed in cartilage [13, 16]. The highest amount
of collagen is present at the articular surface and decreases towards the bone-cartilage
interface [10, 12, 13, 16]. Collagen appears as fibrils with thick and thin diameters of
approximately 30 nm and 100 nm [16-20].

Proteoglycans: Proteoglycans (PGs) are responsible for 3 to 10% of the cartilage [14]. A
proteoglycan consists of a central core protein to which 100 to 150 glycosaminogycan (GAG)
side chains are attached covalently through a link protein [21-23].The most common
proteoglycan in cartilage is aggrecan. Due to the sulfate and carboxyl residues of the GAG
side chains, the PGs are negatively charged and thus attract cations, such as Na*, and water

molecules, hence they are expanding in volume. PG forces the water out of the matrix and

8
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lets it back in when a force is exerted on the cartilage and is therefore an important aspect for
the capability of cartilage to resist compression [10].

Chondrocytes: The chondrocytes take up about 1% of the cartilage volume and are the only
cellular component. They are found in small chambers called lacunae. Chondrocytes are
responsible for the synthesis and degradation of all macromolecules in the extracellular
matrix and the composition of the matrix [10, 24]. They vary in shape, size, orientation and
metabolic activity [25, 26], but they all have the organelles that are needed to synthesize the

matrix components.

The interaction of the extracellular matrix with the chondrocytes is responsible for the balance
between the synthetic and degradative activities of the chondrocytes. If the matrix is
deformed, a variety of signals is produced, e.g. mechanical or electrical signals. These
signals can be detected by chondrocytes which react to them with the release or inhibition of
cytokines. These on the other hand are responsible for enhancing or retarding the synthesis
or degradation of the matrix [27-29]. In healthy subjects, the chondrocytes keep a low rate of
replacement of the cartilage matrix with a half-life of collagen over 100 years [30] and a half-
life of PG in the range of 3 to 24 years [31].

Other components: There are also several other components present in articular cartilage.
Their volume fractions are below 1% of the wet weight, such as free cations (mainly **Na)

which are responsible for maintaining the electro neutrality of the extracellular matrix.

In addition the articular cartilage contains several non-collagenous proteins. Most of these

proteins bind the different components of the extracellular matrix [32].

2.1.2 Structure

With the help of scanning electron microscopy (SEM), it was observed that the articular
cartilage consists of four well differentiated zones with respect to the orientation of the
collagen fibrils (Fig. 3), the tangential, the transitional, the radial and the calcified zone [10,
17].



Anatomy and physiology of articular cartilage

1pm 1 mm

Figure 3: High resolution SEM images
of the different zones in the articular
cartilage (adapted from[33])

The borders between the first three zones are arbitrary whereas the transition between the
radial and the calcified zone is separated by an interface called tidemark which is a front of

mineralization.

The calcified zone forms the connection between the cartilage and the subchondral bone as
the collagen fibrils are linked to the bone. In the radial zone the collagen fibrils are thick with
diameters of 100 to 140 nm and are aligned perpendicular to the bone cartilage interface. The
fibrils in the transitional zone are arranged in a fuzzy structure. The amount of fibrils oriented
parallel to the articular surface increases with decreasing distance to the articular surface. In
the tangential zone which is located underneath the articular surface, the highest amount of
parallel fibrils in regard to the articular surface is present [10]. The fibrils are thin (30—60 nm in
diameter) and densely packed. Furthermore, the tangential zone is surrounded by the lamina
splenden [34] which is a layer of fine fibrils with no cellular component. This keeps

macromolecules larger than 6 nm from entering or escaping the cartilage matrix.

The height of the different zones varies from type to type of cartilage, within a cartilage plate
and between different anatomical regions. Raya et al. measured the relative thickness of the

10
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patellar cartilage with scanning electron microscopy (SEM). The radial zone was measured
as (65+12)%, the transitional zone as (30+16)% and the tangential zone as (5+9)% [33]

The PG content in the tangential zone is at its lowest level where water is at its highest level.
In the radial zone with the least amount of water [10, 35], the highest amount of PG is
present. The concentration depends on the mechanical stress on the cartilage [36] and it
decreases with age [22, 37-40].

The amount of chondrocytes is highest close to the articular surface in the tangential zone.
They present an elliptical morphology with their principal axis being oriented parallel to the
surface. In the transitional zone chondrocytes are mainly spherical and appear isolated, while
in the radial zone they are enlarged, although sparse and usually forming columns. The
concentration also differs with different anatomical locations [10, 29, 41].

2.2 Physiology

Cartilage possesses unigue mechanical characteristics, which result from the balance
between swelling pressure caused by the highly compressed and negatively charged PGs
and the restraining forces applied by the collagen network.

The PGs in the articular matrix cause an osmotic pressure. However, due to the very densely
packed PGs the osmotic pressure is non-ideal. Moreover, further osmotic pressure is
generated by the high difference in Na* concentration between the extracellular matrix and
the synovial fluid that is induced by the PGs [42, 43]. As described earlier, the PG distributes
unevenly from the articular surface to the bone-cartilage interface in healthy cartilage. As a
consequence there is a smooth gradient in osmotic pressure present (with the lowest value at

the articular surface) which protects the collagen network from long term fatigue [42].

In equilibrium the osmotic pressure is balanced by the elastic force that is generated by the
collagen network. In case of an external compression force being applied to the cartilage, the
water is squeezed out of the superficial layers, dragging the cations with it. This causes the
fixed negative charge of the GAGs to encounter a strong repulsive electrostatic force which
compensates for the compressive stress [43, 44]. As soon as the external force is removed,
the cartilage recovers rapidly. Hence, the deeper zones are responsible for the resistance to
compressive forces whereas the architecture of the tangential zone with its parallel oriented

collagen fibrils is in charge of resisting the shear forces of joint movement [10].
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2.3 Osteoarthritis

A large part of the population older than 65 years is affected by OA. It is the most common
joint disease and a big social and financial burden for most industrialized countries due to the
high prevalence. As a consequence of OA the joint degenerates with the loss of cartilage. It is
also accompanied by inflammation of the synovial capsule, fibrosis and subchondral bone
alterations. Therefore, OA results in pain, joint stiffness and eventually functional impairment

and disability of the joint.

2.3.1 Pathogenesis

Although the final mechanisms of cartilage degradation are still unknown, the basic
pathogenetic process in OA is viewed as an imbalance between the synthetic and the
degradative activity of chondrocytes. There are three overlapping stages in the process of

cartilage:

Macromolecular degradation of cartilage matrix: It comes to a decrease of PG
concentration at the articular surface and later also at the bone-cartilage interface [24]. Due to
the PG loss, the osmotic pressure is redistributed along with additional mechanical stress in

other regions of the collagen network [42].

Response of chondrocytes to the process of degradation: The change in the extracellular
matrix also entails a change in osmolarity in the charge density and in the strain. The
chondrocytes receive those changes as signals and react with increased metabolic activity.

Hence, the synthesis of macromolecules is stimulated.

Failure of the chondrocytes in restoration of the cartilage, with premature apoptosis of
the chondrocytes: The impact of the cytokines and the inflammatory mediators on the
process of cartilage degeneration has been shown during the last few years [27, 45].
Cytokines hinder the collage synthesis and initiate the production of nitric oxide (NO) and
metalloproteinases. The latter is responsible for the degradation of PG [27, 46]. NO serves as
a fast messenger between cells and appears to be of importance in the inhibition of PG
synthesis, metalloproteinase activation and the premature apoptosis of the chondrocytes [47,
48].

Due to the chondrocytes failing, there are changes in the joint structure and the loss of
cartilage. The subchondral bone is exposed which results in the increase of the bone density.

Bony growths called osteophytes develop that cause pain and also motion restrictions.
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Furthermore, inflammatory reactions in the synovial fluid occur [49]. Eventually the patient
experiences stiffness and weakness caused by the contraction of ligaments, capsules and

muscles.

As there are no nerves in the articular cartilage, the pain is caused by the damage done by
the cartilage loss to the joint structures, such as the subchondral bone or ligaments [48]. Thus
it is not possible to determine the severity of the cartilage damage by looking at the severity
of the symptoms.

2.3.2 Risk factors

There are several risk factors for OA. They can be divided into two groups the systemic risk
factors and the local mechanical risk factors. Systemic risk factors concern any joint possibly
affected by OA while local mechanical risk factors only concern one individual joint.

Although the relation between aging and OA is not certain, age seems to be the most
relevant systemic risk factor for OA. The occurrences increase strongly with age [50]. Within
the population of over 70 year olds, almost 60% suffer from OA [51]. However, OA is not just
a consequence of aging of the cartilage [24, 50]. The prevalence in women is higher than the
prevalence in men, especially after an age of 50 years. Hence, gender is an important factor
as well [52]. There are other systemic risk factors, such as bone density and osteoporosis,

genetic factors, and nutrition [51].

Among others, obesity, repetitive joint loading, joint instability, intra-articular deposition and

muscle strength and weakness are some local mechanical risk factors [51].

2.3.3 Diagnosis

The standard method of diagnosing OA is the criteria developed by the American College of
Rheumatology (ACR) which combines clinical symptoms, such as pain or joint stiffness and
X-ray findings. The radiographic changes visible in OA are the formation of osteophytes, the

narrowing of joint space and alterations in the subchondral bone [53, 54].

A grading scale to evaluate the severity of OA in the X-ray findings, called Kellgren and
Lawrence classification, has been developed. The scale consists of 5 points with O
representing no findings of OA. For grade | the X-ray shows doubtful narrowing of the joint
space and possible osteophytes. X-ray findings of OA grade Il present definite osteophytes

and possible narrowing of the joint space. The severity is considered to be minimal. Patients
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of grade Il demonstrate multiple moderateley sized osteophytes, definite narrowing of the
joint space and some sclerotic areas and possible deformations of bone ends. The OA is
regarded to be moderate. A severe case of OA is represented by grade IV. Large
osteophytes are visible in the X-ray images. Moreover, the joint space is considerably
reduced and severe sclerosis and definite deformations of the subchondral bone are present
[54, 55].

However, X-ray imaging is not sensitive to cartilage, which means cartilage is not visible on
the X-rays. Hence, X-ray imaging does not correspond well with the clinical symptoms [51].
Furthermore, the findings may change with a different X-ray projection [56].

As post mortem studies assessed, the progress of osteoarthritis starts years before any
radiographic changes are visible [57]. MRI may offer the diagnosis of early degeneration in
the cartilage matrix and thus seems to be a very promising imaging method for OA.

2.3.4 Prevalence

The knee, hip and hand are the joints most frequently affected by OA. However, the spine
and feet are also frequently involved whereas the wrist, ankles and shoulders can also be
affected, but are commonly spared. Furthermore, it is not uncommon for more than one joint

to be involved.

Studies about the prevalence in OA suggest that in a population of over 70 year olds more
than 60% of male knees and more than 70% of female knees showed signs of OA, such as

cartilage loss, subchondral bone alterations and osteophytes [51].

Due to OA developing several years before radiographic changes are visible, the prevalence
determined through X-ray studies is lower than the prevalence determined through post-

mortem studies.

2.3.5 Therapy

Unfortunately there is no known cure for OA. The treatment options are also very limited and

ineffective. Treatment is divided into non-pharmacological and pharmacological therapy [54].

Non-pharmacological therapy: Non-pharmacological treatments are recommended as the
first treatment option by most of the international guidelines [58-61]. They need to be
individualized for each patient. An important part of the therapy is patient education where the

patient and the patient's family and friends are taught how to manage the disease.
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Furthermore, physical therapy plays an important role in the non-pharmacological treatment
of OA. The therapist can show the patient how to avoid specific positions and movements
that put too much force on the cartilage. An exercise program is commonly instructed to the
patient to strengthen the musculature and to lose weight in case of overweight or obesity.

Pharmacological Therapy: This OA treatment focuses on the pain relief. The
pharmacological therapy is applied in addition to the non-pharmacological treatments. When
the pain is still low to moderate, paracetamol or acetaminophen and topical non-steroidal anti-
inflammatory drugs (NSAID) are recommended. If the pain persists, opioid analgesics can be
administered. With further progression of OA and the pain becoming moderate to severe, an
aspiration and intra-articular injection of corticosteroid is recommended [54, 61].

The effectiveness of these treatments is highly dependent on how early in the progression of
the disease the treatments are started. In many cases OA eventually limits the patient in their
daily life and lowers their quality of life with pain, stiffness and reduced function of the joint.
The recommended procedure in these cases is arthroplasty where the joint surface is partially
or totally replaced by prosthesis to recover joint motion.
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3. MRI of articular cartilage

MRI is a non-invasive and radiation-free imaging method. Its soft tissue contrast cannot be
matched by any other method and it is possible to show excellent anatomical detail of the
joint. MRI provides excellent contrast in cartilage imaging. Hence, it has many advantages for

imaging the joint.

In the early stages of OA, the components of the extracellular matrix are first affected. The
amount of PGs decreases and the integrity of the collagen network changes. The focus of
many researchers has been on developing MRI methods to non-invasively detect those
changes in the extracellular matrix of the cartilage. In the following sections, the most relevant

methods for the detection of PG concentration and collagen are described.

3.1 MRI of proteoglycans

PGs are highly negatively charged due to their GAG side chains. The charge in the matrix
due to the GAG is called fixed negative charge. The free-mobile ion concentration in the
cartilage is determined by that fixed charge. It is not possible to directly measure the PG
content. However, it is possible to detect the free-mobile ion concentration of ions, such as
Na“ or Gd(DTPA)®. Furthermore, the macromolecules in the extracellular matrix cause
restricted motion of the water molecules. If the concentration of PG changes and the
restriction of the water molecule mobility also changes, this can be detected with diffusion

measurements. Ty, imaging is also sensitive to the PG content [62-64].

3.1.1 Sodium MRI

Due to the high negative charge of PG in the cartilage, a high concentration of Na* cations is
also present in the cartilage. The sodium distributes in relation to the distribution of GAG and
is thus highly sensitive to GAG. The sodium distribution can be detected by Na*-MRI. Hence,
information about the GAG and therefore the PG concentration can be derived [63]. In Fig. 4
an overlay of proton images with the sodium maps is illustrated. There clearly is a lower
sodium signal in the OA cartilage in comparison to the healthy cartilage. Due to the GAG
concentration determining the sodium signal, there is a lower GAG concentration in the OA

cartilage present which coincides with the cartilage degeneration.

16



MRI of articular cartilage

Figure 4: Sodium maps overlaid onto
proton images of articular cartilage in a
healthy subject (A) and an OA subject (B)
(adapted from [1])

However, the gyromagnetic ratio of sodium is different with y,,= 11.3 MHz/T, i.e. 26% of the
proton gyromagnetic ratio. Therefore, the images cannot be acquired with the same hardware
as proton MRI. Moreover, in comparison to proton based MRI imaging, the resolution
achievable with sodium imaging is significantly less. Due to the need for different hardware,
Na’-MRI is not available on most clinical scanners. Nevertheless, Na*-MRI for the early
detection of OA is of high importance. Sodium being a native cation in the human body and

always being in equilibrium are clear advantages [63].

3.1.2 Delayed Gadolinium Enhanced MRI of Cartilage (dAGEMRIC)

Determining the fixed negative charge of the extracellular matrix using the contrast agent
Gd(DTPA)* works similarly to determining it through the Na* concentration. Compared to the
positive charged Na*, the contrast agent Gd(DTPA)* has a negative charge. This results in
Gd(DTPA)? distributing inversely proportionally to the GAG distribution in the cartilage due to
the contrast agent being repelled by the GAG. The T; relaxation time is determined by the
concentration of the contrast agent due to Gd(DTPA)? reducing T,. Hence, the distribution of
Gd(DTPA)? can be detected by measuring the T, relaxation time in cartilage, thus information
about the GAG and PG content can be derived. Assessing GAG in the cartilage with
Gd(DTPA)?* was first introduced by Bashir et al. in 1996 and is called Delayed Gadolinium-
Enhanced MRI of Cartilage (dGEMRIC) [63, 65]. In Fig. 5 a comparison of the cartilage of a
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healthy knee and an OA knee is illustrated. The scale for the T, relaxation time and thus the
dGEMRIC index is in milliseconds. The OA clearly presents lower values, especially in the
areas pointed out by the white arrows. That means the Gd(DTPA)* concentration is higher in
those areas and thereby the GAG content lower, which coincides with the OA characteristics

[2].
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Figure 5: Comparison of dGEMRIC index in a knee of A) a healthy subject and B) an
OA subject ( white arrows pointing out lower values in OA subject, adppted from [2])

The contrast agent has to be injected intravenously. Before the MRI examination can be
conducted, it has to access the cartilage. The concentration is assumed to be balanced in the
joint after 90 minutes [66].

dGEMRIC provides reasonably high resolution and can be implemented on clinical scanners
[63]. Hence, it is of high importance for the early detection of OA with MRI. Nevertheless,
having to inject the contrast agent and the long wait of 90 minutes for the Gd(DTPA)? to be
balanced in the joint are strong disadvantages.

3.1.3 T,, imaging

The T, parameter represents the spin-lattice relaxation time in the rotation frame. Ty,
imaging was first introduced by Redfield in 1955 in solids [67] and later extended to liquids by
Bull [68]. The T,, relaxation time is determined by the interaction of the macromolecules in
the extracellular matrix and the motion-restricted water molecules. As mentioned before, the
restriction in motion of the water molecules is predominantly caused by the PG and collagen
content in the cartilage [64]. Hence, if the PG content changes, the T,, relaxation time will
also change, thus T,, is also sensitive to early degeneration of cartilage. Significantly higher
T, values were measured in OA subjects compared to healthy controls in several studies

[69-71]. In Fig. 6 the increase in Ty, is illustrated. The mean T,, in the medial femoral condyle
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was 32.9+9.0 ms for the healthy control in a), 41.1+11.0 ms for the OA patient with Kellgren
and Lawrence grade | in b) and 49.1+14.2 ms for the OA patient with Kellgren and Lawrence
grade 1l in c). The values in the medial tibia were 35.8+11.4 ms for the healthy control,
39.3+12.2 ms for the subject with moderate OA and 43.6+£12.0 ms for the subject with severe
OA [64].

Figure 6: T4, maps in knee cartilage of a) healthy control, b) a patient with mild OA and c) a patient with severe
OA (adapted from [64])

A contrast agent or additional hardware is not needed for T,, imaging. However, the
relaxation mechanism of T,, seems to be unspecific. Furthermore, the acquisition times were
long and the limitations of the specific absorption rate (SAR) were a challenge and make the
use in a clinical environment difficult. Nevertheless, recent developments in MRI, such as
parallel imaging, have managed to overcome those limitations and have led to the use of Ty,

imaging in clinical scanning.

3.2 MRI of the collagen network
3.2.1 T,imaging of cartilage

The T, relaxation time in cartilage is determined by the interaction between water molecules
itself and between water molecules and macromolecules in the extracellular matrix. Where
T,, is sensitive to the proteoglycans, T, is sensitive to the collagen in the matrix. The loss of
collagen leads to the hydration of the cartilage which in turn leads to the water molecules
moving more freely [72]. This results in an increase of T, in the areas with collagen loss.
Several studies were able to determine a significant increase in T, in OA cartilage compared
to healthy cartilage [73-76]. In Fig. 7 T, maps of a healthy subject in a) and an OA patient in
b) are illustrated. The color coded maps show the increased T, values in the OA cartilage in

comparison to the healthy cartilage.
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Figure 7: T» maps in ms of a) a healthy subject and b) an OA subject (adapted
from [72])

Collagen is affected in the early stages of OA. Hence, T, measurements seem to be an
effective method to gain insights into the cartilage of a patient and to diagnose OA early.
However, T, is not completely specific to collagen, but also to water concentration and
partially to PG and the T, values are highly dependent on the T, calculation technique.
Furthermore, while T, can detect cartilage degeneration in early stages it cannot provide any
information about the severity of the OA which means that no difference between the OA

grades can be seen [72, 73].

3.3 MRI sensitive to proteoglycans and collagen

The methods described in the sections above are only sensitive to either proteoglycans or
collagen. As both these components are affected in the early stages of OA, it would be of
great advantage to have an imaging technique that is sensitive to both PG and collagen.
Diffusion Tensor Imaging is such a method. Changes in the extracellular matrix, specifically in
PG content or collagen network, result in a change of motion restriction of the water
molecules. DTl is able to provide information about the PG content with the mean diffusivity
(MD) and the collagen architecture with the fractional anisotropy (FA) which will be discussed
later [3, 77].
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3.3.1 Quantitative morphology

As the cartilage degrades with OA it changes its morphology. Hence, observing and
assessing the changes in morphology of cartilage is used to monitor OA. Among others this
includes measuring the cartilage thickness and volume, evaluating the area of the articular
surface, the bone-cartilage interface, the denuded subchondral area and the lesion size. High
resolution images with good contrast between cartilage and adjacent tissue are necessary to
assess the morphology of the cartilage. Due to the thickness and volume of cartilage not
being determined by the matrix component, measuring thickness and volume does not help in
the early detection of OA. Nevertheless, it has given valuable information about the risk
factors influencing OA [78-81].

3.3.2 Diffusion

Diffusion is a physical process where particles move due to their thermal energy.

Macroscopically, the law that describes this motion is called Fick’s first law [82].
J =-DVC (3.2)

where J is the net particle flux, C the particle concentration, D the diffusion coefficient and V
the gradient operator. As seen in Eq. 3.1 the flux rate is proportional to the diffusion
coefficient and the concentration gradient. According to Fick’s law in the absence of
concentration gradients there is no net particle flux J. Furthermore, the law describes the
tendency of particles to move from a region with high concentration to a region with low

concentration, hence the negative sign in the equation [83].

Microscopic motion due to thermal energy is referred to as Brownian motion. The molecules
move in opposite directions with equal probability and therefore the average distance that the
molecules travel equals zero. Albert Einstein introduced the quadratic average displacement
to evaluate the movement of particles [83]. Einstein’s equation (Eq.3.2) provides a

microscopic interpretation to Fick’s law.
(r?) = 2DA (3.2)

where r is the distance traveled by the particles, A the diffusion time during which the particles

are moving and D the diffusion coefficient.

In free water, the particles can move in each direction with the same probability and their

motion is not restricted in any direction. This is referred to as isotropic diffusion. However, in
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biological tissue, the water molecules collide with contents of the extracellular matrix, such as
cell membranes, PG or collagen. This directionally restricts the movement of the water
molecules and is referred to as anisotropic diffusion. PG restricts the water molecules equally
in each direction and thus determines the mean diffusivity (MD) whereas collagen modifies
the fractional anisotropy (FA) by favoring the motion along its fibers. These parameters can
be measured with Diffusion Tensor Imaging (DTI). Hence, DTI provides important insights not
only into changes in PG content by measuring the MD, but also into the collagen architecture
by measuring the FA. The sensitivity to both PG and collagen makes DTI a valuable method

to detect changes in the extracellular matrix.

3.3.3 Diffusion-Weighted Imaging (DWI) and Diffusion Tensor Imaging (DTI)

The first DWI studies were on neurological disorders [84] and the first breakthrough in
showing the importance of DWI for diagnostic purposes was in acute stroke. Strokes can be
caught within minutes of their onset [85]. DWI also appears to be very promising in the

differentiation of benign and malignant acute vertebral fractures [86-89].
Diffusion-Weighted Imaging

In 1965 Stejskal and Tanner introduced the Stejskal and Tanner sequence to quantitatively
determine the diffusivity in the tissue, the so-called apparent diffusion coefficient (ADC). It is
also known as pulsed-gradient spin echo sequence (Fig. 8) and is commonly used for
diffusion sensitized pulse sequences [90]. The idea is to apply two identical gradients, the
diffusion gradients, at either side of the refocusing radio frequency (RF-) pulse. “Identical’
means they are of the same polarity and have equal magnitude (G) and duration ().

Echo
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Figure 8: A pulsed-gradient spin-echo sequence after Stejskal
and Tanner (adapted from [83])
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The diffusion gradients produce a position dependent dephasing and rephrasing of the spins.
The spins that are not in motion in the direction of the diffusion gradient are refocused
completely whereas the spins in motion, the diffusing spins, obtain different phases during the
first and second gradient. Therefore, the diffusion of the spins leads to a net dephasing of the
MRI signal at the echo time, causing signal attenuation dependent on the mobility of the
spins. While spins with small diffusivity only lead to a small attenuation in signal intensity,
spins with large diffusivity will lead to a higher signal loss. Hence, the signal intensity shows

an exponential dependence on the ADC, as illustrated in Eq. 3.3.
S = Sye~bapc (3.3)

where S is the observed signal intensity obtained with a certain diffusion-weighting, Sy is the
signal intensity without the application of a diffusion gradient and b is the b-value, a measure
of the diffusion-weighting due to the sequence parameters:

b= (G652 —2) (3.4)
The b-value is determined by the gyromagnetic ratio y and the diffusion gradient parameters,
the amplitude G, the duration & and the diffusion time A which describes the separation
between the onset of the two diffusion gradients as illustrated in Fig. 8.
To calculate the ADC, several images (at least two) of the same slice with different b-values
have to be acquired. By using exponential fit or linear regression analysis, the ADC can then
be calculated, either by looking at the mean intensity of a region or in a pixel-by-pixel manner.
The pixel-by-pixel analysis will result in an image where each pixel represents an ADC value,
also known as the ADC map.
The diffusion gradients are applied in certain directions. Only motion in this direction leads to
signal attenuation in the diffusion-weighted image. If the diffusion is isotropic, thus constant in
all directions, one measurement in one direction describes the diffusion sufficiently. However,
biological tissue is not isotropic, therefore more than one measurement is needed to

characterize diffusion in the tissue.
Diffusion Tensor Imaging

By applying the diffusion gradients in several directions, the ADC can be calculated in
different directions. For low b-values and avascular tissues the spatially varying ADC is
accurately described by a 3x3 symmetrical matrix of diffusion coefficients: the diffusion

tensor.
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As seen in Eqg. 3.5 the diffusion tensor has only six different components. For isotropic media,

D = (3.5)

the tensor is diagonal with the same values for each component due to the diffusion being the
same in all directions, so that only one diffusion constant characterizes the isotropic media.

In case of anisotropic diffusion, the tensor can be diagonalized which will provide three
eigenvectors (¥,, V,, U3) with associated eigenvalues (1,,1,,13). The eigenvalues are always
non-negative. Graphically, the tensor can be interpreted as an ellipsoid (Fig. 9), with the
eigenvectors representing the one major and two minor axes and the eigenvalues
representing the lengths of the axes [83]. If the diffusion is isotropic, the three eigenvalues

have the same value and the ellipsoid becomes a sphere.

Figure 9: Graphical interpretation of diffusion tensor, with the
eigenvectors (¥, V,, ;) representing the axes and the eigenvalues
(44, 42, 43) representing the length of the axes (adapted from [91])

To calculate all the components of the diffusion tensor, at least six measurements in different

(non-parallel) directions have to be performed [92].

The diffusion tensor provides several DTI parameters. The mean diffusivity (MD) represents
the diffusivity averaged over all spatial orientations. It can be calculated with the trace of the
sensor, which is the sum of the diagonals, thus D13, D2,, and Ds3, as illustrated in Eq. 3.6.

A1+A5+2;

MD = é-Trace(D) = :

(3.6)

The most common parameter to evaluate the anisotropy of the diffusivity is the fractional
anisotropy (FA). It assesses the fraction of the tensor that is ascribed to anisotropy and is
calculated as described in Eq. 3.7.
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_ 3. (l4—MD)2+(4,—MD)2+(A3—-MD)?
FA = \/z 2427 425° (3.7)
FA is normalized to values between 0 and 1, where O represents completely isotropic

diffusion.

The first diffusivity values in healthy and pathological cartilage were invasively obtained by
Maroudas et al. They measured diffusivity in healthy cartilage, 1.30x10°mm?%s, and OA
cartilage, 1.45x10°mm?/s, at 37°C [93, 94]. The first ADC maps showed an increase in the
diffusivity from the bone-cartilage interface to the articular surface in both human [95] and

canine cartilage [96]

Several studies focused on the artificial degradation of GAG and collagen. Burstein et al.
treated healthy calf cartilage with trypsin and found an increase in ADC of water after GAG
depletion [97]. Xia et al. also received a significant increase in ADC after artificial GAG and
collagen depletion in human cartilage [96]. However, artificial degradation process is different
from the natural degradation. Mlynarik et al. correlated histological cartilage slices with signs

of OA with ADC maps and found a significant increase in comparison with healthy areas [98].

Ex vivo DTI studies established diffusion anisotropy in human and bovine cartilage. Filidoro et
al. demonstrated that the first projection vector, which represents the major axis of the tensor
ellipsoid, had a clear zonal pattern with the orientation tangentially in the upper and radially in
the lower portions of the human cartilage [3, 77]. This was confirmed in bovine cartilage [4,
99]. The findings correlated with the known zonal pattern of cartilage. To prove the
assumption that the anisotropy is determined by the collagen structure, the data derived with
DTI was correlated with scanning electron microscopy on human samples [33, 100] and with
polarized-light microscopy in bovine patellar cartilage [4, 99]. Strong correlations were found.
Raya et al. investigated samples with early cartilage damage. The damage in the cartilage
samples was assessed with the histology OARSI score. DTI of these samples provided
excellent results in the detection of cartilage damage and good results in grading the cartilage

in relation to the histology findings [101].

Recent in vivo DTI studies demonstrated its importance for the early detection of OA [3, 4,
77]. Raya et al. were able to detect a significant increase in MD and a significant decrease in

FA in the OA subjects in comparison to the healthy controls [9, 102].
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In summary, DTI can provide information about both the PG content and the collagen
structure through MD and FA. DTI is also sensitive to cartilage degradation and has shown
promise as a biomarker for early cartilage degeneration in vivo. However, the clinical
application of DTI is still limited, as first results were acquired in non-clinical magnets [9] or
with lack of good image quality and resolution [6-8]. Therefore it is of utmost importance to
develop new methods for acquisition of high resolution DTI datasets on clinical scanners.

This is the motivation of the present work.
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4. Implementation of RAISED sequence

In vivo DTI of articular cartilage is still very challenging. For measurements to be performed in
a clinical environment, the scan time should not exceed 20 minutes. However, for a DTI
dataset at least six diffusion-weighted and one non-weighted image have to be acquired. The
use of rapid-acquisition techniques, such as DW-EPI or DW-HASTE, only provides low
resolution images. However, high resolution images are needed to assess the integrity of the
thin cartilage layer. Also, the complex anatomy of the knee with many tissue interfaces
causes susceptibility jumps which lead to distortions on the EPI images. Additionally, the low
T, values in cartilage make the use of rapid-acquisition techniques difficult. Therefore, a fast
and robust sequence which is not sensitive to motion and offers high quality images would be
desirable. In this work | propose to use a radial spin-echo sequence to acquire the DTI data.

4.1 Radial sampling

While in Cartesian acquisition the k-space rows are sampled in parallel rows, the k-space
data in radial sampling is acquired radial along so-called spokes (Fig. 10). These spokes all

cross the center of k-space.

Ak /fampllng Positions
— /N
Ol — — —— — —
Ak [

Cartesian Radial

Figure 10: Cartesian and radial sampling (adapted from [103])
The spokes that differ from the angle of zero degrees can be generated with a combination of
the gradients in x- and y-direction [104]. Hence, they are a rotation of the zero degree spoke
around the k-space center. As seen in Fig. 11 the gradients G, and G, are changing with

every acquisition, indicated by the lines inside the gradients.
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Figure 11: Radial spin echo timing diagram (adapted from [105])

The gradients in the two directions can be calculated in the following way:
Gy = G - cos (B) Gy = Gy - sin (8) (4.1)

with G, being the gradient for the zero degree spoke, G; and G, the projections in the x- and

y- coordinates, and 0 being the angle of the spoke in respect to the central k-space row [104].

In Cartesian sampling the number of sample points along one line is determined by the base
resolution n and the distance between two samples. The sampling has to fulfill the Nyquist
criterion.

1

Ak=m

(4.2)

To ensure that the distance between samples on neighboring spokes Aq is less or equal to
Ak, the number of spokes, ng, has to be:

‘n (4.3)

Since all the spokes cross the center of the k-space, the sample density in the center of k-
space is much higher compared to the density of sample points further away from the k-

space center [106], which has to be considered in the reconstruction of radial images.
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4.2 Image reconstruction
Gridding

The most common method to reconstruct an MR image is by Fourier transforming the data
acquired in k-space. However, fast versions of the Fourier transforms can only be applied to
data in Cartesian grids. As illustrated in Fig. 12, the radial sampling points, represented by
the black circles, do no match the Cartesian grid points, represented by the plus signs. Thus
the data acquired by radial sampling has to be mapped to the Cartesian grid. Gridding is the

method used to interpolate the radial data onto a Cartesian grid.
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Figure 12: Radial sampling points on a
Cartesian grid (+)

The first step in the gridding process is density compensation as the sample density in the
center of k-space is higher than in the outer parts of k-space. This leads to more sample
points contributing to an interpolated data point in the center of k-space than in areas further
away. To compensate for this, a ramp filter ¢(k;) can be applied to the raw data F(k,, kg)
before interpolating it (Eq. 4.4). A ramp filter is a linear weighting function that weights each
sample point. This process is also known as pre-compensation.

F(kypk
F (kr, k) = T4 (4.4)

The pre-compensated data Fj(k,, kg) can then be mapped to a Cartesian grid. This is done

by convolving the pre-compensated data with a gridding kernel in the frequency space.
Fg(ky, ky) = W(ky, ky) * Fp(ky, kg) (4.5)

where Fg(k,, k) is the data mapped to a Cartesian grid and W (k,, k) is the gridding kernel.

The gridding kernel that is used has a high impact on the results as it determines how points
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are distributed over the Cartesian grid. Hence, it is responsible for how much each polar
sample contributes to the neighboring Cartesian grid points. The Fourier transform of the
gridding kernel is called window function and is responsible for the field of view (FOV) of the
resulting image. In order to avoid any image distortion, the window function needs to be as
close to a rectangular function as possible. The multiplication of a compact signal with a
rectangular function does not lead to blurring, thus the ideal gridding kernel would be a sinc
function (Fig. 13).

Ideal Window
Function

—FOV/2 Fov/2 " x

Ideal Gridding
Kernel

kx

Figure 13: Ideal gridding kernel and its
window function (adapted from [107])

However, with regard to computational speed it is not efficient to implement a sinc function. A

good approximation of a sinc interpolation kernel is the Kaiser-Bessel function kernel [108,

109] which is given by

( , L2
1 2|k|) 2 _ L
=1 1—(— k| <-
WKB(kx:ky) :! L 0 )8 L | | 2 (46)
0 k| > =%
2

where L is the kernel width, I, the zero-order modified Bessel function of the first kind, and
B a shape parameter which can be selected accordingly. Its window function contains small
side lobes compared to other window functions that can be used. Hence, aliasing effects can
be minimized. The Kaiser-Bessel function and its window function with only the main lobe are

illustrated in Fig. 14.
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Figure 14: A) Kaiser-Bessel function with width of 4 B) Corresponding window
function (only the main lobe, adapted from [106])

The data has to be corrected for small inhomogeneities in the sampling density. These
inhomogeneities remain after pre-compensation. During the convolution along with the
gridding of the k-space a density matrix is computed. This matrix contains the contribution of
all the polar data points to all Cartesian data points. To rid the data of the remaining
inhomogenetities this density matrix is used. This process is known as post-compensation and
is performed as follows:

Fs(ky.ky)

o(kuk) (4.7)

FW(kx' ky) =

with F, (k,, k, ) being the post-compensated data and p(k,, k,, ) the density matrix.

Now the interpolation process is complete and the data can be inverse Fourier transformed

using the efficient fast Fourier techniques (FFT):

fw(x'}’) = T_I{Fw(kx'ky)} (4-8)

Convolution in frequency space corresponds to multiplication in image space. As the
convolution with the gridding kernel in Eq. 4.5 was performed in frequency space it
corresponds to the multiplication of the final image by the inverse Fourier Transform of the
gridding kernel. Therefore, in order to obtain the final image f(x,y), the inverse Fourier
transform (FFT) of the post-compensated data f,,(x,y) has to be divided by the window
function of the gridding kernel w(x, y), which is the inverse Fourier transform of Eq. 4.6:

—_ fw(x:y)
fx,y) =222 4.9)
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It is also common to use oversampling due to the interpolation kernel not being ideal. The
final image then has to be cropped after the inverse FFT.

Iterative Reconstruction

To reduce scan time, undersampling is commonly used. In radial acquisition this can lead to
streaking artifacts, but the data can be corrected by using iterative reconstruction [110]. The
reconstruction method was developed for a data set with a much lower number of spokes
than the required number by the Nyquist criterion. It is based on gridding, which was
explained above. In this case the problem is that the system is highly underdetermined which
means that not all k-space positions are covered by the sampling points along the spokes. As
a consequence of indetermination there can be more than one solution for the acquired k-
space data and it is impossible to evaluate which solution is the correct one, so that more
advance techniques are required.

In the iterative reconstruction the image is estimated and the difference to the actual data
computed. This difference is used as the goodness of fit to assess the quality of the image
reconstruction, the smaller the difference, the better the fit. This step is done iteratively, until
the difference is minimized. To select among all possible solutions, an additional factor called
penalty is added to the reconstruction algorithm, which penalizes solutions with undesired
properties such as streaks. However, it requires knowledge about the imaged object
beforehand. To make it vastly practicable, the penalty criteria need to be of broad applicability
to many situations [110].

When working with radial MRI data, the most applicable penalty to our data is an approach
presented by Rudin et al. in 1992. It was initially used for noise removal and is based on
restricting the total variation (TV) [111]. An image is assumed to consist of areas with
constant or mildly varying intensity. However, the image estimates from undersampled radial
images are affected by streaking artifacts, which lead to sharp edges. Hence, the TV in these
estimates is high. Therefore, the best image estimation is given by the estimate with the
lowest TV [110]. For reconstructing images with the iterative reconstruction method, the

number of iterations and the strength of the TV regulation can be chosen.
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4.3 MRI System and implementation on Siemens Scanner

The RAISED sequence was implemented on a 3 T scanner (MAGNETOM Skyra, Siemens
AG) using the IDEA software (VD13 baseline 11 November 2012). The Skyra has a gradient
strength of 45 mT/m and a maximum slew rate of 200 mT/m/s. To avoid eddy currents, a
moderate slew rate of 100 mT/m with a maximum gradient strength of 35 mT/m was used.
Furthermore, besides the diffusion time A and the diffusion gradient duration & an additional
parameter was introduced to separate the diffusion gradient from the refocusing pulse and
the readout gradient to ensure no interference of the diffusion gradient with the slice selecting
gradient during the refocusing pulse and the readout gradient. The diffusion weighting was
chosen by setting the b-value, and then the G and diffusion gradient duration & were
calculated for the given diffusion time A.

By optimizing the MRI protocol the best settings for parameters such as TE, resolution, TR
and the b-value were determined (see chapter 6.1). For obtaining DTI datasets, the diffusion
gradients were applied in six isotropically distributed directions (six directions diffusion-

gradient schemes found with downhill simplex minimization [112]).

4.4 Advantages and disadvantages of radial sequences

Multi-shot Cartesian sequences are very susceptible to motion artifacts. This can result in
ghosting artifacts very close to the moving object and the diagnosis can be altered.
Furthermore, acquiring less k-space samples and thus accelerating the sequence leads to
aliasing artifacts or reduced resolution. This results in multi-shot Cartesian sequences having
long acquisition times. Single-shot Cartesian sequences on the other hand acquire the data

within seconds, although with low image quality and image distortions.

Radial sequences are very motion robust. In comparison to Cartesian sequences, the readout
direction constantly changes and the k-space center is oversampled. Thus, differences due to
motion between spokes lead to less pronounced artifacts [113]. Radial sampling results in a
higher k-space density in the center of k-space (low spatial frequencies) due to all spokes
crossing the origin. Since the k-space center holds the most information about the object,
acquisitions with only a few spokes are possible. Undersampling a radial sequence
introduces streaking artifacts to the image. However, these streaking artifacts are of low
intensity and are located at the border of the image, further away from the region of interest,
which makes them more tolerable in diagnostics [104]. Furthermore, the streaking artifacts

can be compensated by using advanced reconstruction methods as explained above [110].
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Hence, radial sequences are of high importance if acquiring images in a short time is
necessary.

Acquiring images with an accelerated radial sequence will also lead to increased noise which
will reduce the SNR. Thus, the imaging protocol has to be chosen carefully to receive
sufficient SNR, especially in our case where sufficient SNR is important for the correct
calculation of the diffusion parameters. However, the changing readout direction in radial
sampling also has its drawback. Inconsistencies due to eddy currents are not the same in
each acquisition as they are in Cartesian sampling, therefore they will appear in the images
as Dblurring. Hence, it is of high importance to check for eddy currents and possibly
compensate for them. Due to the clinical limitation of scan time and the need for good
resolution images, radial sequences seem to be of high importance for imaging articular
cartilage.
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5.  Calibration of RAISED sequence

In order for a sequence to be applicable in clinical scanning, it has to fulfill several
requirements. The scan time should not be more than 20 minutes, yet at the same time the
guality of the images and the results need to be feasible. Therefore, the sequence needs to
be calibrated. This includes checking for eddy currents, comparing the result to images
acquired with a Cartesian sequence and checking whether sequence acceleration still
provides feasible images.

5.1 Eddy Currents

Theory

Eddy currents appear due to the rapid switching of the gradient pulses. The stronger the
gradient pulses are, the more pronounced the eddy currents will be. In diffusion-weighted
imaging, strong diffusion sensitizing gradients that are switched on and off are necessary.
This generates a time varying magnetic field which can cause a current induction in the
conductive structures of the MR scanner. The currents then generate an additional magnetic
field which may persist even after the gradients are switched off. This results in an altered
shape of gradient pulses, represented by the red line in Fig. 15 as compared to the presumed
gradient shape in green, causing the expected b-value to differ from the nominal b-value
[114]. The eddy current can also superimpose to other imaging gradients leading to image
distortions such as contraction, dilatation, shifting or shearing of the image. The diffusion
gradients may also overlap with the phase encoding gradient or the readout gradient which
can cause additional geometric distortions and inconsistencies in the signal intensity [114].
This is illustrated by the red line overlapping the readout gradient in yellow in Fig. 15. The
diffusion gradients are applied before and after the refocusing pulse. If the diffusion gradient
persists due to eddy currents and is applied too closely to the refocusing pulse, it may also
overlap with the slice selecting gradient (blue in Fig. 15) which would cause imperfect slice

excitation and thus errors in slice profiles.
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Gdiff

Figure 15: Eddy current effects, with the actual shape of the diffusion gradient altered by
eddy currents in red as compared to the expected shape in green. The altered diffusion
gradient can interfere with the readout gradient in yellow or the slice selecting gradient in
blue [114]

In DTI diffusion gradients are applied in at least six different directions so that the image may
be affected by eddy currents differently in each diffusion weighting. Furthermore, the readout
gradient in radial sampling changes for every spoke so that even within one image eddy
currents can cause blurring due to the different effect on each spoke. Since the diffusion
parameters are calculated with at least two different applied gradients it will lead to an over-

or underestimation of those parameters.

As mentioned before, the resolution needs to be high in order to segment the cartilage
correctly. Moreover, the parameters need to be calculated with the correct and known b-
value. Hence, for DTI imaging of articular cartilage, eddy current calibration is of high

importance.
Methods

Two methods were used to determine whether eddy currents were present. First, images
were acquired with the highest gradient strength (TE/TR = 42/1500 ms, Matrix = 256x256, in-
plane resolution = 0.6x0.6 mm?, 100 spokes, G =39 mT/m, slew rate = 100 mT/m/s, slice
thickness = 3 mm, b=400 s/mm?, A=25ms, d=16 ms) on a water phantom with the
diffusion directions used for DTI in opposite polarizations (12 measurements). To evaluate
whether geometric distortions are present, several slices were segmented. For each slice, the
segmentations for the six different diffusion gradient directions were overlaid as illustrated in
Fig. 16. The different colors represent the different diffusion gradient directions. The boxes
show magnifications of the overlaid segmentations. The error between the individual

segmentations was then calculated with Matlab (MathWorks, Natick, Mass).
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Figure 16: Segmentation of three slices. The colors indicate segmentations with
different gradient directions. In boxes are presented magnifications of segmentations
to show details

Afterwards, images of a different water phantom, consisting of three water bottles, were
acquired in one direction and its inversed direction (+Readout and —Readout) with different
gradient strengths (15 mT/m, 20 mT/m, 25 mT/m, 30 mT/m, 35 mT/m, 39 mT/m). In Matlab a
mask was generated where each water bottle was assigned to a different number (indicated
by the different colors in Fig. 17).

Figure 17: Mask of water phantom,
consisting of three bottles (colors
indicate each different phantom)

With the mask, the differences in intensity between +Readout (+RO) and —Readout (-RO)
were calculated separately for each phantom. Then the relative difference between +RO and

—RO and the standard deviation could be calculated, which is illustrated in Fig. 18. Each color

(blue, green and red) represent one of the water bottles.
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Figure 18: Relative difference in % between the signal
intensity acquired with the diffusion gradients in the
+Readout direction and the —Readout direction for different
gradient strengths (15 to 39 mT/m)

Results

Fig. 16 shows the good agreement of the segmentations performed on images with different
diffusion gradients. Quantification of the segmentation errors demonstrated an error lower
than 10% of the voxel size (i.e. 0.6 mm), which is comparable to the test retest error of the

segmentation algorithm [115].

Fig. 18 illustrates the relative difference between the two directions for each gradient strength
for all three phantoms (red, green and blue). The difference is rather small with a maximum
difference of less than 1% and comparable with the error in two consecutive measurements

without the same orientation of the diffusion gradients.
Conclusion
The experiments did not demonstrate any evidence of eddy currents.

5.2 Linearity of the diffusion decay

With an increase of the b-value the signal intensity should decay linearly. The same phantom
as before, consisting of three water bottles, was scanned with six different b-values. The b-
values were 75 s/mm?, 150 s/mm?, 225 s/mm?, 300 s/mm?, 375 s/mm? and 450 s/mm?®. The
maximum gradient strength was 35 mT/m, the pulse duration & 17 ms and the diffusion time

A 24 ms. The logarithm of the signal intensity was then plotted against the b-value to
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determine whether a linear decay was present (Fig. 19). The dots in Fig. 19 represent the
logarithmic values of the signal intensity and the three solid lines represent the curve fitting
for each phantom.

Log of Signal Intensity versus b-values
8.4

8.2

log of Signal Intensity
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]
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Figure 19: Plot of decaying signal
intensity with increasing b-value

Conclusion

The signal decays linearly with increasing b-value.

5.3 Temperature dependent diffusivity

The ADC is temperature dependent, so that this dependence can be used as a calibration of
the diffusion measurements. As the temperature increases, so does the ADC. We measured
the mean diffusion coefficient in water phantoms at different room temperatures using the
RAISED sequence (TR/TE = 38/1500 ms, in-plane resolution = 0.6x0.6 mm?,
matrix = 256x256, slice thickness =3 mm, b-values = 400 s/mm? 1 direction readout,
A=20ms, d=16ms, slew rate =100 mT/m/ms, bandwidth =290 Hz/Pixel). The ADC
measured with the RAISED sequence was compared to the data from the literature (Table 1)

[116]. Our results demonstrated an average error of (-0.4+1.7)%.
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T measured ADC expected ADC Relative error
in °C | in units of 10® mm?%s | in units of 10° mm?%s in %
15.3 1.8 1.8 2.6
18.8 2.0 2.0 0.7
18.8 2.0 2.0 0.9
20.3 2.0 2.0 -1.2
20.8 2.0 2.1 -0.8
211 2.0 21 -3.0
21.3 2.0 2.1 -1.8
21.3 2.0 2.1 -1.7
21.5 2.1 2.1 -0.7
21.7 2.1 2.1 1.0

Table 1: Mean diffusivity of measured data in water at different temperatures,

values from literature and the relative error.

The measured mean diffusivity and the expected mean diffusivity showed excellent
correlation (r>=0.96, P<0.001). Fig. 20 illustrates the measured mean ADC values at the
different temperatures (circles) and the theory curve of what the increase in ADC should look
like with increasing temperature (solid line). As seen in Fig. 20, the ADC increases with an

increase in temperature, agreeing well with the theory.

21

o]

N
T

MD (x 10 ° mm?/s)
P
@

1.8f

15 16 17 18 19 20 21 22
Temperature (°C)

Figure 20: Plot of measured mean ADC against
temperature (circles) and theory curve (solid line)
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Conclusion

The diffusion values acquired with the RAISED sequence are in excellent agreement with the
data published in the literature. These results provide additional evidence of the small effect

of eddy currents in our measurements.

5.4 Comparison with Cartesian sequence

The following experiments were devoted to testing whether the radial acquisition introduces
any artifacts as compared to the Cartesian acquisition. Images were acquired with the radial
sequence and the parameter maps compared to the ones obtained with a Cartesian
sequence. Aside from the k-space sampling the sequences have exactly the same
parameters (TR/TE=50/1200 ms, in-plane resolution = 0.6x0.6 mm?, slice thickness = 2 mm,
b-values = 500 s/mm?, 1 direction readout, A =25 ms, & = 19 ms, slew rate = 100 mT/m/ms,
bandwidth = 381 Hz/Pixel), both the RAISED and the Cartesian images have the same matrix
and similar acquisition times (Cartesian: encodings = 160, acquisition time = 3:12 min ;
RAISED: spokes = 251, acquisition time = 5:01 min)

Asparagus was used as a phantom. The asparagus stems were stacked into a plastic
container, which was then filled with water. Asparagus predominately consists of water and
also has highly organized fibers along the stem with thick walls. These fibers restrict the
motion of the water molecules and cause anisotropic diffusion, which makes it valuable for

diffusion imaging.

An image with a b-value of zero and an image with a b-value of 500 s/mm? were acquired.
The ADC map was calculated with the non-weighted and the diffusion-weighted image.
Fig. 21 shows the ADC maps of the asparagus phantom derived from the radial data and the
Cartesian data. On the maps, one can clearly see the free water with higher ADC values
(orange to red color) around the stacked asparagus stems and the round asparagus stems
with the lower ADC values (blue to yellow color). The lower image quality (blurring) in the
Cartesian sequence could be due to motion artifacts caused by the vibration of the patient

table during data acquisition.

41



Calibration of RAISED sequence
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Figure 21: ADC maps of asparagus phantom

Mean ADC values were calculated in free water and in asparagus for the radial and Cartesian
data. For the radial data, a mean ADC of (2.3+0.1)x10° mm?%s in free water and of
(1.7+0.2)x10° mm?%s in asparagus was calculated and for the Cartesian data the mean ADC
was calculated as (2.4+0.1)x10° mm?s in free water and (1.7+0.1)x10° mm?s in asparagus.
The difference of the ADC measured with the RAISED sequence in relation to the Cartesian

sequence was 3% in water and 2.6% in asparagus.
Conclusion

Both the RAISED and the Cartesian sequences provided the same results and neither were

affected by artifacts

5.5 Image acceleration

With the RAISED sequence, the full sampling of the k-space takes more than an hour.
However, scan times over one hour are not clinically acceptable. Hence, the sequence needs

to be accelerated. The goal is to reduce the scan time to less than 20 minutes.

A radial sequence is accelerated by reducing the number of spokes. However, reducing the
number of spokes leads to streaking artifacts in the image. Therefore, it needs to be tested
how the acceleration influences the image quality and the data quality. Images of a water
phantom were acquired with the RAISED sequence (TR/TE=50/1200 ms, in-plane
resolution = 0.6x0.6 mm?, matrix = 128x128, slice thickness = 2 mm, b-values = 400 s/mm?, 1
direction readout, A=25 ms, 0 =19 ms, slew rate = 100 mT/m/ms,
bandwidth = 381 Hz/Pixel) with fully sampled k-space (spokes =201; acquisition

time = 4:01 min), an undersampling ratio of 2 (one each two lines, spokes = 101, acquisition
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time = 2:01 min) and 3 (spokes = 67, acquisition time = 1:20 min). The ADC maps were then
calculated (Fig. 22).

Fully Sampled Undersampling Ratio of 2 Undersampling Ratio of 3

Non-Weighted
Image

ADC-Map §

Figure 22: Non-weighted images and ADC maps acquired with full sampling, undersampling
ratio of 2 and undersampling ratio of 3. The black arrows point out the streaking artifacts in
the undersampled images.

The mean ADC measured with all acquisitions was calculated as 2.4x10° mm?s. Hence, the
mean ADC stayed the same irrespectively of the acceleration factor. However, the standard
deviation of the ADC slowly increased from 0.4x10° mm?s at no acceleration to 0.6x10°
mm?/s at an acceleration factor of 2, and to 0.8x10° mm?s at an acceleration factor of 3. As
expected, the noise increased with higher acceleration and so did the amount of streaking
artifacts (black arrows in Fig. 22).

In addition to the experiments on a water phantom we performed experiments on an
asparagus phantom to test the effect of acceleration in the FA. Images were acquired using
the RAISED sequence (TR/TE =45/1500 ms, in-plane resolution = 1.2x1.2 mm?,
matrix = 224x224, slice thickness = 3 mm, b-value = 350 s/mm?, A=21ms, 5= 16 ms, slew
rate = 100 mT/m/ms, bandwidth = 381 Hz/Pixel) with an acceleration factor of 1
(spokes = 351, acquisition time = 8:47 min) and an acceleration factor of 3 (spokes = 114;
acquisition = 2:51 min). Diffusion-weighted images were acquired in six directions. The
diffusion tensor was calculated, hence the MD and FA maps (Fig. 23).
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Fully Sampling UndersamplingRatio of 3
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Figure 23: MD and FA maps of asparagus phantom for fully sampling and for an acceleration factor of 3

In Fig. 23, the differences in FA show better contrast in the asparagus stems in the fully
sampled images. This is most likely due to the lower SNR in the accelerated image, which
caused an increase in FA. The mean MD in water was calculated as (2.420.1) x10° mm?/s for
full sampling and undersampling with a resulting coefficient of variation (standard deviation
divided by mean) of 3.3% for full sampling and 5% for undersampling. The mean MD in
asparagus was (1.520.1)x10° mm?%s for full sampling and (1.5+0.2)x10° mm?s with
acceleration which resulted in a coefficient of variation of 6.7% and 13.3% for the fully
sampled and the accelerated images respectively. The mean FA in water without acceleration
was (0.08+0.03) and (0.12+0.05) for an acceleration of 3. This leads to a coefficient of
variation of 33.7% for full sampling and 38.8% for undersampling. In asparagus the mean FA
was calculated as (0.21+£0.06) with no acceleration and (0.26+0.08) with acceleration. Hence,
the coefficients of variation were 29.7% and 31.9% without acceleration and with acceleration

respectively.
Conclusion

The images of the water phantom acquired with the accelerated sequence presented
streaking artifacts. However, the images of the asparagus phantom did not show any
streaking artifacts. Furthermore, those artifacts are low in signal and can be compensated.

Accelerating the sequence did not have an impact on the mean MD. The values were the
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same for the full sampling and the undersampling. As expected, the coefficient of variation
was higher in the accelerated image due to the higher noise in accelerated images. The
mean FA also showed increased values in the accelerated data. This is most likely due to the
lower SNR in the accelerated images as FA is known to be very sensitive to SNR. However,
SNR can be increased by protocol optimization. To allow for good parameter calculation, the
protocol has to be optimized and tested in human subjects, which will be explored in chapter
6. Hence, the acquisition can be accelerated to have acquisition times compatible with clinical

scans.

5.6 Reconstruction

As demonstrated in earlier chapters, accelerating radial sequences leads to additional noise
and streaking artifacts. This may present problems for the diagnosis of the patients. It is
therefore of high importance to reduce these artifacts to a minimum. Images of a knee with
the RAISED sequence (TR/TE =45/1500ms, in-plane resolution = 0.75x0.75 mm?
matrix = 208x208 slice thickness =3 mm, 1 direction readout, slew rate = 100 mT/m/ms,
bandwidth = 394 Hz/Pixel) and an undersampling ratio of 3 (spokes =114, acquisition
time = 2:51 min) were acquired. A plastic tube filled with water was placed underneath the
knee. The images were then reconstructed using a conventional gridding and an iterative
reconstruction algorithm as explained in chapter 4. In Fig. 24 the two images are illustrated.

The white arrows point out streaking artifacts.
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Without Iterative Reconstruction With Iterative Reconstruction

Figure 24: MR image of knee, reconstructed with a conventional gridding and with an iterative
reconstruction algorithm. The white arrows point out streaking artifacts.

The iterative reconstructed image exhibits less noise (Fig. 24). Moreover, the streaking
artifacts are reduced. Nevertheless, a significant drawback of this method is the longer
reconstruction time of approx. 20 min/slice compared to the approx 3 s/slice for conventional

gridding.
Conclusion

The iterative reconstruction algorithm reduced the streaking artifacts and the noise in the
image. However, the reconstruction time is very long and requires off-line reconstruction. As
our final protocol (see chapter 6) was not affected by streaking artifacts, we did not need to
use iterative reconstruction and used the conventional gridding algorithm implemented in the

scanner.

5.7 Signal-to-Noise Ratio

One of the most important parameters to measure the image quality is the so-called signal-to-
noise ratio (SNR). It describes the relationship between the intensity of the MR signal and its
noise. A higher SNR is desirable for accurate measurement of diffusion parameters. The
image SNR depends on several pulse sequence parameters: the number of averages, the
slice thickness, the field of view (FOV), the bandwidth, the echo time and the matrix size. By

changing these parameters, the SNR can be increased. However, in order to increase SNR,
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parameters such as the echo time or the resolution have to be changed. Hence, these
parameters have to be optimized carefully to find the best compromise (see chapter 6).

Images of a water phantom were acquired with the RAISED sequence and a Cartesian
sequence to compare the SNR of both images using the same protocol as described in
section 5.5 for the water phantom. The SNR maps were calculated for both the radial and the
Cartesian sequence by fitting the background distribution to a Rician distribution (Fig. 25).

Cartesian Radial

0 20 40 60 80 100 120 140 160

Figure 25: SNR maps of water phantom acquired with Cartesian and radial sequence

The mean SNR derived from the Cartesian data was calculated as 93+23 and the mean SNR
derived from the radial data was calculated as 92+18.

Conclusion

The difference in mean SNR between the Cartesian and the RAISED sequence was 1.1%.

Hence, the RAISED sequence demonstrated equal image quality to the Cartesian sequence.
Summary of Chapter 5

The calibration of the RAISED sequence with the help of water and asparagus phantoms
showed promising results for its in vivo application. The comparison with the conventional
Cartesian sequence provided the same results for both Cartesian and radial data. It was also
demonstrated that the RAISED sequence can be accelerated in order to reduce scan time for
clinical routine. However, the sequence also needs to be optimized and tested in human

subjects before it can be used in clinical scans.
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6. Protocol optimization for in vivo DTI of articular cartilage

For the correct calculation of the diffusion parameters, a protocol that provides enough SNR
at high b-values is required. However, additionally the measuring time needs to be kept within

20 minutes. Thus, the protocol for the RAISED sequence has to be optimized.

6.1 Protocol optimization

As a reference protocol, the protocol with fully sampled radial k-space was considered
(TR=1500ms, TE=49ms, spokes=402, matrix=256x256, FOV =154 mm? slice
thickness =3 mm, acquisition time = 70:21 min, in-plane resolution = 0.6x0.6 mm?). A healthy
volunteer was scanned with a fully sampled acquisition and five slices were acquired. A
whole diffusion tensor measurement was performed with six diffusion directions (see chapter
4). Diffusion-weighted images were acquired with a b-value of 400 s/mm?. This protocol has
an acquisition time of 1:10 hours and resulted in excellent image quality and sufficient SNR

for the diffusion parameter calculation in the diffusion-weighted images (Fig. 26).

Non-Weighted Diffusion-Weighted

Figure 26: Fully sampled images of a healthy subject with and without diffusion weighting

The objective was to establish a protocol that results in the same SNR, but with a significant
reduction of the acquisition time as scan times longer than 20 minutes are not applicable for
clinical scans. This was done by theoretical optimization of the reference protocol (Table 2).
The resolution and the b-value were reduced in order to win signal and reduce the echo time.
The relative SNR of the new protocol as compared to the fully sampled protocol was

calculated as follows:
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TRy
SNR,  Axy-Ay;-Az; (TE1-TE2) _ 1-eT1 Nspok
SNRZ — Ax1 A)ﬁ > 1 e T2 % e(b1 b,)D x ( TRl) x NSpo es2 (60)
AV, Az
1 2'AY2"AZy (1—e_T1 ) Spokes1

where SNR; is the SNR of the original protocol and SNR, the SNR of the new protocol. TE
represents the echo time, b the b-value, TR the repetition time, Nspoes IS the number of
spokes, and Ax, Ay, Az are the dimensions of the voxel. The subindex 1 indicates the
parameters of the reference protocol and subindex 2 indicates the parameters of the new
protocol. In this calculation we assumed a constant bandwidth and typical values in articular
cartilage for T, (800ms), T, (30ms) and the diffusion constant (1x10° mm?s). The
acquisition time was calculated for a full DTl acquisition (i.e. one unweighted and six
diffusion-weighted images). The results are illustrated in the following table. In addition to the
reference protocol (Protocol R), two protocols (Protocol A and Protocol B) were established.
To reduce the scan time for the protocols to the goal of 20 minutes, different undersampling

ratios (R) were considered.

Protocol R Protocol A Protocol B

R=1 R=2 R=3 R=1 R=2 R=3 R=1 R=2 R=3

TRE) 15 15 15 15 15 15 15 15 15
Resolution (mm) | 0.6 0.6 0.6 0.7 0.7 0.7 0.75 0.75 0.75
Nspokes 202 | 201 | 134 |352 |176 | 117 |327 |163 | 114
Base 256 | 256 |256 | 224 224 |224 |208 |208 208
Resolution
FOV
A 154 |154 |154 |157 |157 |157 |156 | 156 | 156
(mm"®)
b (s/mm?) 200 | 400 | 400 | 350 |350 |350 |350 |350 | 350
TE (ms) 49 49 49 45 25 25 45 45 45
Tacq (MiN) 7021 | 3510 | 2327 | 61:36 | 30:48 | 20.28 | 57:13 | 28:31 | 1957
SNRro 1 071 |058 |153 |108 |088 |169 |120 |1.00

Table 2: Tables of parameters for optimization of protocol

The gain/loss of relative SNR had to be calculated for each changed parameter using Eg. 6.0,

e.g. if the echo time is reduced or increased the signal gain/loss is calculated as follows:

SNR e T2
SNRi - TE (6.1)
e

Table 2 shows that accelerating Protocol R with a factor of 3 to reduce the acquisition time to
less than 20 minutes resulted in a SNR loss of 42%. Hence, the SNR needed to be improved

by changing sequence parameters. It was first attempted to reduce the resolution from
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0.6 mm to 0.7 mm and the diffusion weighting from a b-value of 400 s/mm?® to a b-value of
350 s/mm? (Protocol A in Table 2). Furthermore, the echo time was reduced from 49 ms to
45 ms. Reducing the echo time results in higher signal and less T,-weighting. Accelerating
Protocol A with an undersampling ratio of 3 still resulted in a SNR loss of 12%. The resolution
was further reduced from 0.7 mm to 0.75 mm (Protocol B in Table 2). Accelerating Protocol B
with an undersampling ratio of 3 did not result in SNR loss. Protocol R, Protocol A and
Protocol B were tested in vivo with an acceleration factor of 3 and based on these

experiments the optimal protocol was determined (see chapter 6.2)

6.2 Protocol test in vivo

In order to determine which protocol was the optimal one, images of one subject were
acquired with the three protocols from Table 2 (Protocol R, Protocol A, and Protocol B) and

an undersampling ratio of 3 (Fig. 27)

Protocol R Protocol A Protocol B

Figure 27: Images of the knee of the same subject acquired with the three protocols (Protocol R, Protocol A and
Protocol B) and an undersampling ratio of 3

The image of Protocol R in Fig. 27 shows low SNR with an SNR below 15. This results in a
high risk for the calculation of the FA to be biased, especially in the deeper zones of the
articular cartilage due to their lower T, values and thus lower SNR. While Protocol A and B
provided similar results, the SNR with Protocol B was better and there was more signal in the
cartilage which is important for the correct calculation of the diffusion parameters. For
Protocol B the SNR in the cartilage was calculated as 30£3.1 in the images without diffusion
weighting and 17.5+£2.5 with diffusion weighting. The images were of excellent quality.
Furthermore, the images showed clear contrast with the cartilage and the synovial fluid,
which makes it possible to accurately segment the articular cartilage. Hence, Protocol B with

an acceleration factor of 3 was determined to be the optimal protocol. However, a lack of
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SNR could still be seen after scanning several subjects. Therefore, before OA patients were
scanned the diffusion weighting was further reduced from a b-value of 350 s/mm? to a b-value
of 300 s/mm? to receive the optimal signal.

Comparison with Cartesian

To make sure the radial acquisition did not introduce any artifacts to the diffusion parameters
the MD values acquired with the RAISED sequence were compared to the MD values
acquired with a Cartesian sequence. A volunteer was scanned with the RAISED sequence
and a Cartesian sequence with the same protocol (Protocol B in Table 2) in one session. The
RAISED sequence was undersampled with a ratio of 3 and both sequences had the same
matrix size (Cartesian: encodings = 208, acquisition time = 5:12 min; RAISED: spokes = 114,
acquisition time = 2:51min). The ADC maps of both datasets were calculated (Fig. 28).

Cartesian

Figure 28: MD maps derived from Cartesian data and radial data in mm?/s.

The mean MD for a section in the muscle was calculated for the Cartesian and radial data as
(1.9£0.3)x10°° mm?s and (1.8+0.4)x10"° mm?/s respectively.

Conclusion

The difference of the mean MD derived from the data acquired with the RAISED sequence in
comparison to the Cartesian sequence was 5.6%. The difference in mean MD between the
radial and the Cartesian sequence could be caused by motion during the acquisitions as

Cartesian sequences are very sensitive to motion.
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Summary of Chapter 6

The protocol B (Table 2) of the RAISED sequence presents high quality in vivo images of the
knee with sufficient SNR for in vivo applications. The calculated diffusion parameters are
comparable to the values acquired with Cartesian sequences. Hence, the sequence can now
be validated at 3 T.
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7. In vivo validation of RAISED sequenceat 3T

For the validation it was required to scan both healthy volunteers and OA patients. For the
first clinical evaluation MR with the optimized RAISED sequence was performed on two
healthy subjects (age 3615 years) and three OA subjects (age 63+8 years). The three OA

patients were Kellgren-Lawrence grade Il.

7.1 Methods

The in vivo validation was performed on a 3 T scanner (MAGNETOM Skyra, Siemens AG).
The optimized protocol was used to scan the subjects (optimal Protocol B in Table 2). Due to
the low T, in cartilage the echo time had to be kept short. For the diffusion-weighted images,
a maximum b-value of 300 s/mm? was used (diffusion time (A) = 21 ms, diffusion gradient
duration (8) = 16 ms). The reduced b-value made it possible to also reduce the echo time
from 45 ms to 40 ms resulting in a SNR increase of 18%. For DTI, diffusion-weighted images
in six different directions and one non-diffusion-weighted image were acquired with a total of

21 3 mm slices. All sequences were performed in the sagittal plane.

The RAISED images were reconstructed using gridding of the radial views to a Cartesian
grid. The reconstruction was done by the MR scanner and the images saved in dicom format.
Femoral and tibial cartilage were segmented on the non-diffusion weighted image with a
semiautomatic in-house developed algorithm for sub-voxel segmentation [115]. The
segmentations were overlaid with the MR imaging parameter maps which presented the MD
and FA maps of only the cartilage regions. These maps could then be overlaid with the non-
diffusion weighted images of the knee. From the RAISED images, the eigenvectors and
eigenvalues (A1, A,, A3) of the diffusion tensor were calculated by using custom Matlab

routines.

With the segmentations, the mean MD and the mean FA could be assessed for each
cartilage region separately (medial tibia, lateral tibia, patella, trochlea, medial femoral

condyle, lateral femoral condyle).
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Figure 29: Image of knee with segmentations of the
patellar (purple), femoral (purple) and tibial (blue)
cartilage

Fig. 29 shows the segmentation of the cartilage with the algorithm for sub-voxel segmentation
with the three cartilage regions of the tibia (blue), the femur (purple) and the patella (also

purple).

The mean MD and FA were determined for both groups, the healthy volunteers and the OA

patients.
Statistical Analysis

To determine whether there were significant differences present between the group of healthy
volunteers and the group of OA patients, statistical analysis was preformed for each cartilage
region. An unpaired two sided t-test was chosen with a significance level of 0.05 and
conducted in Matlab. In order for a t-test to be applicable, the distributions of both groups
have to be normal. The single-sample nonparametric Kolmogorov-Smirnov goodness-of-fit
hypothesis test can determine whether a sample is normally distributed. The Kolmogorov-
Smirnov test was performed for both the healthy group and the OA group for each cartilage

region with Matlab.

For the Kolmogorov-Smirnov test the null hypothesis (Ho) states that the sample is normally
distributed. The decision of the test is based on comparing the p-value and the chosen

significance level, which is considered to be 0.05.
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A null hypothesis also has to be stated for the t-test. Hy says that there is no significant
difference between the two tested groups, hence the healthy and the OA subjects. The
decision of the test is based on comparing the p-value and the chosen significance level,
which is, as before, considered to be 0.05.

7.2 Results

The results of the overlaying of the MD and FA maps with the non-weighted image are

presented for the healthy subjects and the OA subjects in the following.

7.2.1 MD and FA Maps for healthy and OA subjects

0 ADC 3.5x107 (mmi/s)
0 FA 1

Figure 30: MD and FA maps of a healthy subject (H1)

Figs. 30 and 31 show the segmented MD and FA maps for the healthy volunteers.
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MD

0 ADC 3.5x107 (mm?/s)
n - - FA -1

Figure 31: MD and FA maps of a healthy subject (H2)

MD

3.5x103 (mm?/s)
0 FA 1

Figure 32: MD and FA maps of an OA patient (OA1). The white arrows indicate the increased MD and
reduced FA in the lateral femoral condyle and the lateral tibia

The Figs. 32 to 34 show the result for the OA patients. Fig. 32 illustrates the results for the
first OA subject. The white arrows point out increased MD and reduced FA in the lateral

femoral condyle and the lateral tibia.
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0 ADC 3.5x107 (mm?i/s)
n - — FA 1

Figure 33: MD and FA maps of an OA patient (OA2). The arrow indicates joint effusion with abundant
synovial fluid.

In Fig. 33 the results for the second OA subject are shown. It was not possible to segment the
patella cartilage for this patient due to too much fluid in the knee, pointed out by the white

arrow.
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MD

0 ADC 3.5x1073 (mm?/s)
0 FA 1

Figure 34: MD and FA maps of an OA patient (OA3). The white arrow indicates increased MD, most likely
caused by fluid in the knee.

The high values in the MD map (white arrow) of OA subject 3 in Fig. 34 could be due to fluid
in the knee.

7.2.2 Mean MD and mean FA in different cartilage regions

The mean MD in the different regions is summarized in Table 3:

Cartilage Region H1 H2 OAl OA2 OA3
Femur 2.1+0.4 1.9+0.5 2.1+0.8 1.8+0.4 2.1+0.7
Medial Tibia 2.1+0.6 1.7+0.5 1.9+0.7 1.6+£0.6 2.4+0.9
Lateral Tibia 2.1+0.4 1.9+0.5 2.4+1.3 1.3+0.4 2.3+0.6
Patella 2.0+0.4 2.2+0.5 1.6+0.6 n/a 1.9+0.5

Table 3: Mean MD in different cartilage regions (in units of 10~ mm?®/s) of the healthy volunteers (H) and the OA
subjects (OA). n/a not available.

The mean FA in the different cartilage regions is summarized in Table 4:

Cartilage Region H1 H2 OAl OA2 OA3
Femur 0.46+0.18 0.35+0.16 0.43+0.18 0.40+0.15 0.35+0.16
Medial Tibia 0.50+0.18 0.43+0.18 0.46+0.17 0.51+0.18 0.40+0.15
Lateral Tibia 0.54+0.22 0.38+0.18 0.55+0.15 0.56+0.17 0.32+0.24
Patella 0.48+0.18 0.30+0.13 0.49+0.18 n/a 0.35+0.16

Table 4: Mean FA in the different cartilage regions of the healthy subjects (H) and the OA subjects (OA)
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In one of the OA patients the patella in the cartilage could not be segmented due to fluid in

the knee. The cartilage in the femur was then further divided into three more regions, the

trochlea, the lateral femoral condyle and the medial femoral condyle as well as the mean MD

and FA calculated. The mean MD of the different cartilage region in the femur is presented in

Table 5.
Femur Region H1 H2 OA1l OA2 OA3
Trochlea 1.940.3 2.0£0.6 1.9+0.6 1.7+0.5 1.9+0.6
Lat.Condyle 2.310.4 1.8+0.4 2.1+1.0 1.9+0.5 2.1+0.6
Med.Condyle 2.1+0.4 1.9+0.5 2.240.8 1.8+0.3 2.5£0.9

Table 5: Mean MD in the three different femoral regions (in units of 10° mm°/s)

The mean FA values were determined for the three femoral compartments as follows:

Femur Region H1 H2 OA1l OA2 OA3
Trochlea 0.41+0.15 0.32+0.15 0.39+0.14 0.47+£0.16 0.32+0.14
Lat.Condyle 0.50+0.18 0.38+0.16 0.45+0.17 0.39+0.15 0.36+0.16
Med.Condyle 0.49+0.18 0.36%0.16 0.46+0.19 0.39+0.14 0.38+0.17

Table 6: Mean FA in the three different femoral regions

The MD and FA values showed no clear trend between the OA subjects and the healthy

volunteers. However, two OA subjects had increased MD values in the lateral tibia and the

lateral femoral condyle. Moreover, one subject showed reduced FA in the same two regions.
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7.2.3 Statistical Analysis

The results for the Kolmogorov-Smirnov test for the mean MD values were as follows:

Cartilage Region Healthy Group | OA Group
p-value p-value

Femur 0,98 0,64
Med. Tibia 0,98 0,91
Lat. Tibia 0,98 0,72
Patella 0,98 0,98
Trochlea 0,98 0,64
Lat. Condyle 0,98 0,64
Med. Condyle 0,98 0,95

Table 7: Kolmogorov-Smirnov Test for the mean MD

For the mean MD all p-values are higher than the significance level of 0.05 (Table 7), thus all

healthy and OA groups presented a normal distribution.

The same test had to be perfomed for the mean FA values. The following results were

received:
Cartilage Region Healthy Group | OA Group
p-value p-value

Femur 0,98 0,91

Med. Tibia 0,98 0,97

Lat. Tibia 0,98 0,67

Patella 0,98 0,98

Trochlea 0,98 0,98

Lat. Condyle 0,98 0,89

Med. Condyle 0,98 0,75

Table 8: Kolmogorov-Smirnov Test for the mean FA

All sample groups for the mean FA values presented higher p-values than 0.05 for both the
healthy groups as well as the OA groups (Table 8). Therefore, all the groups are normally
distributed.
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The Kolmogorov-Smirnov test showed that an unpaired two sided t-test can be applied as all
groups presented a normal distribution. The t-test was also performed with Matlab. The

results for the mean MD values were as follows:

Cartilage Region p-value

Femur 1,00
Tibia med. 0,86
Tibia lat. 1,00
Patella 0,19
Trochlea 0,30
Lat.Condyle 0,94
Med.Condyle 0,58

Table 9: t-test results for mean MD
values

Table 9 demonstrates that all the received p-values are higher than the significance level of

0.05. Hence, there is no significant difference between the healthy group and the OA group.

The FA was also tested for significant differences between the healthy group and the OA

group for each cartilage region. The result of the test is presented in Table 10.

Cartilage Region p-value
Femur 0,83
Tibia med. 0,87
Tibia lat. 0,90
Patella 0,82
Trochlea 0,69
Lat.Condyle 0,53
Med.Condyle 0,81

Table 10: t-test results for mean
FA values

For the mean FA in the different cartilage regions, the p-values were also greater than the
significance level. Hence, there was no significant difference between the healthy subjects

and the OA patients detected for any of the cartilage region.

The t-test revealed no significant difference between the healthy volunteers and the OA
patients. However, the sample sizes were quite small. Therefore, it is difficult to detect a
significant difference. More subjects will need to be scanned in the future for further

investigation.
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7.3 Discussion

Testing the RAISED sequence at 3T revealed excellent image quality and robustness
against motion artifacts. The sequence validation with phantoms demonstrated the absence
of eddy currents. It was also determined that the MD and FA values in water phantoms
agreed well with data published in previous works. Moreover, the temperature dependent
diffusivity coincided with the literature values. The comparison with the Cartesian spin echo
acquisitions ascertained that the RAISED sequence was a good alternative with advantages
over the Cartesian sequence, such as the robustness against motion artifacts and the

possibility to accelerate the image acquisition to reduce the scan time.

The optimization of the protocol provided a protocol with sufficient SNR for correct diffusion
parameter calculation. Obtaining a whole set of DTI data could be achieved in less than 20
minutes. The in vivo images showed excellent image quality and SNR above 15 so that an
accurate calculation of the diffusion parameters was ensured. Moreover, the diffusion images
have excellent contrast to segment the cartilage correctly. This is of high importance because
the incorrect segmentation could lead to errors in the diffusion parameter assessment.
Therefore, due to the sufficient SNR and the correct cartilage segmentation it was possible to
derive accurate MD and FA from the DTI data acquired with the RAISED sequence.

The asparagus phantom tests showed that the data acquired with the RAISED and the
Cartesian sequence resulted in the same ADC. It also showed that the accelerated sequence
provided the same MD values as the fully sampled sequence in water as well as in
asparagus. The mean FA and the coefficients of variation were higher in the accelerated
images. However, this was most likely due to the lower SNR in the accelerated sequence.

The protocol optimization increased the SNR for correct parameter estimation.

The in vivo tests demonstrated high quality diffusion-weighted images. The comparison with a
Cartesian sequence showed that there was a difference in ADC of 5.6%. However, Cartesian
sequences are very sensitive to motion so the difference could be caused by motion during

the data acquisition.

Several studies published diffusion parameters for articular cartilage. Maroudas et al.
provided the first values for healthy and OA cartilage when measuring a mean ADC of
1.30x10° mm?s in healthy cartilage and 1.45x10° mm?/s in OA cartilage [93, 94]. Mlynarik et

al. also measured an increased ADC in the range of 1.15x10° mm?/s to 1.60x10° mm?s for
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OA cartilage and 0.75x10° mm?/s to 1.20x10° mm?s for healthy cartilage, although these
experiments were performed ex vivo at 25 °C. The values published by Filidoro et al. for MD
and FA in healthy cartilage were (1.28+0.14)x10° mm?%s and (0.74+0.19), respectively.
Several studies on artificial degradation of the macromolecules in the extracellular matrix
supported the idea that a change in PG content is responsible for changes in the mean
diffusivity (MD) and a change in the collagen network is responsible for changes in anisotropy
(FA) [4, 77, 101]. Moreover, the correlation of DTI data with scanning electron microscopy
(SEM) further proved the relationship between the collagen network and the anisotropy in
cartilage [33, 100]. In good agreement, in vivo studies published show that in OA patients the
average MD increases whereas the average FA decreases as compared to healthy cartilage
[9, 77, 102].

In the first in vivo study of DTI measurements including healthy and OA subjects Raya et al.
provided MD values in healthy volunteers in the range of (0.75+0.31)x10° mm?s to
(1.21+0.35)x10° mm?s and FA values from (0.41+0.21) to (0.22+0.31). In healthy subjects
the MD has a typical pattern of increasing values from the bone cartilage interface towards
the articular surface, while the FA decrease from the bone cartilage interface to the articular
surface. In OA subjects Raya et al. measured MD values from the bone-cartilage interface to
the articular surface of (1.01+0.32)x10° mm?%s and (1.46+0.36)x10° mm?s respectively and
FA values of (0.31+0.18) and (0.21+0.17) [9]. In comparison, the MD and FA values that were
measured in this work with the RAISED sequence in the cartilage were higher, with a mean
MD in the whole cartilage of 2.0x10° mm?/s for both the healthy and the OA subjects and a
mean FA of 0.43 in healthy cartilage and 0.42 in OA cartilage. The increased values were
present due to phase incoherence caused by microscopic motion between different
acquisitions. A 2D phase navigator has been added to the sequence to correct for
macroscopic motion and parameter maps after the phase correction showed MD and FA
values in the range of the data published in the literature. Fig. 35 shows the MD and FA maps
acquired with the RAISED sequence with and without 2D phase navigator. The decrease of
the values is clearly visible, especially in the MD maps. The white arrows in Fig. 35 point out

examples of lower valued areas as compared to the images without phase correction.
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Without Phase Correction With Phase Correction
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Figure 35: MD and FA maps before and after phase correction, with the
white arrows indicating examples of lower MD and FA values in the phase
corrected images as compared to the uncorrected images

Due to the small sample size of two healthy volunteers and three OA patients, no significant
difference between the two groups could be determined. Hence, the increased MD and the
decreased FA as suggested by the literature could not be seen in our data. A very likely
cause of the lack of difference could be due to the scans being uncorrected from macroscopic
motion. It is necessary to obtain more data from healthy and OA subjects to explore this
further. Nevertheless, increased MD values were observed in two regions of the cartilage in

two OA subjects and decreased FA in one subject in the same regions.

However, as of now DTI of articular cartilage was only possible at high field with high quality
images. At 3 T, DTI of articular cartilage was previously done with EPI sequences, which led
to low quality images [6-8]. The experiments presented in this work showed that with our
RAISED sequence it was possible to acquire DTl images of excellent quality at 3 T which

makes it applicable for clinical routine.
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8. Conclusion and Outlook

OA is a big factor in industrialized countries due to its high prevalence and the absence of
effective therapies. Not being able to diagnose OA in its early stages makes it difficult to
develop new therapies. It is therefore of high importance to find a way to detect OA early. At
high field, DTI of articular cartilage as a biomarker for OA has been proven to be very
effective. However, high field scanners (>3T) are not allowed in clinical scanning. Hence, it is
desirable to find a way to use DTI of articular cartilage as a biomarker for OA on clinical
scanners as well. In this work | propose to use a spin echo radial (RAISED) sequence as we
have proved that the RAISED sequence provides high quality images and is robust against
motion artifacts. Moreover, it has been possible to obtain high quality DTI of articular cartilage
at a 3T scanner with an acquisition time below 20 minutes which makes the sequence
usable in a clinical environment as well. We were first in providing high quality data of healthy
and OA subjects at 3 T. The results of this work were selected as an e-poster at the annual
meeting of The International Society for Magnetic Resonance in Medicine (ISMRM) [117].
Although data of a greater nhumber of healthy and OA subjects need to be obtained, the
results from this work are very promising. DTI of articular cartilage as a biomarker at 3 T
could be of high importance for the detection of OA in its early stages in the future. Such early
detection would ensure that the patients could start therapy early. Moreover, it may help to
design trials for new OA drugs and to provide better understanding of the physiopathology of
the disease. It would not only have a great positive impact on the individual patient, but also

on industrialized countries as OA is a big burden on socioeconomics.
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