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ABSTRACT

Osteoarthritis (OA) is a common disease that causes degeneration of articular car-
tilage and other joint tissues. The progression of OA can lead to severe pain and
immobility. Unfortunately, clinical imaging techniques are more suited to diagnos-
ing the late stages of the disease rather than detecting the early signs of degenera-
tion. Therefore, new non-invasive imaging methods are urgently needed that could
assess the compositional changes related to incipient OA in joint connective tissues.

Quantitative MRI parameters, such as relaxation time constants or diffusion,
are among the most promising methods for the non-invasive assessment of early
changes evoked by OA. However, many of these quantitative parameters have sig-
nificant shortcomings, such as long imaging times, very low sensitivity or require-
ment of special hardware, which mean that they are inapplicable for clinical imag-
ing. Furthermore, a significant issue limiting the use of quantitative MRI for OA
diagnostics is the rapid transversal relaxation often observed in the musculoskeletal
tissues, reducing the signal available from these tissues. This issue can be overcome
by applying the ultra-short or zero echo time methods. Interestingly, when using
these methods, a previously unseen hyperintense signal has been observed at the
osteochondral junction. However, the exact origin of this signal has not been com-
prehensively studied, and even its location in the osteochondral unit has remained
debatable as both deep uncalcified cartilage and calcified cartilage have been pro-
posed.

The hypotheses of this thesis were that quantitative susceptibility mapping (QSM)
could overcome at least most of the problems regarding quantitative MRI assessment
of articular cartilage and more specifically, that it would be sensitive to the changes
in the properties of the extracellular matrix of articular cartilage. Regarding the hy-
perintense signal at the osteochondral junction, it was hypothesized that this signal
is located in the deep uncalcified cartilage instead of the calcified cartilage. More-
over, it was hypothesized that the hyperintense signal would be in part generated
by and dependent on the susceptibility differences between the uncalcified and cal-
cified cartilage.

All experiments were performed by imaging ex vivo osteochondral samples of
animal and human origin in a preclinical 9.4T MRI scanner. When evaluating QSM
in the assessment of articular cartilage, it was compared to T} relaxation time map-
ping and also correlated with reference parameters, such as biomechanical proper-
ties or collagen network organization in articular cartilage. Furthermore, the poten-
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tial added value by combining the QS- and T; mapping for diagnosis of cartilage
degeneration was studied. To localize the hyperintense signal at the osteochondral
junction, co-registration was performed between SWIFI-MRI, high-resolution yCT
and the histological images. T; relaxation time mapping and variable bandwidth
SWIFT imaging were utilized to reveal the potential causes of the hyperintense sig-
nal.

The results of the thesis indicate that native QSM has a limited ability to detect
cartilage degeneration and seems to lack sensitivity compared to the T; relaxation
time mapping. However, the combination of the information obtained with both
methods (available from the same measurement) improves the results over those
gathered by using either of the methods individually.

The results using SWIFI-MRI indicated that the hyperintense signal at the osteo-
chondral junction is completely observed in the deepest parts of non-calcified artic-
ular cartilage instead of the calcified cartilage or subchondral bone. It was observed
that the region of the hyperintense signal in the deep layer had a much shorter T}
relaxation time than the superficial cartilage. Moreover, the multiple bandwidths
test demonstrated that the hyperintense signal was blurred at lower receiver band-
widths. These results indicate that the hyperintense signal is at least partially caused
by the fast T; relaxation and that the susceptibility differences between the uncalci-
fied and calcified cartilage have a role in generating the signal. As the susceptibility
effects are a potential cause of the hyperintense signal, the combination of SWIFT
and QSM could potentially be used to clarify this signal better.

National Library of Medicine Classification: WE 300, WE 348, WN 185

Medical Subject Headings: Cartilage, Articular; Osteoarthritis/diagnosis; Extracel-
lular Matrix; Diagnostic Imaging; Magnetic Resonance Imaging

Yleinen suomalainen ontologia: nivelrusto; nivelrikko; soluviliaine; kuvantami-
nen; magneettikuvaus
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Introduction

Articular cartilage is a tissue covering the ends of articulating bones. Together with
the synovial fluid, it provides nearly frictionless motion of joints [1]. Furthermore,
it also contributes to the transmission of loads in the joint [2]. However, as articular
cartilage has no vasculature and a relatively low number of cells, it has only a limited
ability to recover from damage [2].

Degenerative diseases, such as osteoarthritis (OA), can lead to a permanent de-
struction of articular cartilage and eventually to pain of the diseased joint, causing
immobility. Nowadays OA is a common disease in Western societies, affecting es-
pecially the elderly population; for example, knee OA affects over 10% of the pop-
ulation older than 60 [3-5]. Since OA may lead to disability and require surgical
operations, such as total knee arthroplasty, as a treatment, it poses a major bur-
den on the healthcare budget; for example in Finland, the annual costs of OA are
around one billion (1 000 000 000) euros [6]. Despite the high socio-economic im-
pact of the disease and the significant scientific effort to find ways to prevent the
disease, there are no effective disease-modifying drugs for OA [7]. The develop-
ment of disease-modifying drugs would require the ability to detect and follow-up
even the smallest of changes in the properties of cartilage. In addition, because ar-
ticular cartilage has a low ability to regenerate, the detection of changes caused by
OA, other diseases or trauma should be detected before the damage has progressed
to a terminal stage [8]. However, current clinical methods such as estimating the
joint space narrowing from plain radiographs, qualitative magnetic resonance imag-
ing and arthroscopy are qualitative in nature (arthroscopy is also invasive), which
hampers their potential to act as early biomarkers for OA [9].

Magnetic resonance imaging (MRI) offers the unique ability to image different
properties of tissues simply by modifying the applied imaging sequence, without
the need to alter the hardware or inject contrast agents into the patients. Many
quantitative MRI parameters have been studied for imaging of articular cartilage,
but to date, they have suffered from long scan times, limiting them to 2-D imaging
or low resolution (gagCEST) [10,11], from hardware dependence (relaxation times)
[12], or the need to administer contrast agents or the availability of special hardware
(dGEMRIC and sodium imaging respectively) [11-13].

In this thesis, the potential of quantitative susceptibility mapping (QSM) [14]
and ultra-short echo time imaging using the SWIFT sequence [15] was evaluated
in the imaging of articular cartilage. QSM was studied, since it overcomes many
of the issues limiting the use of quantitative MRI in cartilage imaging. Ultra-short
echo time methods, on the other hand, have already demonstrated their potential in
musculoskeletal imaging, since they are able to provide signals from tissues that are
usually invisible in MRI [15-17].

While studies I and II of the thesis revealed that QSM is still far from ready to
be utilized in clinical imaging of articular cartilage, they hinted that it may have
potential when used properly. In study III, SWIFT imaging revealed interesting
and new information about the MRI detectable signals in the vicinity and at the
osteochondral junction, which has recently attracted interest with respect to its role
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in the initiation and progression OA. Thus, the findings in this thesis provide novel
information and hint at potentially important developments for OA diagnosis in the
future.



Articular Cartilage

The ends of articulating bones are covered by articular cartilage, which together with
the synovial fluid, allows nearly frictionless motion of joints [1]. To some extent,
articular cartilage functions as a shock absorber during motion as it distributes loads
evenly to the underlying bones [2]. Articular cartilage consists of interstitial water
and extracellular matrix and chondrocytes [2]. The extracellular matrix is mostly
composed of a collagen fiber network and proteoglycan macromolecules [2]. The
number of cells in mature cartilage is relatively low, constituting only around 2%
of the total volume of articular cartilage [2,18]. Both low friction and the high
shock absorbing and weight bearing abilities of articular cartilage are provided by
its complex structure [2]. Articular cartilage is attached to the bone via the calcified
cartilage layer at the osteochondral junction (Figure 2.1) [19].

0.5 mm

Articular cartilage

Calcified cartilage

Subchendral:bone

([~ Collagen fiber ~® Chondrocyte & Proteoglycan

Figure 2.1: Structure of the osteochondral unit as seen in a hematoxylin and eosin
(H&E) stained histological slice and a schematic drawing depicting the main struc-
tures and constituents of articular cartilage. Non-calcified articular cartilage is sepa-
rated from the calcified cartilage by the tidemark. The border between the calcified
cartilage and subchondral bone is called the cement line.

2.1 COLLAGEN NETWORK

The function of the collagen network in cartilage is to provide structure, which
holds all the other constituents of cartilage together. Collagen in articular cartilage
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accounts for around 20% of the tissue wet weight (about 60% of dry weight), and
the relative amount of collagen increases as one moves towards the osteochondral
junction [2,20,21]. The collagen of articular cartilage is mainly type II collagen, but
also other collagen types (e.g. III, VI, IX and XI) are present [2]. In articular cartilage,
collagen forms fibers that are organized into a network that confers cartilage with its
tensile strength and provides a frame into which other constituents of articular carti-
lage can bind [2,20]. The collagen fibers consist of fibrils that are formed by multiple
collagen molecules attached to each other [22]. Moreover, collagen molecules consist
of three left-handed helices formed of type II collagen [22]. The other types of colla-
gen in articular cartilage help to form and stabilize the collagen fibrils [2]. Articular
cartilage can be divided into three zones based on the orientation and anisotropy
of the collagen fibers [2,23]. In the superficial zone, collagen fibers are oriented in
parallel to the surface of the articular cartilage; in the transitional zone, collagen
fibers are bent away from a parallel orientation with respect to the surface towards
an orientation that is perpendicular to the surface and in the radial zone, the fibers
are almost perpendicular to the cartilage-bone interface (Figure 2.2) [2,23]. The col-
lagen fibers of the radial zone are attached to the subchondral bone via calcified
cartilage [2].

2.2 PROTEOGLYCANS

Proteoglycans are the other main constituent of the extracellular matrix along with
the collagen network. Proteoglycans make up approximately 5% of the wet weight
of articular cartilage (30% of the dry weight) [2,20]. Proteoglycans are formed by
glycosaminoglycan (GAG) molecules that are attached to a core protein [2]. GAGs
are composed of long chains of disaccharide units, which in turn contain an amino
sugar [2]. The disaccharide units contain negatively charged sulphate or carboxylate
groups, making GAGs negatively charged. The negative charge of GAGs attracts
cations and thus water into cartilage [20]. The proteoglycans in cartilage tend to
form large aggrecans, having a high charge density leading to a swelling of the ar-
ticular cartilage [20]. This swelling is restricted by the collagen network of articular
cartilage and eventually an equilibrium state is reached between the tensile forces
in the collagen network and the swelling pressure created by the proteoglycans [24].
Proteoglycans restrict the fluid flow when pressure is applied to articular cartilage
and also give cartilage its ability to recover after the pressure is relieved [24]. The
proteoglycan concentration in the articular cartilage increases towards the osteo-
chondral junction (Figure 2.2) [2].

2.3 CHONDROCYTES

Chondrocytes are the only cell-type that exist in articular cartilage and they are
surrounded by the extracellular matrix of the articular cartilage [2]. Chondrocytes
synthesize collagen and proteoglycans and have an ability to react to changes in
their environment [2]. Thus, chondrocytes are responsible for producing and main-
taining the complex structure of articular cartilage [2]. The chondrocytes are most
active during the growth of cartilage; in mature articular cartilage, their activity is
decreased [2]. The shape of the chondrocyte cells depends on their location in ar-
ticular cartilage; the superficial cells have an oval shape whereas in the radial zone,
the chondrocytes are round [25]. Although chondrocytes have an ability to produce
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the constituents of the extracellular matrix of articular cartilage, they are not able to
repair severe damage [20]. In mature cartilage, chondrocytes receive nutrients only
from the synovial fluid by means of diffusion [2]. The numbers of chondrocytes are
highest in the radial zone of articular cartilage (Figure 2.2).

2.4 INTERSTITIAL FLUID

The amount of interstitial fluid is around 60-80% of the wet weight of articular car-
tilage [20]. Most of the interstitial fluid in articular cartilage is associated with the
proteoglycans, while one third of the water is bound to collagen fibers and a small
amount is located in the chondrocytes [26]. Although water in articular cartilage is
mostly associated with either the proteoglycan or collagen macromolecules, it is not
trapped but instead exchangeable [27]. Together with the synovial fluid, interstitial
fluid is responsible for providing nutrients and oxygen to the chondrocytes, since
mature articular cartilage is a completely avascular tissue [2]. The water content of
articular cartilage is controlled by the proteoglycan concentration and the organiza-
tion of the collagen network [26]. The water content of articular cartilage is highest
in the superficial zone of articular cartilage and decreases towards the osteochondral
junction (OCJ) (Figure 2.2) [2].

Water Proteoglycan Collagen content Chondrocyte
content content and orientation content

Ll

Bone OCJ] Articular cartilage

Dark color =
High content

Light color =
Low content

Figure 2.2: The constituents of articular cartilage and their concentrations in the
different layers of articular cartilage. Darker color indicates a higher concentration
of each constituent. Black lines in the collagen column depict the collagen fibers and
their orientation.

2.5 OSTEOCHONDRAL JUNCTION

The osteochondral junction (OC]J) is the area at the border of articular cartilage and
subchondral bone, where the collagen fibers of articular cartilage are attached into
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subchondral bone via the tidemark and calcified cartilage [2]. The calcified car-
tilage is formed as calcification extends from the subchondral bone plate to the
deepest parts of articular cartilage, providing a very strong attachment and a transi-
tional zone between the collagen network of articular cartilage and the subchondral
bone [19,28,29]. The collagen network and composition of calcified cartilage are
somewhat similar to the deepest parts of articular cartilage and differ greatly from
the structure of bone (Figure 2.3), i.e. calcified cartilage is literally calcified, but
not ossified radial cartilage [19,29]. The borderline between the calcified cartilage
and articular cartilage is called the tidemark [29]. The composition and structure
of the tidemark is not yet completely understood [19]. During cartilage growth,
cartilage obtains nutrients from the vasculature that comes to the cartilage through
the osteochondral junction, but towards the end of the growth, this vasculature van-
ishes [19], meaning that superficial cartilage has to acquire its nutrition from the
synovial fluid [2]. However, the deepest parts of cartilage (i.e. the osteochondral
junction) obtain their nutrients via the subchondral plate [29]. The border between
the calcified cartilage and subchondral bone is called the cement line [19,29]

H&E stain Safranin-O stain

Radial zone

Calcified cartilage

Subchondral bone

Collagen fiber angle  Collagen fiber anisotropy
. . 1 !"' i
B i Radial zone

Calcified cartilage

Subchondral bone

Figure 2.3: Light microscope images of the osteochondral junction. The first row
shows ordinary light microscope images of H&E and Safranin-O stained histolog-
ical sections and the bottom row displays the collagen fiber and anisotropy from
polarized light microscopy. It can be seen that the calcified cartilage resembles ra-
dial articular cartilage (more than subchondral bone) in each case. The resemblance
is so clear that with many histological methods, it is difficult to make a distinction
between the calcified and non-calcified cartilage.



2.6 OSTEOARTHRITIS

Osteoarthritis is a degenerative disease of joint tissues, involving articular cartilage.
Osteoarthritis is common, especially in the elderly population and it causes severe
pain and ultimately in the immobility of patient with the progression of the disease.
Traditionally, OA was believed to be a disease of articular cartilage, but nowadays it
is known to affect all joint tissues [29].

Osteoarthritis is associated with a loss of proteoglycans, changes in the water
content, disruption of the collagen network and changes in the osteochondral junc-
tion and subchondral bone. These changes include bone remodelling, sclerosis,
re-vascularization of the osteochondral junction and deep cartilage, and tidemark
duplication (Figure 2.4) [4,5,30-32].

Healthy cartilage Progression of OA Late OA

- Disruption of superficial|| _ Severe/complete

Cartilage surface cartilage "
. loss of cartilage
- Superficial proteo- . .
- Thickening of
glycan loss

. subchondral bone
- Revascularization of

deep cartilage
- Bone remodelling
and/or sclerosis

Calcified cartilage - Tidemark duplicatio
!g e __J
g KQU ¥ ——— 7 - @ =

Figure 2.4: Progression of osteoarthritis in the osteochondral unit. At the beginning
of the disease, the cartilage surface starts to become disrupted and also the changes
at the osteochondral junction begin to progress. As the disease progresses, the
cartilage becomes thinner and subchondral bone thickens.

The changes in the cartilage-bone unit due to osteoarthritis happen gradually
and it is not easy to detect the initial changes. This is complicated by the fact that
articular cartilage is aneural, and thus the pain occurs only after OA has caused
inflammation [4]. Most often, superficial proteoglycan loss and the fibrillation of
collagen network are thought to be the first signs of OA [4]. Sclerosis of the sub-
chondral bone may also appear during the early stages of OA [33]. During OA
progression, the collagen matrix of articular cartilage is damaged and proteoglycans
are lost also from the deeper parts of the tissue. Thickening of the subchondral
bone and changes at the osteochondral junction also take place gradually as the OA
progresses [29,34].

Although the changes to the tissues of the osteochondral unit during the pro-
gression of osteoarthritis are well known, the exact cause (or causes) that initiates
osteoarthritis is currently unknown and is a topic of investigation. One special
case of osteoarthritis is post-traumatic osteoarthritis, in which the OA is initiated by
trauma, such as anterior cruciate ligament rupture or meniscal tear [30]. As the exact
cause of OA is not well known, there are no drugs that could slow down or prevent
OA, let alone heal advanced OA [7]. Since there is no disease-modifying medi-
cation for OA, early diagnosis of the disease is necessary if one wishes to initiate
rehabilitative treatment early enough to affect the prognosis [8]. For example, the re-
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habilitation for OA includes weight management and strengthening of muscles [35].
Importantly, the lack of an early imaging biomarker for OA has complicated the
search of disease-modifying drugs for OA [9].



Magnetic resonance imaging

In this chapter, the foundations of magnetic resonance imaging (i.e. nuclear mag-
netic resonance (NMR)) are reviewed first, then the measurement of the NMR signal
is explained and the pulse sequences used in this thesis are shortly described. At
the end of the chapter, the principles and methodology of Quantitative Susceptibil-
ity Mapping (QSM) are explained. The first three subchapters are covered in greater
detail in multiple textbooks, e.g. [36—40].

3.1 NUCLEAR MAGNETIC RESONANCE

Magnetic resonance imaging (MRI) is based on the nuclear magnetic resonance,
which is caused by the spin angular momentum (spin) of the nuclei. In an external
magnetic field, the spins are locked along the external field and take the superpo-
sition of the allowed quantum states, the number of which depends on the nuclei
that are being imaged. Furthermore, in the external field, the spins are precess-
ing around the axis of the main field at the Larmor frequency wy (the resonance
frequency of the spin system), which is defined as follows

wo = —7Bo, 3.1)

where 7 is the gyromagnetic ratio of the imaged nuclei and By is the external
magnetic field.

For the most commonly imaged nucleus, hydrogen, the spin is 1/2, which al-
lows two states with different energy levels. In the external field, the spins will
reach a thermodynamical equilibrium, where there will be slightly more spins at
the lower energy state. The distribution of spins at both energy states is given by
the Boltzmann distribution:

M _ e(—7h§0/2n)/kT’ (3.2)
Na
where N; is the amount of spins at both energy states, h is Planck’s constant, k
is Boltzmann’s constant and T is temperature. The energy difference between the
states is now AE = —yhBy/27. Since the amount of spins is different at low and
high energy states, a net magnetization is formed along the main magnetic field. In
MRI, the net magnetization vector is manipulated to create a signal from the region
of interest.

3.2 RELAXATION

In NMR experiments (such as MRI), the measured signal is generated by disturbing
the net magnetization by applying radiofrequency pulses at the Larmor frequency.
More specifically, since the transverse component of the net magnetization produces
a signal that is measurable by the RF-coil, the net magnetization is tilted from the
axis of the main field towards transverse plane via the application of RF-pulse.



After the equilibrium is disturbed, the spin system starts to recover towards the
equilibrium via different relaxation processes, namely longitudinal and transversal
relaxations.

The longitudinal or Tj-relaxation (sometimes also called spin-lattice relaxation
also) describes how quickly the net magnetization returns to the equilibrium state
after the perturbation. Tj-relaxation is affected by the molecular motion causing
fluctuations in the magnetic field that the spins experience, causing their polariza-
tion axes to wander. Thus, for example when a sample is brought into a magnetic
field, the net magnetization is not instantly formed, but needs a finite time to form
(Figure 3.1). Tj-relaxation is mostly affected by molecular motions nearby to the
Larmor frequency of the spins.
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Figure 3.1: Left: magnetization along main magnetic field as a function of time
after an object is brought into a magnetic field, i.e. Tj-relaxation. Right: transverse
component of magnetization as a function of time after excitation RF-pulse, i.e. T-
relaxation

As the main field is usually cylindrically symmetrical, there is no naturally occur-
ring transverse component for net magnetization. However in MRI, the net magne-
tization is tilted towards the transverse plane to obtain a measurable signal. towards
the transverse plane to obtain a measurable signal. Transversal or T-relaxation (also
spin-spin relaxation) describes the decay of the transverse component of the net
magnetization vector. As the net magnetization is brought to the transverse plane,
it starts to precess around the longitudinal axis. During precession, the individual
spins start to dephase due to fluctuations in the magnetic fields. This dephasing in
turn causes an irreversible decay in the transverse magnetization. T-relaxation is
affected by the molecular motions but in contrast to the Tj-relaxation, motions at
much lower frequencies than Larmor frequency play a role in the transverse relax-
ation.

Both Tj-relaxation and T,-relaxation affect the amount of measurable signal in an
NMR-experiment (Figure 3.1). Since the transverse component of the net magneti-
zation is detected in an NMR-experiment, the T;-relaxation decreases the observable
signal, in such a way that a faster relaxation decreases the observable signal if the
measurement setup is not altered. The effect of the Tj-relaxation on the observable
signal is indirect as it does not affect the transverse magnetization. However, since
in a usual experiment, the net magnetization does not have time to return to equi-
librium before a new excitation pulse, the faster T;-relaxation leads to an increase in
the observable signal.
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The relaxation times are generally longer in liquids and thus in soft tissues, mak-
ing MRI the tool of choice for imaging these tissues. However, in the musculoskeletal
system, many tissues are more solid-like, leading to very short T,-relaxation times,
which necessitates the use of specialized MRI methods.

3.3 MAGNETIC SUSCEPTIBILITY

Magnetic susceptibility x is an inherent property of a material that defines how the
material affects the external magnetic field. The effect of the magnetic susceptibility

on the external field ]§0 is defined by

Biot = (1 — x)Bo, (3.3)

where Etot is the resulting magnetic field.

The materials can be categorised (roughly) into dia-, para- and ferromagnetic
materials based on their magnetic susceptibilities. Diamagnetic materials have y < 0
and thus they oppose external magnetic fields. Paramagnetic materials have xy > 0
and they reinforce the external field. Ferromagnetic materials have xy >> 0, meaning
that they greatly reinforce the magnetic field and become magnetic in the external
field (Figure 3.2). Ferromagnetic materials may also retain magnetization on their
own after they are removed from the magnetic field.

susceptibility = 0 diamagnetism paramagnetism
A AAA A A

>
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1

Figure 3.2: The effect of the magnetic susceptibility of a material on the main
magnetic field. Diamagnetic materials weaken the external field (field lines are
further from each other) and paramagnetic materials strengthen the external field.

Water and most tissues are slightly diamagnetic, but the exact susceptibilities of
different tissues are variable, which may either complicate MRI or offer additional
benefits, if the susceptibility can be measured.

The varying susceptibilities inside the imaging target will also affect the relax-
ation properties of the material, namely if the effects of an inhomogenous magnetic
field are not compensated for in the imaging sequence, the transverse relaxation
may appear faster. This relaxation is termed as T;-relaxation and it includes the
ordinary T,-relaxation and also T; components caused by an inhomogenous static
field.
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3.4 MRI MEASUREMENT

As mentioned earlier, the net magnetization vector needs to be disturbed from the
thermal equilibrium to create a measurable NMR-signal. However, simply creating
a signal from the target tissue may not be very informative and therefore for imag-
ing purposes, there needs to be a localization of the NMR-signal. This is done by
making the main magnetic field spatially variable, which leads to a spatially varying
Larmor frequency of the spins. Spatially varying Larmor frequency in turn allows
generating a signal from a specific region only, allowing signal localization. The
variations in the main magnetic field are called gradient fields. In common MR],
gradient fields are linear and orthogonal. The gradient fields are induced using
gradient coils.

The order, type, amplitude and timing of the radiofrequency pulses and field
gradients applied during MR imaging are called the pulse sequence. Traditionally
pulse sequence consists of an excitation RF-pulse accompanied with a slice (or vol-
ume) selection gradient. This is followed by phase encoding gradients and finally
by signal acquisition during the frequency encoding gradient (Figure 3.3).

The signal in MRI is acquired as a k-space of an actual MR image in such a
way, that the integral of the gradients over time corresponds to the location of the
measured signal in the k-space. Thus, if orthogonal gradients are used, one can
eventually transform the acquired k-space into a meaningful image by using a dis-
crete Fourier transform.

Most often, we would be interested only in the magnitude image, which displays
how much signal we have acquired from a certain location. However, the MR image
is actually complex-valued and hence, it contains more information than the plain
anatomical (magnitude) image: also the phase angle data of the complex image can
be utilized in MRI.

In order to acquire an MR image, the RF-excitation and signal acquisition pro-
cesses need to be repeated to acquire enough data to allow image formation. In a
typical MRI experiment, the time between repetition of the RF-excitation (TR, rep-
etition time) is kept constant during the imaging sequence. The other important
timing parameter is the time between the RF-excitation pulse and the signal acqui-
sition (since the signal undergoes relaxation during this period). This parameter
is called the echo time (TE). In addition to timing parameters, the angle by how
much the RE-pulse tilts the magnetization vector (termed flip angle, &), affects the
properties of the MR-image.

3.4.1 3-D Gradient echo sequence

3-D multiecho gradient echo sequence (MGRE) follows the traditional (cartesian)
MR-imaging pathway described above. The main differences to the pathway de-
scribed in previous subsection are that the sequence is 3-D, which necessitates two
phase encoding steps into different directions. Moreover, multiple echoes are ac-
quired (Figure 3.3). This leads to an acquisition of multiple 3-D images which have
different weightings due to T;-relaxation. The signal magnitude S for an individual
echo in the MGRE sequence is of the form

sin(@) - (1—e ™®/T) _ppq

S5=S§
071~ cos(a)e TR/Ti ¢

(3.4)
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where S is the spin density of the imaged object. Since TR and « are kept con-
stant during the sequence, it follows that in the MGRE sequence, the first parts
of Equation 3.4 are constant and thus individual images from the sequence are
weighted by the term e TE/T; Thus, from this set of different images, one can calcu-
late T} -relaxation time maps by performing the following voxel-wise minimization

M
T, * = argmin]|| Z S(TEy) — Spe” TEe/T2 I? (3.5)
STy k3

where S(TE) is the magnitude of the signal at each echo time, Sy is the estimated
signal at TE =0 and M is the number of different echo times.

The T3 -relaxation time can be calculated from the usual magnitude images; how-
ever, one other quantitative parameter (quantitative susceptibility mapping) avail-
able from the 3-D MGRE sequence is calculated using the phase data and it will be
discussed in more detail in the next section of the thesis.
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Figure 3.3: a) Pulse sequence diagram for basic multiecho gradient echo sequence
with three echoes. The sequence begins with a slice selective RF-pulse having the
flip angle &, then gradients along phase encoding directions are applied (Ggs and
Gpe). The signal is acquired while the gradient along the readout direction (Gro)
is applied. In this example, a monopolar readout is applied, i.e. signal is acquired
during positive readouts only. The sequence is repeated until the desired number of
different phase encoding steps have been performed. TR is the repetition time, TE1
is time from excitation pulse to first echo and ATE is the space between the acquired
echoes. b) Pulse sequence diagram for the SWIFT-sequence, The acquisition is per-
formed during the gaps in the frequency swept RF-pulse. Here, hyperbolic secant
RF-pulses are displayed as they are used in this thesis. Chirp pulses utilizing linear
frequency sweep could also be applied in SWIFT.

3.4.2 Sweep Imaging With Fourier Transform (SWIFT)

In the musculoskeletal system, many tissues have fast or extremely fast T} -relaxations,
which necessitates the use of more specialized imaging sequences if these tissues are
to be imaged. As the T;-relaxation happens during the TE (and already during the
RF-excitation), the obvious answer is to use sequences that are capable of acquiring
data very rapidly after the excitation RF-pulse.

These sequences are generally called ultra-short echo time (UTE) sequences,
which actually have two main branches. The first branch, referred to here as trueUTE
sequences, consists of sequences where the readout gradient is ramped up after the
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excitation pulse, yielding an extremely short but finite and understandable TE (in
the sense, that it can be deliberately manipulated and is not just a delay as required
by the transmit and receive (TX) -switching) [41,42]. The True-UTE-sequences can
also be applied in 2-D, a feature that is not possible with the other main branch of
UTE-sequences, called zero-echo time (ZTE) sequences [42,43].

ZTE-sequences differ from the true-UTE in a fundamental way, since in ZTE, the
readout gradient is applied before and/or during the RE-pulse [15,42,44]. Thus,
the only delay in ZTE-sequences consists of the TX-switching, yielding TE that is
essentially zero. Due to this difference, ZTE sequences are "limited" to pure 3-D
imaging as the RF-pulse cannot be slice selective. Furthermore, the actual TE cannot
be easily modified in the ZTE-sequences. However, they are able to detect the signal
from even the most rapidly relaxing tissues, such as tooth enamel [45,46].

One example of ZTE-sequences is the SWeep Imaging with Fourier Transform
(SWIFT) sequence [15], in which the frequency swept RF-pulse is used for excita-
tion. Furthermore, the RF-pulse is gapped and the signal is acquired during the gaps
of the RF-pulse (Figure 3.3). Due to this acquisition process, the acquired signal has
contamination from the RF-pulse and has to be pre-processed to remove the con-
tamination. This is done using a cross-correlation method [47], where the measured
signal is deconvolved with the RF-pulse to acquire the correct frequency spectrum
of the spin system. After the processing, the real part of the system frequency spec-
trum corresponds to the spin density profile of the system [15]. The signal intensity
of the SWIFT-sequence follows a rather similar equation with the GRE 3.4, the dif-
ference being that because SWIFT has almost a zero echo time, the part containing
T; -relaxation is insignificant and the signal equation has the form [15]

sin(a) - (1 — e~ TR/T1)

S=S
071~ cos(a)e TR/Ti

(3.6)

It can be seen that the Tj-relaxation can be mapped from the SWIFT data, for
example by repeating the measurement with different flip angles and solving the
following minimization

N sin(a;j) - (1 —e TR/T)

Ti* = argmin S(a;) — S
! gSO, 1”]; (&) = So 1 —COS(OCj)e_TR/Tl

1%, (3.7)

where S(a) is the measured signal magnitude at flip angle « and N is the number
of different flip angles [48,49].

3.5 QUANTITATIVE SUSCEPTIBILITY MAPPING

In Quantitative susceptibility mapping (QSM), the aim is to map susceptibility dis-
tribution inside some region of interest (ROI) based on the MRI-phase data (instead
of the much more commonly used magnitude data) [14].

The phase measurement is usually performed using common gradient echo se-
quences, since they are commonly available on any MRI scanner and do not cancel
out the phase modulation induced by susceptibility differences in contrast to spin
echo. 3-D data has to be measured as the relationship between the phase and sus-
ceptibility is defined only in 3-D [50,51]. The relationship between the measurable
phase and the susceptibility is derived in the following manner.
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The relationship between magnetic susceptibility x(7) and the relative difference
field (RDF) at location 7 can be formulated as

@@ =205, 68)

where By is the strength of the applied homogeneous and static external magnetic
field, B(7) is the z-component of the magnetic field at point 7, * is the convolution
operator and d(7) is the z-component of the spatial unit dipole. Furthermore, the
above equation assumes that |x| << 1, i.e. susceptibility changes are very small.
d(7) can be presented as

3-cos?f—1

4F) = =4 73

(3.9)
where 6 is the angle between By and 7. The value of d(0) = 0 due to Lorentz-sphere
correction [14]. The right hand side of Equation 3.8, RDF, can be related to the image
phase ¢(7; TE) of gradient echo type MRI by taking into account the gyromagnetic
ratio ¢ and echo time (TE) of the measurement and assuming no phase aliasing.
The relation can be presented as follows:

B(F) —By fr ¢ TE)

By " By-y  By-vy-TE’

(3.10)

where, f; is loosely speaking the rate at which the phase evolves during TE. Finally,
by combining equations 3.8 and 3.10 we obtain the relationship between the image
phase and the susceptibility

—(Bo-v-TE)(d* x)(7) = ¢(F; TE), (3.11)

where TE is the echo time, By is the field strength and ¢(7; TE) is the image phase
for each voxel at TE. The aim of quantitative susceptibility mapping is to estimate
X from the measured complex data based on Equation 3.11.

The conversion of the phase data to the susceptibility map, however, involves
multiple steps (Figure 3.4), detailed in the following subsections. In the following
steps of the thesis, the 7 is omitted from the equations for clarity.

3.5.1 Estimation of phase evolution from multiecho dataset

In Equation 3.10, it is assumed that the phase of the MR-image depends only on TE
and the phase evolution rate f,, i.e. ¢ = f, - TE. However, it has been observed that
the image phase ¢(TE) has a nonzero component at TE = 0 that is not related to
the susceptibility. The image phase (¢(TE)) can be presented as a sum of the phase
evolution (f;) and the initial phase at TE = 0 (¢9). The initial phase, however, is not
related to the susceptibility distribution of the target.

¢(TE) = f, - TE + ¢y. (3.12)

Thus, using the image phase ¢(TE) of single echo imaging in Equation 3.11
does not yield accurate results unless ¢g is negligible. Thus, multiple echoes are
typically used to estimate both f; and ¢ in order to improve the reconstruction of
the susceptibility distribution. One method for estimating the phase evolution is the
"complex fitting" that is presented in the MEDI-toolbox [52]. The method is based
on the following minimization problem
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Figure 3.4: The steps in the QSM post processing pipeline as used in this thesis.
First, multiecho data was combined to estimate the phase evolution during ATE,
then the phase was unwrapped and the mask from the T; map was applied. The
mask was constructed by allowing only reliable T relaxation times for the included
voxels. After that background field removal and dipole inversion were performed

Prk, Pox = arggqipr(}z ISj — A - ¢!(fr TEj¢o) || (3.13)
A

where §; is the measured, complex MRI signal and A; is the magnitude of the
measured signal at the jth TE. There are also many other possibilities to estimate
phase evolution [50, 53].

3.5.2 Removal of phase wraps

The second challenge in QSM post-processing arises from the definition of the phase
of the complex numbers. The phase of complex numbers is limited between -7r and
7t by definition and as a consequence, the phase data of MRI images is wrapped
every time, when the phase evolution exceeds the limits (i.e. when the phase evolves
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over 7T it is wrapped back to a value close to -7 and vice versa). However, the
limitation is obsolete regarding how susceptibility affects the phase evolution of the
NMR signal, since susceptibility is not limited in a similar manner. The removal of
the wraps might seem to be a trivial process in the first place, but selecting the zero
point for unwrapping is non-trivial and thus advanced algorithms for unwrapping
the data have been designed [54-56]. The unwrapped phase ¢ is to be solved from
the equation

¢ = ¢y + 271, (3.14)

where ¢, is wrapped phase and 7 is positive integer. Thus, estimating the un-
wrapped phase requires estimating n for every single voxel. One way to estimate n
is Laplacian unwrapping [54], which is based on the realization that [57]

P = exp(ipy) = exp(i(¢p — 27tn)) = exp(i¢) (3.15)
and noting that

Im(1/PV?P) = V3¢, (3.16)

where V?2 is the Laplacian operator and Im denotes the imaginary part of the
complex number. Then the Laplacian of the unwrapped phase, V¢ can be solved
from the wrapped phase:

V2 = cos(¢y) V2 sin(¢y) — sin(¢pe) V2 cos(¢n). (3.17)

The true phase ¢(7) can then be solved from Equation 3.17 utilizing Fourier
techniques for Laplacian operators, allowing fast solution even for large data sets
[54]. The solution is unique by imposing boundary condition that the gradient of
n vanishes at the boundary of the ROI and restricting the n to be an integer [54].
Other possibilities to solve phase wraps include e.g. homodyne filtering and region-
growing algorithms [55, 56].

3.5.3 Removal of background field contributions

Since phase and susceptibility are related by convolution, which is a non-local oper-
ation, strong susceptibility sources outside the ROI also affect the phase data inside
the ROI, causing errors in the estimation of susceptibility maps [58]. The relation-
ship between the measurable phase and relative field change was presented in Equa-
tion 3.10. In the following, we simplify the left -hand term in Equation 3.10 as

B=Bo _ Af, (3.18)
By

which is the relative field change induced by the susceptibility distribution of
interest. However, as Af and x are related by convolution, also susceptibility dif-
ferences that lay outside of the ROI can evoke field changes inside the RO], i.e. the
field is a combination

Af = Afext + Dfioc (3.19)

where the background field contributions Af,y; can be separated from local field
inhomogeneities Afj,. by acknowledging that the external field cannot have sources
inside ROI and thus it has to satisfy the Laplace’s equation inside the ROI [58]
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V2(Afext) = 0. (3.20)

However in discrete MRI imaging, we do not have infinitely thin boundaries be-
tween the local and external fields. Thus, removal of background field contributions
cannot be directly performed using the Laplace-approach without making assump-
tions about the phase data or susceptibility at the ROI boundary [58]. Due to this,
the estimated susceptibility is often unreliable at the boundary. There are multi-
ple methods to perform the background field removal step; one of these is Projec-
tion onto dipole fields (PDF) [59], which is based on estimating background fields
via finding a representative susceptibility outside the ROI and assuming constant
susceptibility inside the ROI. This is done by solving the following minimization
problem inside the ROI

XB* = argrr%inllu)(Af —dx*xp)ll, (3.21)
B

where xp is the representative susceptibility distribution outside the ROI and w
is weighting by noise level estimated from the MGRE magnitude images at differ-
ent TE’s. After solving the minimization, the estimated external field Af,y; can be
calculated from xp. Ultimately, the local field can be calculated by subtracting the
estimated background field from the total field. Other methods for background field
removal include, for example, Sophisticated Harmonic Artifact Reduction for Phase
(SHARP) [60] and Laplacian Boundary Value (LBV) [61] -methods.

3.5.4 Estimation of susceptibility distribution by dipole inversion

The final step of the QSM post-processing is the estimation of the susceptibility dis-
tribution based on the local field map obtained in the previous steps. This problem,
however, is mathematically ill-conditioned as the dipole term d in Equation 3.11 has
non-trivial zerospace, making the direct inversion of the equation impossible. The
relationship between the local field map and susceptibility is presented in the image
space as follows

Afjoe =d* X, (3.22)

which can be presented also in Fourier-space

]:{Afloc} =D- ]:{X}/ (3.23)

where D is the dipole kernel d in Fourier space and F{} denotes discrete Fourier
transformation in 3-D. D can be presented as

_ ke (3.24)

D =
k]

W =

where k; is the z-component of the k-space vector parallel to the main magnetic
field and |k| is the magnitude of the k-space vector. Formally, x is easy to solve from
Equation 3.23:

x=F YD F{Afic}} (3.25)
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where F~1{} is the inverse discrete Fourier transform. However, it is evident
from Equation 3.24 that D has a non-trivial zero space when ‘% = 1 and thus it can-

not be inverted as D~!. Thus various approaches exist to solve y from Equation 3.23
via regularization, but nearly all of them have to make compromises between the
computational efficiency and accuracy of the methods. Moreover, finding suitable
strength of regularization may not be an easy task [62].

One fast and robust method for performing the dipole inversion is truncated k-
space division (TKD) [63]. In TKD, the dipole kernel D is truncated around the zero

cone (i.e. the surface where % — ‘% = 0) as follows
-k it 13— fll > 6
= 1k . (3.26)
sgn(z — W) - otherwise.

The truncation parameter J can be chosen arbitrarily, providing a trade-off be-
tween the numerical accuracy of the susceptibility values and a less noisy image.
This truncation approach allows solving the problem extremely quickly, since only
one fast Fourier transform and one inverse fast Fourier transform need to be cal-
culated. However, this method leads to an underestimation of the susceptibility,
which needs to be corrected [64]. This correction is done by scaling the suscepti-
bility values with the point spread function of the truncated kernel. The correction
for the susceptibility underestimation makes possible the use of large truncation pa-
rameters in TKD, which in turn improves the noise-tolerance of the method without
underestimating susceptibility [64].

Furthermore, it needs to be addressed, that in the QSM research, there is much
ongoing research aiming at optimizing the processing pipeline [58,62]. One focus of
this work has been to combine the aforementioned steps in the pipeline and to re-
solve joint problems. Examples of these are HARPERELLA [65], which combines the
unwrapping of the phase and background field removal steps and TFI [66], which
combines background field removal and dipole inversion steps. Finally, since in clin-
ical imaging the multicoil imaging techniques are routinely used and furthermore
in clinical imaging, the focus has been on magnitude images, all methods that are
suitable for combining magnitude images may not be suitable for combining phase
data. Thus, suitable methods for coil combination for QSM need to be considered,
e.g. the popular sum-of-squares technique [67] is not generally suitable [50]. Possible
coil combination methods include phase difference and phase image reconstruction
methods [50].
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MRI of articular cartilage

MRI is one of the main tools used in the diagnostics and staging of osteoarthritis
and related diseases. In this chapter, I will first review shortly how MRI has been
applied in cartilage imaging and then introduce more specifically what has been
done with QSM, T;-relaxation time mapping and UTE- and SWIFT-imaging.

4.1 CONVENTIONAL MRI OF ARTICULAR CARTILAGE

In general, MRI is a widely used tool for cartilage imaging in clinics [68]. MRI
has good contrast in soft tissues and thus it is well suited for imaging cartilage. In
the clinic, MRI is usually applied for anatomical imaging of joints, and from those
images, one can evaluate cartilage thickness or cartilage loss as well as detecting
ligament injuries and bone cysts [68,69]. Moreover, semiquantitative scoring sys-
tems, such as MRI Osteoarthritis Knee Score (MOAKS) are based on anatomical
imaging [70]. However, anatomical imaging is mostly useful in resolving how badly
tissues have become damaged during the progression of osteoarthritis and the early
changes caused by the disease are often not observable with MRI. This is also likely
due to the fact that symptomless joints are rarely imaged and usually as the patient
starts to experience symptoms, OA has already progressed [4,69,71].

As mentioned earlier, multiple quantitative parameters can be mapped by MRI
and a number of these parameters have been used for the evaluation of articular
cartilage both preclinically and in clinical studies. The quantitative parameters that
have been proposed and applied for cartilage imaging include a measurement of
relaxation times, e.g. T, Tz, and Ty, relaxation times [72-76], delayed gadolinium
enhanced MRI of cartilage (dGEMRIC) [77-79], diffusion weighted and diffusion
tensor imaging [80, 81], glycosaminoglycan specific chemical exchange saturation
transfer (gagCEST) [10,82] and sodium imaging [83].

If one considers these methods, it is evident that some are more sensitive towards
the proteoglycan content of cartilage while others depend more on the properties of
the collagen network. GagCEST, sodium imaging and dGEMRIC correlate especially
well with the proteoglycan content. On the other hand, diffusion imaging reflects the
properties of the collagen fiber network of cartilage. With respect to the relaxation
time measurements, T relaxation is thought to be more dependend on the collagen
network and Ty, on the proteoglycan content. However, especially for Ty, the results
depend heavily on the specific measurement protocol [74,84]. Native T; imaging is
less widely used in cartilage imaging and the main application for T; relaxation time
mapping has been within the dGEMRIC experiment.

Although these quantitative MRI methods can probe articular cartilage rather
well, nearly all of them have their drawbacks, warranting new studies utilizing
new contrast mechanisms. For example, gagCEST can be time-consuming to im-
age with high resolution, causing patient discomfort and increasing the probability
of motion artefacts. Moreover, gagCEST is sensitive only towards the proteoglycan
concentration, not disruptions in the collagen network (which can be regarded as an
advantage in some situations) [10]; sodium-MRI requires special hardware (sodium
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coils and RF-amplifiers) and special sequences that are also time-consuming [83];
dGEMRIC is slightly invasive (contrast agent injection) and requires that there is
a sufficient time between the pre- and post-contrast images [77]; diffusion mea-
surements may also require long scan times and they need to be well designed for
application in cartilage imaging since for example, the collagen network of cartilage
does not restrict diffusion as extensively as myelin sheets. Finally, relaxation times,
which depend on the field strength and measurement setup, are mostly sensitive
to tissue degeneration rather than specific properties that are changing in cartilage
during OA (which might also be beneficial in some cases). Some of these param-
eters, especially relaxation times, also depend on the orientation of cartilage in the
magnetic field [84,85]. This is called the magic angle effect, which is caused by wa-
ter molecules that are strongly aligned with the collagen fiber orientation, causing
their T, relaxation time to depend on the orientation of the collagen fibers in the
magnetic field [85]. The magic angle effect causes a notable increase in the affected
relaxation times, and may lead to misdiagnosis if not properly taken into account.
The magic-angle effect is most clearly observed when the collagen fibers are near
to an angle of 54.7° with respect to the magnetic field [84,85]. To overcome certain
limitations, namely the time consuming imaging and the need of specific hardware
or contrast agent injections, the use of QSM is proposed in this thesis and also else-
where [86-88].

4.2 QUANTITATIVE SUSCEPTIBILITY MAPPING

QSM has been seldom studied in the musculoskeletal system and especially in ar-
ticular cartilage. Many of the studies of cartilage applying QSM have concentrated
on imaging the vasculature in the epiphyseal cartilage or the growth plate and
are not the focus of this study [89-91]. To date, there are only a couple of stud-
ies probing QSM of mature articular cartilage outside of this thesis [86-88]. The
first study investigating this topic showed that anisotropic susceptibility of collagen
fibers caused QSM to be also anisotropic in articular cartilage [86]. Furthermore,
that study demonstrated that QSM had depth-wise contrast in cartilage and that
this contrast seemed to correlate with the collagen fiber orientation at the different
layers of articular cartilage. More specifically, the susceptibility in articular cartilage
was highest nearby to or at the superficial layer of articular cartilage and decreased
towards the deeper layers. A follow-up study went one step further and utilized
susceptibility tensor imaging (STI) [92] to show that susceptibility contrast could be
used to map the collagen fiber orientation in articular cartilage [87]. However, the
use of STI is problematic since it requires imaging of the target at multiple (more
than 6) physical orientations of the sample with respect to the main magnetic field,
which should also be relatively well distributed in all three dimensions (i.e. the tar-
get has to be rotated with respect to all axes) [92]. Clinical studies [88] have shown
that QSM contrast in articular cartilage in the osteoarthritic knee joint is altered in
such a way that OA reduces the depth-wise variation in the susceptibility of carti-
lage.

This thesis differs from the previous studies in that here, selective degradative
treatments were applied on osteochondral samples to determine if and how the dif-
ferent cartilage constituents affect the QSM contrast in cartilage and in study II,
samples with degeneration due to post-traumatic osteoarthritis were scanned. Ad-
ditionally, several reference methods to resolve the degenerative state of the tissue
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samples were used. Thus, this study is the first that has attempted to relate QSM
with the progression of OA in articular cartilage and the specific compositional
changes associated with it.

4.3 T; RELAXATION TIME MAPPING

T; relaxation time has been used to probe similar properties in articular cartilage as
the more common T, relaxation time; these include probing the collagen network
structure and evaluating the water content of cartilage [75,93,94]. However, since
shorter echo times can be used in T} relaxation time mapping, this approach may
better reflect the properties of the fast relaxing spins than T, relaxation time map-
ping. On the other hand, T; relaxation time mapping is more prone to errors caused
by an inhomogeneous magnetic field. An additional benefit of T, relaxation time is
that it can be readily used within ultra-short echo time sequences, and they have al-
ready been demonstrated to provide a robust measurement of T; relaxation time in
the deepest cartilage regions [11,95]. Although T; relaxation time and QSM are sim-
ilar in the sense that both are affected by the magnetic field inhomogeneities, they
also complement each other very well. While the T; relaxation time measurement
essentially contains the information from the T, relaxation time that is affected by
field inhomogeneities, QSM probes directly the cause of these field inhomogeneities
(e.g. susceptibility changes within the tissue) directly. AAs mentioned, both param-
eters can be measured in the same sequence at the same time. However, until this
work, no studies combining the information from T; relaxation time mapping and
QSM had assessed the structural and mechanical properties of articular cartilage.

4.4 ULTRA-SHORT ECHO TIME IMAGING

Ultra-short echo time imaging of articular cartilage and other musculoskeletal tis-
sues has become increasingly popular within the last ten years. The reason behind
its popularity lies in the fact that this technique has a unique ability to measure
the signal from tissues which have extremely fast T; relaxation, i.e. many tissues
of the skeletal system. UTE-imaging has been used for both anatomic imaging of
joints and osteochondral samples [11,43,96] and for quantitative parameter map-
ping, such as Ty and Ty, relaxation time mapping [17,49,95,97,98]. UTE-sequences
have been especially useful in the quantitative assessment of the deepest regions of
articular cartilage, since fast relaxation in that region complicates the imaging using
sequences with conventional echo times [11]. Quite specifically, a bright signal fea-
ture has been observed at the osteochondral interface when using ultra-short echo
time sequences. The signal has been proposed to originate from the calcified car-
tilage, that has been previously unseen by conventional MRI [96]. Naturally, this
observation has attracted attention and the relaxation properties of this signal have
been probed using UTE-sequences [17,99]. Furthermore, it has been shown that this
feature is diminished near to bone marrow lesions [100]. However, studies on the
exact location of this signal have not been conducted, since previously it has only
been localized by matching of thin histology slices with thick MRI slices [96, 99].
Thus, the precise origin and changes in the signal due to OA processes remain to
be clarified. While one can speculate that changes take place at the osteochondral
junction in OA and measuring these might be even more relevant than assessing the
changes in cartilage, it is nonetheless important to understand, which changes can
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affect this hyperintense signal. Thus, it is of extreme importance to precisely local-
ize this signal by combining the information from SWIFT-MRI with the information
from uCT imaging, which sees the calcified cartilage as bone [101].
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Aims and hypotheses

Methods for early detection and follow-up of osteoarthritis need to be found if ef-
fective disease-modifying drugs or surgical treatments are to be developed or if the
progression of OA is to be predicted. MRI offers ways of quantifying numerous pa-
rameters describing the properties of articular cartilage, but at present, none of these
MRI parameters seem to have a truly excellent ability to predict OA progression or
to robustly detect very early degenerative changes.

The hypotheses of the study were that QSM can represent a fast and quantita-
tive 3-D MRI method for the assessment of articular cartilage and that it would be
sensitive to the osteoarthritic changes in the extracellular matrix of articular carti-
lage. For the studies regarding the osteochondral junction, it was hypothesized that
the hyperintense signal observed in SWIFI-MRI is located in the deep uncalcified
cartilage. Further, it was hypothesized that the hyperintense signal is generated by
the fast T1 relaxation at the osteochondral junction and in part by the susceptibility
difference between the uncalcified cartilage and the calcified cartilage.

Thus, the aim of this thesis was to evaluate QSM and SWIFT-methods, for imag-
ing and evaluation of articular cartilage. The specific aims of the studies comprising
the thesis were:

1. To study how to perform QSM in articular cartilage in a reliable way and to
evaluate how susceptibility depends on the condition of the cartilage and what
kind of orientation anisotropy it may exhibit.

2. To correlate QSM and T;-relaxation with biomechanical properties, proteogly-
can content and collagen network properties of equine cartilage suffering from
post-traumatic osteoarthritis.

3. To precisely localise and provide plausible explanations for the hyperintense
signal seen at the osteochondral junction with SWIFT-MRL
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Materials and Methods

6.1 SAMPLES AND SAMPLE PREPARATION

Different osteochondral samples were utilized in each of the studies. In study I,
cylindrical plugs obtained from the patellae of three skeletally mature bovines were
used. In study II, wedge shaped samples from the medial trochlear ridges of equine
subjects were utilized. In study III, cylindrical plugs from tibial cartilage of a ca-
daver human donor were investigated.

In study I, a total of 9 cylindrical osteochondral samples (diameter = 6mm) were
drilled out of the patellae of skeletally mature bovine knee joints, acquired from
a local grocery store. After the samples were dissected, they were immersed in
phosphate buffered saline (PBS) and stored in a freezer (-20°C). The samples were
subjected to different enzymatic/physical treatments to induce variable changes in
the composition of cartilage prior to imaging. Three of the samples were left un-
treated. Two samples were degraded with trypsin to induce a loss of proteoglycan
in the osteochondral samples. The trypsin treatment was performed by immersing
the samples in 0.5mg/ml trypsin solution (Sigma Aldrich, trypsin from bovine pan-
creas). The solution was then placed in an incubator (temperature=37°C; CO,=5%)
for nine hours. The degradation was stopped by immersing the samples in PBS
containing enzyme inhibitors. Two of the samples were first treated similarly with
trypsin, but also additional degradations (heat or enzymatic treatment) to induce
also changes in the collagen network were performed; one sample was degraded
with collagenase enzyme in an incubator (30 units/ml, Sigma Aldrich Collagenase
Type VII from Clostridium histolyticum, treatment time=22h; temperature=37 °C;
CO=5%) and the other was degraded thermally in a sealed, PBS-filled test tube in
a water bath at 60 °C for 15min. The remaining two samples were decalcified with
ethylenediaminetetraacetic acid (EDTA) prior to imaging.

In study II, 20 wedge-shaped osteochondral samples from the medial trochlear
ridges of equine specimens were utilized (Figure 6.1). Samples were gathered from
both stifle joints of 10 animals. Fourteen of these samples were originally from an
equine cartilage repair study [102], where lesions were surgically induced in both
medial trochleae of the horses and the lesions were repaired with a combination of
chondrons and mesenchymal stem cells in different carrier hydrogels. As a result,
the horses developed post-traumatic osteoarthritis in the tissue surrounding the le-
sions [103]. One year after the repair, the animals were sacrificed and wedge-shaped
samples which partially covered the lesion area were harvested. Six control sam-
ples were prepared from the stifle joints of horses obtained from a slaughterhouse.
The control animals had a matching age range with the experimental animals [103].
In this study, the biomechanical testing was conducted on the samples prior to the
MRI assessment. Moreover, the samples underwent also optical measurements, the
results of which have been reported elsewhere [103,104].

In study III, eight cylindrical osteochondral plugs with a diameter of 4 mm were
prepared from the tibial cartilage of one human cadaver. Four samples were from
the medial and four from the lateral tibia. The samples were stored in a freezer after
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the preparation. Furthermore, one plug from tibial cartilage of bovine knee was
studied in more detail with more time consuming imaging as the human samples
had to be scanned rapidly, since the samples were part of a larger study which had
a tight schedule. One sample from the dataset had to be rejected due to extreme
motion artifacts during MRL
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Figure 6.1: Preparation of the osteochondral samples in study II. A wedge shaped
osteochondral sample was prepared from the area in the vicinity of the surgical
lesions. Before MRI, the sample was cut to fit it into the magnet.

6.2 MRI MEASUREMENTS

In all the studies, the MRI was performed using a 9.4T Varian/Agilent scanner
(Vnmrj DirectDrive software v. 3.10). In studies I and II, a 19-mm-diameter and in
study III, a 10-mm-diameter quadrature RF volume transceiver (Rapid Biomedical
GmbH, Rimpar, Germany) were utilized. During the imaging, the samples were
immersed in 'HMRI-signal-free perfluoropolyether. In study I, the samples were
attached in a custom-built holder that allowed rotation of the samples with respect
to the main magnetic field, allowing the examination of the orientation anisotropy
of the samples. In studies II and III, the samples were placed in plastic test tubes.
In studies I and II, the MRI was performed using a 3-D MGRE sequence to allow
mapping of both susceptibility differences and T; relaxation times of the samples.
The sequence had the following parameters: TR = 150 ms, « = 23°, TE; = 2.00
ms, ATE = 3.05 ms, number of echoes = 6, bandwidth = 150 kHz. In study I, the
image matrix size was 1923 voxels and the voxel size was (94ym)3. In study II, the
matrix size was 200x256x200 voxels and the voxel size was (100ym)3 . In study I,
imaging was repeated in five different orientations (0°, 25°, 45°, 65°, and 90°) of the
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sample surface normal with respect to the main magnetic field of the scanner. In
study II, the sample was oriented in such a way that the angle between the surface
normal and main magnetic field was approximately 90° throughout the sample to
avoid effects caused by susceptibility anisotropy.

In study III, MRI was performed using the SWIFT-sequence with different sat-
uration pulses (and variable flip angles for the bovine specimen). SWIFT data was
acquired using a gapped hyperbolic secant pulse and the following imaging pa-
rameters: TR =2.6s, bandwidth = 62.5kHz, « = 6°, matrix size = 3843 voxels and
voxel size = (65 ym)?. Different spectral saturations were obtained by applying 20
ms 180° hyperbolic secant pulses with 1 kHz bandwidth at a specified offset fre-
quency (+/- 1400, or 0 Hz) after every sixteenth repetition. One dataset was imaged
with a 20 ms delay in place of the saturation pulse to image all the signals from the
specimen without saturation, but to maintain equal timing and thus a comparable
signal level. The aim of the spectral saturations was to allow reconstructing images
of short- and long-T7 spin pools separately in order to allow careful examination of
the short-T; signal feature in the vicinity of the osteochondral junction. Differently
saturated images were also used to create images where the signals from all the spin
pools were reconstructed in-focus, meaning that also the signal from fat was recon-
structed without radial blurring. These hybrid SWIFT images are termed Short-T,
and all-in-focus images throughout this thesis respectively (see section 6.4 and Fig-
ure 6.3). The bovine specimen was also imaged using different flip angles to allow
Th-relaxation time mapping. As the SWIFT data is acquired radially, the images
could not be reconstructed using standard fast Fourier transform. Thus, the images
were reconstructed from the acquired 262144 radial spokes per imaged volume by
regridding the spoke data on a cartesian grid.

After MR imaging, all the samples were first fixed in 10% neutral buffered for-
malin for 48 hours and then decalcified in EDTA. After decalcification the samples
were processed into histological sections.

6.3 REFERENCE MEASUREMENTS

All individual studies had slightly different sets of reference measurements, con-
sisting of light microscopy of stained histological sections from the samples, polar-
ized light microscopy, optical density measurements, biomechanical testing and pCT
imaging. The histological stainings utilized in the study were safranin-O staining,
hematoxylin and eosin stain (H&E) and Masson'’s trichrome staining. The safranin-
O and H&E stainings were used in study I in a semi-quantitative light microscopic
assessment, as the intensity of safranin-O stain reveals the proteoglycan content of
the cartilage and H&E stain allows straightforward distinction between articular car-
tilage, calcified cartilage and subchondral bone. The pixel size for the histological
images in study I was (3.5um)?.

In study II, digital densitometry of the safranin-O stained slices was performed
to measure their optical density, which is related to the proteoglycan content of the
articular cartilage. Digital densitometry was performed using a light microscope
equipped with a monochromatic light source and a CCD-camera with the following
settings: objective 1x, zoom 2x, binning 1 and calibration with neutral density filters
of 0-3.0 optical density. Then, the optical density of each sample was calculated
based on the calibration set.

Part of the histological sections were left unstained and instead they were treated
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with hyaluronase to remove proteoglycans from the sections. These sections were
then imaged utilizing polarized light microscopy (PLM). PLM was used as a ref-
erence method in studies I and II to reveal the collagen fiber angle and collagen
network anisotropy in the histological sections of the samples. In the PLM mea-
surements an Abrio PLM imaging system (CRi Inc.,, Woburn, MA, USA) which
was mounted on a light microscope (Nikon Diaphot TMD, Nikon Inc., Shinagawa,
Tokyo, Japan) was used with the pixel size of (3.5um)?. As the system did not allow
direct imaging of the collagen network anisotropy (Appy), it was calculated from
the fiber angle as follows

1
1+€’
where € is the image entropy of the fiber angle image in a 5x5 pixel neighbour-
hood of each pixel.

In study III, Masson’s trichrome was used instead of the H&E staining in order
to distinguish between the different regions of the osteochondral sample. The Mas-
son’s trichrome -stained slices were imaged with a digital pathology slide scanner
(40x magnification and (0.25;4m)2 pixel size; Aperio ATy, Leica Biosystems, Wetzlar,
Germany).

Another reference method used in study II was biomechanical testing, based
on which the equilibrium and dynamic moduli of articular cartilage could be cal-
culated. The biomechanical testing was performed using a system that had a 250g
load cell (accuracy £ 0.25%, Model 31, Honeywell Sensotec Sensors, Columbus, OH,
USA) and an actuator (displacement resolution 0.1ym, PM500-1 A, Newport, Irvine,
CA, USA). In the study, biomechanical testing was performed at 12 locations of each
individual osteochondral sample [103]. Measurements at adjacent locations in quick
succession did not affect the results of the testing as the utilized intender was small
when compared to the distance between the measurement locations [105].

In study III, high-resolution uCT imaging was utilized as a key reference to
allow precise localization of the hyperintense SWIFT signal. 4CT imaging was per-
formed using a Skyscan 1272 device (Bruker microCT, Kontich Belgium) by using
an x-ray tube voltage of 50kV and 200xA current, and 0.5mm aluminum filtering.
1200 projections with 2200ms exposure time and three times frame averaging were
collected. Projections were reconstructed to images with isotropic (2.75um)> voxel
size with NRecon-software (v.1.6.10.4, Bruker microCT) utilizing beam hardening
and ring artifact corrections.

Apim = (6.1)

6.4 DATA ANALYSIS

Prior to data-analysis, parameter maps were estimated in studies I and II. In both
studies T, relaxation time maps were calculated by solving the minimization prob-
lem in Equation 3.5 using the in-house devised Matlab (Mathworks, Inc) algorithm,
which was based on linearizing the problem and limiting the maximum value of T}
relaxation time to 150 ms. The limit was applied since the utilized echo times were
somewhat low, which led to an occasional over-estimation of long T; relaxation
times.

In studies I and II, the QSM post processing pipeline started by using the "com-
plex fitting" -method from the MEDI-toolbox [106] to estimate the phase evolution
from multiecho data [52] and the Laplacian method was applied for phase un-
wrapping [54]. In study I, the PDF method was used for the background field
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removal [59] and dipole inversion was calculated using the TKD method with cor-
rection for susceptibility underestimation [63,64]. Even though the results achieved
by utilizing this pipeline were generally good, the cartilage in the equine samples
was so thin in study II, that it was crucial to avoid erosion of the boundary vox-
els in the background field removal step. Thus, in study II, the TFI algorithm,
which solves background field removal and dipole inversion simultaneously, was
utilized [66].

In each study, the basis for the data-analysis were depth-wise parameter value
profiles or intensity profiles calculated from the MRI-data and reference images
(PLM, optical density and uCT). In studies I and III, the profiles were calculated
as averages from cylindrical ROI with a radius of 1 mm, at the midpoint of the
cylindrical plugs. The PLM profiles in study I were calculated as an average of
three histological slices at the midpoint of the sample. In study I, the anisotropy
profiles were calculated as Michelson contrast between the profiles collected from
the data that was imaged at different orientations of the sample. Michelson contrast
A at location (depth) r is defined as [107]

_ Pmux(r) - Pmin(r)
Prax (1’) + Pmin(r) ’

where P,y (r) and Py, (1) are maximum and minimum values of the parameter
P at depth r through all orientations. Since in QSM, parameter values are distributed
around 0, Equation 6.2 was modified to use global maximum and minimum values
in the denominator instead of the local values to avoid division by zero. In study II,
similar profiles were calculated, but instead of using only one profile per sample, the
profiles were collected around each biomechanical testing point of the samples. The
profiles were collected by applying Matlab algorithms that were based on selecting
a point around which a circle with an appropriate radius was defined. Then the
MRI and/or uCT values were sampled along the normal of this circle throughout
the cartilage depth. The profiles from the images acquired with different modal-
ities were interpolated into matching lengths in each study to allow more precise
analysis.

In study I, the profiles from different modalities and differently treated sam-
ples were qualitatively compared with each other, to determine the differences or
similarities between them. In study II, a more quantitative analysis was made to
investigate whether either QSM or T;-mapping could be linked to the progression
of post-traumatic osteoarthritis or correlated with the reference properties of artic-
ular cartilage. The statistical methods applied in study II are more described in
more detail in the next section. In study III, the intensity profiles from co-registered
hybrid SWIFT images and uCT images (Figure 6.3) were calculated and compared
to find the exact location of the hyperintense SWIFT signal with respect to the bony
structures visible in the uCT images.

In study III, it was of extreme importance that the MRI and pCT images were
registered as precisely as possible. This was achieved by co-registering the MR-
and pCT images using the affine transform in elastix-software [108] and applying
maximizing of the mutual information of the images as a cost function. In the co-
registration, all-in-focus MR images with inverted contrast and background masking
were created to maximize the similarity of the contrast between the MR- and uCT-
images (Figure 6.2) to aid in the automatic co-registration. The transform parameters
from the co-registration were then utilized to co-register the rest of the MR-images

A(r) (6.2)
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acquired from the same sample in the same geometry. In the end, the success of the
co-registration was confirmed visually.

Masked and inverted

Long T,* MR image UCT image

Co-register the inverted MR image with uCT
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Figure 6.2: The co-registration process in study III. First, inverted contrast MRI
image having similar contrast with yCT was created. Then co-registration between
inverted contrast MRI and puCt was performed. The same registration parameters
were then applied for all MR-images. In the images of the bottom row, the soft tissue
(green color) depicts MRI intensity and bone (blue color) depicts uCT intensity.

6.5 STATISTICAL METHODS

In study II, the MRI-parameter profiles were used to predict the reference variables
(i.e., equilibrium and dynamic moduli, proteoglycan content, collagen fiber angle
and collagen anisotropy) using partial least squares regression (PLSR) [109]. Prior
to the PLSR-analysis, the depth-wise profiles were normalized using standard nor-
mal variate [110] and to avoid overfitting of the models, the analysis was performed
using 10-fold cross-validation. The PLSR-predictions of the reference parameter val-
ues were compared with the measured reference parameter values with Spearman’s
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rank correlation analysis [111]. Direct correlations were also calculated between the
means of full and superficial (25% depth) T; relaxation time profiles and the ref-
erence parameter values as a way of comparing the results of PLSR-analysis with
the more conventional analysis. For QSM, Spearman’s correlation coefficient was
calculated between the range of the susceptibility values and the reference proper-
ties. Range was utilized for QSM instead of the mean, since the mean value of QSM
tends to remain near to zero, especially in full thickness ROI’s.

The statistical significance of the differences in the tissue properties between the
experimental and control groups was tested with Mann-Whitney U test [112] in
SPSS (Version 25, SPSS Inc., IBM Company, Armonk, NY, USA). For the profile data,
this analysis was performed at each point of the depth-wise profiles. Statistical sig-
nificance of Spearman correlations was tested using exact permutation distributions
(see e.g. [113]) in Matlab. In both tests P < 0.05 was considered as the limit for statis-
tical significance. Non-parametric tests were applied since the reference parameter
data was non-normally distributed as per the Shapiro-Wilk test [114] (P < 0.0001).
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Figure 6.3: The hybrid SWIFT images created for the study IIL. In addition, the
uCT image is displayed and the outline of the bony structures visible within it is
displayed with green color overlays in the MR-images.
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6.6 SUSCEPTIBILITY SIMULATIONS

In study I, simulations on the anisotropy of susceptibility were performed, since the
observed QSM anisotropy seemed unexpected compared to the T;-relaxation time
anisotropy. In the simulations, cylindrical layered susceptibility distribution, mim-
icking the distribution observed for cartilage at 0° orientation with respect to the
main magnetic field was created (Figure 6.4). Then, the magnetic field perturbation
generated by this susceptibility distribution was calculated using Equation 3.23 at
different orientations between the susceptibility distribution and the main magnetic
field, and gaussian noise was added to the realizations. Subsequently, QSM post-
processing was performed on the simulated field maps using the PDF and TKD
methods.
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Figure 6.4: The susceptibility distribution generated for the susceptibility simula-
tions. a) The susceptibility distribution in the cylinder and b) a vertical slice of the
distribution. The white dashed line marks the ROI utilized in the QSM processing
phase of the simulations.
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Results

7.1 REFERENCE MEASUREMENTS

In study I, the aim was to induce different kinds of degeneration in the specimens
to evaluate how this would be evident in the QSM data. The safranin-O stained
histological slices revealed that the trypsin treatment had removed almost all of the
proteoglycans from the articular cartilage. Furthermore, the PLM images revealed
that trypsin treatment had caused slight damage to the superficial collagen network.
Moreover, PLM revealed that collagenase treatment had eroded the superficial col-
lagen fibers and the thermal treatment had evoked disruptions in the collagen fiber
network throughout the sample (Figure 7.1).
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Figure 7.1: Reference measurements from bovine samples after different degrada-
tive treatments. It can be seen, that trypsin has removed most of the proteoglycans
in the cartilage. The thermal treatment caused a disruption of the collagen network
throughout the cartilage thickness.

In study II, all reference properties (i.e. equilibrium and dynamic moduli, pro-
teoglycan content, collagen fiber and collagen fiber anisotropy) were altered between
the experimental and control samples. The equilibrium and dynamic moduli were
significantly higher in the control group in most of the measurement points (see Fig-
ure 2 in study II). The proteoglycan content was significantly higher in the control
group at those locations, which were nearby to the induced lesions in the experi-
mental group (Figure 7.2). The collagen fiber angle in the deep cartilage was also
significantly decreased in the experimental group at the measurement points in the
vicinity of the lesions (Figure 7.2). The collagen fiber anisotropy, on the other hand,
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was only significantly decreased in the experimental group at the points furthest
away from the lesions (Figure 7.2). It was also noted that the PLM fiber angle did
not display typical behavior, where the superficial layer covers a small percentage of
the total depth of the cartilage but instead the collagen displayed a superficial orien-
tation nearly throughout the cartilage at the measurement locations near the surgical
lesions (Figure 7.2). Similar behavior was noted at the same anatomical locations in
the control samples, which can be explained by the fact that this anatomical location
was near to the peripheral region of the stifle joint.
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Figure 7.2: Reference properties of the equine samples at different measurement
locations. The difference between the experimental and control results is statistically
significant at the locations indicated by the shaded areas.



7.2 QUANTITATIVE SUSCEPTIBILITY MAPPING

Probably the most important result regarding QSM of articular cartilage, which was
the main topic of this thesis, was that QSM is not very sensitive towards specific
degenerative changes in articular cartilage. In study I, it was observed that differ-
ent degradative treatments did not drastically affect the QSM (Figure 7.3). Further-
more, the anisotropy of QSM seemed to be almost unaffected by the treatments. The
magnitude of the susceptibility anisotropy was also generally low but was clearly
increased as one moves towards the osteochondral junction (Figure 7.4). Generally,
the QSM contrast in articular cartilage was such that the susceptibility was near zero
at the surface of the cartilage, increased towards the middle of cartilage and then
declined sharply towards the osteochondral interface at 0° and 90° orientations (Fig-
ure 7.6). At the orientations near the magic angle (55°), the susceptibility remained
near zero throughout the cartilage depth (Figure 7.6).
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Figure 7.3: The susceptibility and T; relaxation time profiles through cartilage
at different imaging orientations following different degradative treatments. The
bar above the first graph indicates the cartilage zones: SZ = superficial zone, TZ =
transitional zone, RZ = radial zone, CC = calcified cartilage, and SB = subchondral
bone.

In the simulations with layered and isotropic susceptibility distribution it was
observed, that some magic angle anisotropy could exist in QSM even if the suscep-
tibility was isotropic, at least if there was no signal available outside of the sample
with layered susceptibility (Figure 7.5).

Study I also revealed that the QSM processing pathway may drastically affect
results of QSM in cartilage (Figure 7.6). More specifically, it was observed that the
background removal method plays a critical role in the successful QSM of articu-
lar cartilage, as some methods might be intolerant to the susceptibility difference
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at the osteochondral junction, causing susceptibility distribution of cartilage to be
exaggerated.
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Figure 7.4: The anisotropy of collagen fiber network along with the anisotropies
of apparent magnetic susceptibility and T relaxation time. The anisotropy of the
susceptibility is markedly different from the others, as it is most evident at the
osteochondral junction.

In study 1II, it was observed that experimental and control samples exhibited dif-
ferences in susceptibility; at the central locations of the samples, differences between
the susceptibility profiles of the experiment and control samples were statistically
significant near to the lesions (Figure 7.7). At the distal and proximal measurement
locations, the difference between the experiment and control samples was higher
as one moved further away from the lesions (Figure 7.7). The depth profiles were
flatter for the experimental group, most notably at central locations (Figure 7.7).
However, while the depth-wise changes were reduced in OA, the spatial variation
over the articular surface was increased (Figure 7.8), possibly due to focal defects in
the sample or issues related to the QSM processing of thin samples.
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Figure 7.5: The results of QSM simulation in different orientations of the layered
susceptibility distribution with respect to the main magnetic field. The layers seem
to vanish at the 55° orientation.
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Figure 7.6: The QSM results from articular cartilage using different processing
pathways. The use of LBV instead of PDF clearly affected the determined suscepti-
bility distribution.
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Figure 7.7: The depth-wise susceptibility and T; profiles at different measurement
points at the trochlear ridges of equine specimens. The difference between the ex-
perimental and control samples is statistically significant at the locations indicated
by the shaded areas.

Furthermore, the direct correlation or the PLSR analysis did not reveal strong
correlations between the susceptibility and any of the reference properties of artic-
ular cartilage. The highest correlations were found between the superficial suscep-
tibility and collagen fiber angle in the direct correlation analysis and between the
susceptibility and proteoglycan content in the PLSR analysis (Tables 7.1 and 7.2). In
the PLSR analysis, it was beneficial to combine information from both QSM and T;-
relaxation time mapping, as this both increased the correlation and decreased the
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error between the predicted and measured reference properties. The highest correla-
tion between combined susceptibility and T; data and the reference data was found
between MRI and collagen fiber anisotropy, although also the correlations between
MRI and proteoglycan content were relatively high (Tables 7.1 and 7.2). The corre-
lations between MRI and the biomechanical properties were somewhat lower. This
indicates that MRI is more sensitive towards tissue composition than its mechanical
properties, which is rather to be expected.

7.3 T; RELAXATION TIME MAPPING

In addition to QSM, also the T; relaxation time was analysed in this study, as it was
readily available from the same MRI data. Since T, (sic.) relaxation time mapping
has been found to correlate with tissue degeneration, especially with changes in the
collagen network in articular cartilage, the related T, relaxation time was compared
with QSM to evaluate QSM’s potential benefits against other gMRI parameters.

In study I, it was noticed that T relaxation is more sensitive to detecting degra-
dations when compared to QSM, although it was also found to be relatively insen-
sitive (Figure 7.3). Furthermore, it was observed that T; relaxation time anisotropy
more closely resembled the collagen fiber anisotropy of articular cartilage measured
with PLM (Figure 7.4). The anisotropy of the T, relaxation time was not significantly
affected by the degradations; only with the EDTA decalcification was the anisotropy
clearly decreased (Figure 7.4). T; relaxation time profiles displayed depth-wise con-
trast which is very similar when compared to the T, relaxation time mapping. The
relaxation time was longest at the transitional layer of articular cartilage and then
decreased rapidly towards the deep cartilage at 0° orientation with respect to the
magnetic field. Near to the magic angle, the decrease from the transitional to the
deep layer was found to be less intense (Figure 7.3).
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Figure 7.8: Surface maps of QSM and T; relaxation time distributions in the equine
samples. Cartilage thickness map (estimated from the MR intensity image) and a
photograph of an experimental sample are also presented.

In study II, it was seen that T; relaxation time did not vary much between
the experimental and control samples, as significant differences between T, relax-
ation times of the experimental and control samples were noted only at 1 out of
12 measurement locations (Figure 7.7). However, in PLSR analysis, T relaxation
time mapping showed generally stronger correlation between the predicted and
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measured reference data than QSM (Tables 7.1 and 7.2, Figure 7.9). The clearest
correlation was seen between T; relaxation time and the proteoglycan content as
measured by optical density (Tables 7.1 and 7.2). In the direct correlation analysis,
most of the correlation coefficients between the T; relaxation time and the reference
properties were low. The strongest correlation was found between T, relaxation
time and collagen fiber anisotropy (Tables 7.1 and 7.2).

Table 7.1: Spearman rank correlation coefficients between the MRI parameters and
biomechanical properties and proteoglycan contents of articular cartilage in study
II. The asterisk (*) indicates statistical significance (p<0.05).

Equilibrium | Dynamic | Proteoglycan | Superficial

modulus modulus content PG content
(MPa) (MPa) (o.d.) (o.d.)
QSM 0.07 0.07 0.15* 0.16*
Ty -0.35% -0.33* -0.26% -0.23%
superficial QSM 0.29% 0.26* 0.34* 0.34*
superficial T, -0.08 -0.08 -0.10 -0.05
QSM (PLSR) 0.47* 0.41* 0.55* 0.51*
T, (PLSR) 0.56* 0.52* 0.66* 0.57*
QSM & T5 (PLSR) 0.61* 0.61* 0.67* 0.67*

Table 7.2: Spearman rank correlation coefficients between the MRI parameters
and collagen network properties of articular cartilage in study II. The asterisk (*)
indicates statistical significance (p<0.05).

Fiber | Superficial | Anisotropy | Superficial

angle | fiber angle anisotropy
) ©) (a.u.) (a.u.)
QSM 0.24* 0.24* 0.03 -0.22*
T -0.30* -0.19* -0.46* -0.08
superficial QSM | 0.40% 0.32* 0.26* -0.16*
superficial Ty -0.06 -0.06 -0.10 -0.03
QSM (PLSR) 0.44* 0.32* 0.47% 0.21*
T3 (PLSR) 0.49% 0.34* 0.63* 0.18*
QSM & T; (PLSR) | 0.61* 0.41% 0.68* 0.23*
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Figure 7.9: PLSR predictions of the reference properties from the MRI data.

7.4 SWIFT

In study III, SWIFT-MRI of the osteochondral samples was examined. The bright
signal feature at the osteochondral junction was of special interest. The study
showed that co-registration between yCT and MRI was possible, allowing a de-
tailed analysis of signal locations in SWIFT MRI and uCT (Figure 6.3). The short-T;
images confirmed that the hyperintense SWIFT signal near to the osteochondral in-
terface is mostly comprised of the signal from the short-T; components, such as
bound water or water whose relaxation time is decreased due to field differences
(susceptibility effects) (Figure 7.10).

The co-registration and analysis of the profiles calculated from the MR- and uCT
images showed that the hyperintense signal in SWIFT MRI is not located in the
calcified cartilage, but instead it is observed in the deep noncalcified articular car-
tilage, above the calcified cartilage. This is evident, since the calcified cartilage has
high signal in the pCT images as confirmed by the comparison between Masson’s
trichrome stained histological sections, demonstrating that the calcified cartilage is
seen as bone by uCT (Figure 7.10). Furthermore, variations in the intensity of this
signal were noted between the samples, hinting that the properties of the osteo-
chondral unit may contribute to this signal (Figure 7.11 a and b). A further analysis
using the bovine sample revealed that Tj-relaxation time gradually decreases to-
wards the osteochondral interface (Figure 7.11 e). More interestingly, changing the
receiver bandwidth in the imaging revealed that the hyperintense signal is blurred
at narrower bandwidths (Figure 7.11 ¢ and d).
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SWIFT SWIFT Short-T,*

A f)

Figure 7.10: SWIFT images with all signals in-focus (a,e) and short-T; signals only
(b,f) compared with the uCT (c,g) and light microscopy (d,h) images of the same
sample. The bright signal in SWIFT-MRI is above the calcified cartilage, which is
seen in uCT image as bone.
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Figure 7.11: SWIFT and uCT profiles through different osteochondral samples. a)
Human sample with high intensity at the osteochondral interface, b) human sample
with markedly lower signal at the interface, c) bovine sample imaged with different
bandwidths, all SWIFT signal, d) same as c but only with Short-T; signals, and e)
T relaxation time profile from bovine sample (BW = 62.5 kHz). The shaded areas
describe the standard deviation of the profile.



Discussion

New contrast mechanisms for MRI of articular cartilage are being continuously
sought, since the current mechanisms do not yet provide sufficient information
about the state of the cartilage or these techniques are difficult to use [12, 68, 115].
Thus, in this study, the potential of QSM and T in the assessment of articular car-
tilage properties was examined. Moreover, the hyperintense signal seen at the os-
teochondral junction using ultra-short echo time imaging methods, was examined
using the SWIFT-sequence. More precisely, the study aimed to find a reliable pro-
cessing pathway for QSM of articular cartilage in ex vivo setting and then to evaluate
how the QSM-contrast in cartilage would be affected by changes in the structural
properties of cartilage. The study also aimed to associate QSM and T; relaxation
time with changes in cartilage induced by post-traumatic osteoarthritis. Lastly, the
hyperintense signal observed in SWIFT imaging of articular cartilage was precisely
localized with the aid of yCT and the potential origins of that signal were evaluated.

8.1 QSM AND T; RELAXATION TIME MAPPING

To sum up, the present QSM results from imaging of articular cartilage are some-
what nuanced: it seems that to some extent QSM is able to differentiate between
healthy and osteoarthritic cartilage, but on the other hand QSM in cartilage does
not seem to be clearly related to any of the studied properties of articular cartilage,
such as its biomechanical properties or proteoglycan content. More specifically,
the depth-wise contrast was almost unchanged between the different degradative
treatments in study I and revealed only mild correlations with the tissue proper-
ties in study II. The determined anisotropy of QSM did not directly follow either
the anisotropy or the fiber angle of the collagen network as observed by PLM. This
was rather unexpected, since susceptibility tensor imaging has been successfully
used in collagen fiber tracking of articular cartilage samples [87], although in that
study, the fiber orientation was confirmed with atomic force microscopy, that did
not allow imaging of the fiber orientation through the cartilage depth in one image.
However, the effect of the anisotropy was strongest at the magic angle, as has been
observed for other quantitative MRI parameters in articular cartilage [84]. However,
the simulations showed that a specific layered sample geometry, such as is present
in the structure of articular cartilage, can induce a similar apparent "anisotropy"
in the QSM of the target. This is likely caused by the fact that at the magic angle
orientation, the field differences are mostly generated outside the ROI.

On the positive side, combining QSM with the T; relaxation time increased the
predictive power of the PLSR-analysis in study II, indicating that since both pa-
rameters can be evaluated from the same measurement, the information from QSM
should not be discarded. One curious observation was that background field re-
moval method had a dramatic effect on the QSM results; this was not expected, as a
rather similar performance between the different methods was found in a compre-
hensive review paper (assessing brain imaging) [58]. More specifically, LBV methods
seemed to be intolerant towards the high susceptibility difference at the cartilage-
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calcified cartilage boundary, causing a dramatic difference in the estimated suscep-
tibility distribution. This can be explained by the different boundary conditions
utilized in the methods [58] and the fact that in ex vivo imaging of osteochondral
plugs, the boundary is always near the target tissue whereas in brains there are
regions that are further from the boundaries.

When compared to the other studies on QSM of articular cartilage, it can be
noted that the susceptibility contrast was different between our work and the study
of Wei et al., investigating the susceptibility contrast in articular cartilage [86]. In
study I, the susceptibility fluctuated around zero throughout most of the cartilage,
until there was a sudden decline in susceptibility towards the osteochondral in-
terface, whereas in the study of Wei et al., the susceptibility seemed to gradually
decrease towards the interface [86]. However, the QSM contrast in study II was
more reminiscent of the previous observation [86]. This difference between the ob-
servations reported in studies I and II, and in the literature might be explained by
the fact that in study I, the cartilage samples were from bovine patellar cartilage,
whereas the samples in study II were from equine trochlear ridges and samples of
the previous studies were from porcine femoral condyles [86,87]. It also seems that
in another study conducted by Wei et al., the cartilage samples were formalin fixed
prior to the imaging [87] which might have altered the susceptibility contrast com-
pared to the "fresh” samples that we utilized in studies I and IL. This may have also
affected the unexpected observations regarding the anisotropy of QSM in study I
Formalin fixation has been shown to significantly affect at least T, relaxation con-
trast and magnetization transfer effects in cartilage [116] and these effects might be
expected also for QSM. The QSM of the knee joint has also been examined in the
clinical setting, and although direct comparison between the ex and in vivo mea-
surements is not possible, rather similar findings (flattening of depth-wise profile of
QSM in osteoarthritic cartilage) have been reported [88].

T, -relaxation time in cartilage appears to display many similarities with the T,
relaxation, which is of course unsurprising, but also hints that the native suscepti-
bility might not have a very important role in the MRI of articular cartilage, since
susceptibility differences are one of the main factors causing differences between
T3 - and T, relaxations. However, if even small susceptibility differences can be de-
tected in articular cartilage, they might be valuable. Both T;- and T, relaxations
showed tri-layered depth-wise contrast, i.e. the T, relaxation time is low near to
the cartilage surface, then it becomes prolonged in the transitional zone of cartilage
and decreases rapidly towards the osteochondral interface at 0° and 90° orientations
with respect to the main magnetic field. Near to the magic angle, the T} relaxation
time increases throughout the cartilage depth, again similarly as the T, relaxation
time. Consequently, the anisotropy of T; relaxation is very similar to that of T,-
relaxation. Earlier, it has been suggested that the T, relaxation time mostly depends
on the collagen network of the cartilage [93], but results from the PLSR-analysis
suggest that also proteoglycan loss affects the T;-relaxation.

PLSR-analysis was successfully applied in the study, and it was shown to have a
moderate ability to predict the properties of cartilage based on the MRI data. One
important finding was that while T; was a better predictor than QSM when applied
alone, adding both data to the analysis increased the predictive power. Moreover, it
was noticed that the PLSR analysis (or a prediction based on it) yielded higher corre-
lations between MRI data and cartilage properties than a direct correlation analysis.
This suggests that the multivariate analysis represents a direction in which quantita-
tive MRI of articular cartilage should be developed in the future, as also suggested
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in earlier studies [13,117,118]. It was especially encouraging that correlations by
PLSR-analysis were moderate between MRI and cartilage properties even though
QSM and T;-relaxation time mapping are not well-established methods in cartilage
imaging.

8.2 SWIFT

The study with SWIFT-sequence showed that the hyperintense signal in the vicinity
of the osteochondral interface was not located in the calcified cartilage but was
instead in the deep uncalcified articular cartilage. However, this does not necessarily
indicate that the hyperintense signal, or changes in it would not reflect the properties
of the calcified cartilage, especially since the previous publications on the subject
have already shown that the presence of calcified cartilage is needed to generate the
signal [96,99].

It was indeed also observed in this study that the signal was blurred with a lower
receiver bandwidth, which indicates that the signal had slightly altered the Larmor
frequency. The location of the highest intensity also changed slightly when imaging
at the different bandwidths; the signal maxima shifted away from the bone-cartilage
interface with lower receiver bandwidths. These observations indicate that whatever
contributes to this signal may have a different susceptibility when compared to the
more superficial, uncalcified parts of the cartilage. In line with this finding, in
study I, a major decrease was observed in the susceptibility values towards the
osteochondral junction. It has also been reported elsewhere that cortical bone has a
markedly lower susceptibility than soft tissues [119]. Taken together, this hints that
the signal may be at least partially generated by a signal mislocation due to the field
inhomogeneities around the interface.

Another observation was that the T; relaxation was faster near to the interface,
and although the change in T; relaxation time was not as intense as the observed
hyperintense signal would require, it did indicate that T; relaxation plays a par-
tial role in the generation of the bright signal in UTE imaging of the osteochondral
junction. A faster T; relaxation towards deep cartilage has also been observed in
an earlier study employing SWIFT using variable flip angles [49]. One possible ex-
planation for the signal would be extremely high spin density near to the interface,
but this proposal is not supported by the fact that the amount of water in the carti-
lage is generally highest near the cartilage surface and decreases towards the deeper
layers [2].

All in all, the hyperintense signal at the osteochondral interface may be useful
for evaluating the status of articular cartilage and also of the osteochondral junction.
However, further studies will be required to clarify which properties of the osteo-
chondral junction generate the signal and how the changes in these properties affect
the obtained signal.

8.3 LIMITATIONS

The studies comprising this thesis have a few limitations. Firstly, in studies I and
II, the susceptibility was not referenced with an external reference and since all of
the useful signal was from the cartilage itself, it was not possible to detect base
level changes in the susceptibility, e.g. it is not possible to determine whether the
susceptibility in the trypsin-treated samples was truly similar as compared to the
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intact samples or if there had been a complete base level shift, but a similar depth-
wise contrast. The possible undetected base level shift could have also affected the
results regarding the observed anisotropy of the susceptibility. In study II, this was
not as great a concern since the samples were larger and spatial differences could
be evaluated. However, it seems most unlikely that including the susceptibility
reference in the data would have radically changed the interpretation of the results.

Another method-related limitation is that the applied echo times were some-
what short considering accurate T -relaxation time mapping near to the cartilage
surface. This may have led to an over-estimation of the longest (>100ms) T re-
laxation components, but as significant correlations were found between T; and
cartilage properties also with this setting, this limitation is not very critical.

A third limitation is the low number of samples in studies I and III, although
the studies were more methodological in their approaches; in study III, the obser-
vations about the hyperintense signal were so clear that the sample size would not
be expected to have any effect on the results.

Another limitation concerning all of the studies included in this thesis is that they
were all performed using ex vivo samples, and thus the results cannot necessarily be
very well generalized to clinical imaging. For example, PLSR-analysis is likely to be
more accurate with a higher resolution through the cartilage depth, as is possible
with ex vivo imaging. On the other hand, the referencing issue with QSM can be
almost completely resolved in the clinical setting, as the susceptibilities could be
referenced with other tissues in addition to cartilage.

Imaging times in all studies were also unacceptably long from a clinical point of
view, but because acquisition speed was not a priority here, speed-up methods, such
as parallel imaging or compressed sensing, were not considered. Thus, there should
be room for significantly reducing the imaging times. In fact, very long repetition
times in QSM sequences were also deliberately used to limit the gradient duty cycle.

8.4 CONCLUSIONS

In conclusion, native QSM may have its niche uses in MR-imaging of the osteo-
chondral unit but it does not seem to be the method of choice in most situations.
However, observations with the SWIFT sequence suggest, that if we could measure
the susceptibility nearby to the osteochondral interface reliably and with high res-
olution, it would likely provide new insights into the status of the osteochondral
interface. T;-relaxation time was revealed to yield rather similar results from car-
tilage when compared to the more widely studied T, relaxation. This information
might be useful, since gradient echo -based sequences are generally considereably
faster than spin echo sequences that are often used in the T)-relaxation time mea-
surements. The most important observation emerging from the SWIFT-studies was
that the bright signal feature that has been observed in the vicinity of the osteo-
chondral junction is not located in the calcified cartilage, indicating that it cannot be
directly utilized in studies concerning calcified cartilage.

8.5 FUTURE WORK
The findings in this thesis pave the way for future works regarding the topics of

this thesis. Firstly, even though the results using QSM were not completely encour-
aging, the possibilities of using QSM for imaging articular cartilage using contrast
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agents could be evaluated in the future. Secondly, the results of study II indicate
that multivariate analysis might be one way to progress regarding the OA diagnos-
tics using quantitative MRI. For example, a similar analysis using e.g. Ty, relaxation
time measurement should be conducted. Lastly, as only the localization of the hy-
perintense signal was examined in study III, a larger trial probing this signal by
exploiting quantitative MRI should be conducted to evaluate whether any tissue
changes caused by OA are evident from the quantitative properties of this signal.
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Current diagnostic imaging methods do
not sensitively detect early changes due to
osteoarthritis. In this thesis, quantitative
susceptibility mapping (QSM) and ultrashort echo
time imaging by SWIFT-sequence were studied.
QSM was not very sensitive to the degeneration
of cartilage, but could be combined with T2*
relaxation time mapping for better diagnostic
performance. The results also showed that a bright
signal at the osteochondral junction seen with the
SWIFT-sequence is located in the non-calcified
articular cartilage, contrasting previous studies
placing it in the calcified cartilage.
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