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ABSTRACT

Osteoarthritis (OA) is the most common joint disorder in the world. OA
affects the articular cartilage of synovial joints, causing disabilities and pain
to those affected by the disease. The early stages of OA mainly affect the
collagen and proteoglycan content of articular cartilage, causing it to lose its
mechanical strength and start degrading. Magnetic resonance imaging (MRI)
is a popular, non-invasive tool in OA diagnostics as it has the capability
to detect morphological lesions and changes in the chemical composition of
articular cartilage.

In this thesis, an MRI phantom study was designed and performed with
the aim to investigate the effect of collagen and chondroitin sulfate (CS)
concentration on the relaxation properties of gel-based phantoms at different
magnetic field strengths. Three series of MRI phantoms as gels containing col-
lagen and CS were made and dried to obtain final concentrations of collagen
between 20-60 mg/g and CS between 0-40 mg/g. Three different relaxation
properties were measured of the phantoms; Ry and R, relaxation rates of
the phantoms were measured at three different MRI field strengths (1.5, 3.0,
and 9.4 T). Measurements at 1.5 and 3.0 T measurements were performed
at Oulu University Hospital, while 9.4 T measurements were performed in
Kuopio at the University of Eastern Finland. Additionally, Ry, relaxation
rates were measured at 9.4 T with multiple spin-lock frequencies.

From the measurements, it was determined that R; rates of the gels in-
creased with the collagen concentration, while R, values were similar between
the different series at lower magnetic fields but were noticeably higher and
increased with increasing CS concentration at 9.4 T. Ry, values increased
with both collagen and CS content but the amplitude of the spin-lock pulse

had next to no effect on the relaxation rates.



TIIVISTELMA

Nivelrikko on maailman yleisin nivelsairaus, joka vaikuttaa kantavien ni-
velten nivelrustoon, aiheuttaen kipua ja liikkuntakyvyn sekd eldménlaadun
heikkenemistd. Nivelrikon varhainen vaihe vaikuttaa pédasiassa nivelruston
kollageeni- ja kondroitiinisulfaattipitoisuuteen, johtaen ruston mekaanisen
vahvuuden ja kantokyvyn heikentymiseen ja lopulta ruston rappeutumiseen.
Magneettikuvaus eli MRI on yksi suosituimmista nivelrikon diagnosointita-
voista, silla se kykenee havaitsemaan muutoksia ruston kemiallisessa raken-
teessa ilman niveleen kajoamista esim. tahystysleikkauksen kautta.

Téssd opinnéytteessd kuvaillaan MRI-kuvantamisfantomitutkimusta, jon-
ka pdaméadrand oli tutkia nivelruston olennaisimpien rakenneosien eli kolla-
geenin ja kondroitiinisulfaatin konsentraatioiden vaikutusta relaksaationo-
peuteen erivahvuisissa magneettikentissa. Tutkimuksessa tehtiin kolme geeli-
pohjaista MRI-fantomisarjaa, joissa kollageenin lopullinen konsentraatio vaih-
teli sarjan mukaan 20-60 mg/g vililli, kun taas kondroitiinisulfaatin konsent-
raatio oli 0-40 mg/g. Erilaisia magneettikuvauslaitteita kéiytettiin ulkoisen
magneettikentdn vahvuuden ja relaksaationopeuksien yhteyden selvittami-
seksi; mittaukset 1.5 ja 3.0 Teslassa tehtiin Oulun yliopistollisessa sairaalas-
sa, kun taas mittaukset 9.4 Teslassa suoritettiin Kuopiossa, Itd-Suomen yli-
opistossa. Kolme relaksaationopeutta mitattiin geeleistd; Rq- ja Rp-nopeudet
mitattiin kolmessa erivahvuisessa magneettikentéssd (1.5, 3.0 ja 9.4 T). Li-
saksi Rqp-arvot mitattiin 9.4 Teslassa usealla “spin-lock” -taajuudella, jotta
taajuuden amplitudin vaikutus relaksaationopeuteen saataisiin selville.

Tutkimuksen lopputuloksena saatiin, ettd geelien Ri-nopeudet kasvoi-
vat lisddntyneen kollageenikonsentraation myo6ta. Toisaalta Rp-arvot olivat
samankaltaisia keskendin heikommissa magneettikentissid konsentraatioista
riippumatta, mutta olivat selvisti suurempia ja kasvoivat suurentuneen kondroi-
tiinisulfaattikonsentraation myctd 9.4 Teslassa. Rip-nopeudet kasvoivat seké
suurentuneen kollageeni- ettd kondroitiinisulfaattipitoisuuden myo6ta, mutta

“spin-lock” -taajuudella ei ollut juurikaan vaikutusta nopeuksiin.
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Chapter 1
Introduction

Osteoarthritis (OA) is a highly debilitating illness that alters the structure
of articular cartilage in the synovial joints. In recent years OA has affected
particularly elderly and overweight people in increasing numbers [1]|, with
approximately 27 million people affected in the United States [2]. It has been
estimated that OA is the most common joint disorder in the world [3]. Cur-
rently the only effective treatment for the disease is total joint arthroplasty
with a prosthetic replacement, which leads to rising costs in public healthcare

as well as a considerable reduction in patients’ quality of life [4].

Detecting early changes in content of the two main constituents in artic-
ular cartilage, collagen and chondroitin sulfate (CS), is crucial for diagnosing
OA during the early onset of the disease. MRI is one of the most popular non-
invasive methods for OA diagnostics, since it creates good contrast between
different tissue types and the potential for detecting subtle changes in carti-
lage using MRI has improved in recent years. Conventional MR imaging uses
the two main processes of relaxation: T¢ and T, relaxation. T, relaxation
time mapping has been found to correlate with enzymatic degradation in
cartilage, since it is influenced by water molecule mobility within the differ-
ent tissue compartments [5] and also by the integrity and orientation of the

collagen network and collagen fibres [6], [7], [8].



The main issue with using Tq- and Ty-mapping in OA diagnostics is that
the relationship between soft tissue composition and ¢n vivo relaxation times
is still unclear. T1,, or spin-lattice relaxation in the rotating frame, is con-
sidered to be promising in OA diagnostics. The main difference compared to
T¢ and T, relaxation is that a Tq, pulse sequence consists of an additional
external, low-frequency RF pulse along the transverse plane after the initial
90° rf pulse, which “locks” the relaxing spins along its direction, leading to a
slower relaxation process compared to T, relaxation [9]. T, measurements
at low spin-lock frequencies are especially adept at measuring low frequency
interactions, such as between water and large molecules within the extracel-
lular matrix (ECM) [10]. Changes in the ECM during OA, such as increases
in water molecule movement [11], lead to increases in Ty, values [12]. Cor-
relation between collagen and/or PG concentration and T values is still
disputed. While some studies have found an association between them [13],
with T, showing poor correlation with PG content in bovine cartilage com-
pared to T1,, while other studies found no correlation between T, times and
PG content [12], [14]. However, T, values do not correlate with collagen
content [14]. T1 mapping has been used in OA diagnostics using delayed
gadolinium-enhanced MRI of cartilage (IGEMRIC), where charged contrast
media is injected intravenously into the patient, which has been found to

correlate with PG content in cartilage [15], [16].

The main purpose of this thesis was to prepare basic collagen and CS gel
phantoms and investigate their 'H relaxation properties. More specifically,
the primary aims of this project were to study: (i) the concentration effect on
Ri (=1/T1), Ry (=1/T2) and Ry, (= 1/T4,); (ii) the dependence of Ry and
Ry relaxation rates on the main magnetic field strength; (iii) the effect of
varying the spin-lock frequency on Ry, relaxation rate. Furthermore, the sec-
ondary aim of this project was to compare R, relaxation rates measured

using two different sequences: a fast echo spin-echo (FSE) and a multi-echo



spin-echo (MESE) sequence.



Chapter 2

Theory

2.1 Articular cartilage

Articular cartilage is a highly specialized type of connective tissue that covers
the articulating ends of bones in the joints. Chondrocytes are the only cell
type within cartilage which reside in the extracellular matrix (ECM). They
are responsible for the upkeep and organization of the ECM. Chondrocytes
amount to approx. 1-5 % of cartilage volume. Since articular cartilage lacks
nerves, blood circulation or a lymphatic system, the only way chondrocytes
obtain nutrients is through diffusion. The cartilage compresses and relaxes
during different movement phases, which allows fluids to discharge and absorb
through the tissue. The ECM consists of approx. 65-85 % water and solid
components that mainly consist of collagen (15-20 %) and proteoglycans
(PG) (3-10 %). In early OA the collagen structure of the ECM changes
and PG content is reduced in the ECM, allowing water content to increase
which causes the cartilage to lose its mechanical strength, leading to ECM
eventually breaking down when collagen, water and PG content are reduced

and the collagen fibre structure becomes severely altered. [11], [17], [18]



2.1.1 Collagen

Collagen is the most common protein among vertebrates. It is the main com-
ponent of the ECM, accounting for 60-85 % of the dry weight in articular
cartilage. Collagen molecules are unique in their structure, with three iden-
tical a-1-polypeptide chains forming together by interchain hydrogen bonds
to create a triple helix structure around a common axis. The polypeptide
chains consist of amino acids that are aligned in a repeating Gly-X-Y triplet,
where glycyl is in every third position, while the X and Y positions are com-
monly vacated by proline and 4-hydroxyproline, respectively. The polypep-
tide chains and the triple helix structure are shown in detail in Figure 2.1.
Several different types of collagen are found in cartilage, which can be classi-
fied as fibril-forming, network-forming, or transmembrane collagens, among
others. The most common type of collagen found in articular cartilage is
fibril-forming type II, which accounts for 80-95 % of all collagen in the ECM.
1171, [18], [19], [20], [21]

In articular cartilage, type II collagen creates a fibrous network with cross-
links with aggrecan molecules which provides the articular cartilage with
mechanical strength and load bearing capabilities. The collagen fibre net-
work is often divided into four distinctive layers; the superficial, middle (or
transitional), radial (or deep) and calcified layers, respectively. The calcified
zone is the transitional zone from the cartilage into the subchondral bone.
In the radial zone nearest to the bone surface, the fibres are perpendicular
to the cartilage surface, while in the middle zone the orientation of the fibres
is random. In the topmost, superficial layer, the collagen fibres are packed
densely and orientated parallel to the cartilage surface. The different layers
are shown in Figure 2.2. The amount of collagen and PG vary between each
zone, as well as the amount, size, and shape of chondrocytes. Collagen con-
centration decreases steadily from the surface of the cartilage to the deep
zone. [17], [18], [19]



Figure 2.1: (a): The collagen triple helix. The size of the helix is 15 A or
1.5 nanometers. The helix is characterised by the intertwining of three a-
polypeptide chains. (b): Structure of an a-chain, with the amino acid se-
quence Gly-X-Y pattern repeating in the chains, which are connected to
each other with hydrogen bonds. (¢): X and Y spaces in the pattern are of-
ten vacated proline and hydroxyproline residues, respectively. Reprinted from
[22].
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Figure 2.2: Articular cartilage divided into its histologic zones. The image
depicts the cellular structure and collagen layer organization as well as the
collagen fibre orientations. STZ = superficial zone. Reprinted from [24] with

permission from Elsevier.

Ty values in MRI images of samples containing collagen are dependent on
their orientation and have a laminar appearance when orientated outside
of the “magic angle”. The magic angle effect is caused by the orientation
of collagen fibres in an external magnetic field, because the water protons’
interactions with collagen produce a non-averaging small dipolar magnetic
field from each other. leading to anisotropy of Ty values. The magic angle is

given by the following equation:
3cos?@ -1 (2.1)

where 0 is the angle between the collagen fibrils and the external magnetic
field. The anisotropy is vanished when the Equation 2.1 approaches zero, i.e.

when 8 approaches 54.74°. [23]



2.1.2 Chondroitin sulfate

Chondroitin sulfate (CS) is the most common glycosaminoglycan (GAG)
in cartilage. GAGs are long, unbranched chains of polysaccharides, which
consist of disaccharide units. The polysaccharides usually contain a sulfated
group, which creates a negative charge to the GAG. GAGs form together
with large core proteins to create proteoglycans (PG), the most abundant in
cartilage being aggrecan. The structure of aggrecan is shown in Figure 2.3.
Aggrecan’s negative charge ties or “fixes” the molecule to the ECM, so they
are often referred to as fixed-charge density (FCD). FCD is responsible for
creating a concentration and charge difference between the tissue and the
surrounding solution. This difference is known as Donnan osmotic pressure,
which causes a driving gradient for water into the ECM. This makes the
cartilage swell with water and the collagen fibres to be placed in tension
to resist the swelling. The swelling makes PGs the controlling factors of the
mechanical properties and the load-bearing capabilities of the cartilage, since
such properties as elasticity and compressive stiffness of the tissue are highly
linked with the amount of water in the ECM. The concentration of PGs vary
in cartilage by location and the highest concentration of CS in is found in
the middle zone (Figure 2.2). [17], |25], [26], |27]

2.2 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is an imaging modality that uses nuclear
magnetic resonance (NMR) in order to receive a signal from the body, in-
stead of using ionizing radiation like other widely used imaging modalities
such as conventional X-ray imaging and computed tomography (CT) do, or
transmitting energy through tissue, like ultrasound does. NMR is based on
interactions occurring within the atomic nucleus when it is subjected into
an external magnetic field. The most commonly used nucleus in MRI is due
to its abundance in nature and in tissue is hydrogen ('H) which contains

only a single proton, but other nuclei such as carbon ('*C), sodium (*Na),
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Figure 2.3: The structure of the aggrecan proteoglycan macromolecule com-
posing of hyaluronic acid (HA), keratan sulfate (KS), and chondroitin sulfate
(CS). Reprinted from [28] with permission from John Wiley and Sons.

and phosphorus (3'P) have be used. These following chapters focus on the
interactions of hydrogen protons. [29], [30]

2.2.1 Nuclear magnetic resonance

The atomic nucleus is made of neutrons without a charge and protons with a
positive charge, resulting in a net positive charge. Spin is a physical property
of the nucleus that describes a form of internal angular momentum. In order
for the nucleus to experience NMR, it must have a spin number that is non-
zero. Spin is often portrayed as a proton spinning around its own axis that
also has an electric charge. This electric charge creates a magnetic dipole
moment g which aligns itself along an external magnetic field Eo. Due to
the electric charge within the nucleus, the proton experiences torque T when
placed into a magnetic field:

T=jixB (2.2)
The total number of protons and/or neutrons in the nucleus must be odd in

order for the nucleus to have a magnetic moment, since an even amount of



Figure 2.4: Precession of the magnetic dipole moment g along the z-axis.

nucleons causes the total magnetic moment to be zero. The torque imposed
onto the protons by the magnetic field causes them to start precessing around
the direction of the magnetic field axis at a constant angular frequency, shown
in Figure 2.4. The frequency of precession is specific to the nucleus and called

the Larmor frequency, which is given by the Larmor equation:
wo = }’Bo (2.3)

where y is the gyromagnetic ratio and By the strength of the magnetic field.
Usually the frequency is given in SI units so the gyromagnetic ratio is divided
by 2, thus for hydrogen protons the gyromagnetic ratio % =42.58 MHz T~ ",
At 1.5 T, the Larmor frequency for hydrogen is 63.87 MHz, at 3.0 T 127.74
MHz, and at 9.4 T 400.25 MHz. [29], [30]

The magnetic moment in an external magnetic field is split into different
energy states caused by the Zeeman effect. Since the spin quantum number
mg of a proton is %, it has two possible spin states; “spin-up” or parallel to

the external field (spin quantum number +%), or “spin-down” or anti-parallel

10



to the magnetic field (spin quantum number —%) The energy difference of

the two states is calculated using the following equation:
AE = E_1/2 - E1/2 = hyBo = ha)o (2.4)

where E_q/; is the energy of the “spin-down” state, Eq/; the energy of the
“spin-up” state, Ais the reduced Planck constant (= %), y is the gyromagnetic
ratio, Byg the magnetic field strength, and wgp the Larmor frequency. The
magnetic dipole moment vector of a proton does not fully align with the
external magnetic field, because the protons have internal thermal energy,
which is a much more significant factor in the alignment of the spins compared
to the quantum spin energy. Quantum mechanically, the proton spins settle
onto the two different quantum states and align either parallel or anti-parallel
to the external magnetic field nearly equally according to the Boltzmann
distribution, with only a few spins more per million spins aligning to the
more stable, parallel energy state compared to anti-parallel, even in stronger

magnetic fields. [29]

2.2.2 Magnetization excitation and relaxation

The collective amount of spins parallel to the external magnetic field create a
net magnetization vector M which consists of components either parallel or
perpendicular to the static main magnetic field. The external magnetic field

is usually portrayed as being along the z-axis Beyx: = BoZ, so the components

of the magnetization vector are:
M=My+M,=M,+Mx+M,3 (2.5)

where M, is the magnetization along the longitudinal z-axis, My and M,
are magnetization in the transversal axes x and y, and X, y and 2 are unit
vectors of the respective axes in a rotating frame of reference that rotates
around the z-axis at Larmor frequency. This is often chosen for portraying
relaxation processes so that the motion of the spins would appear static at

equilibrium and excitation. [29], [30]

11



The magnetization vector can be tipped away from equilibrium along the
z-axis by transmitting a radio-frequency (rf) pulse using a transmitter coil
close to the Larmor frequency of the protons. The rf pulse is a secondary
magnetic field By that has components perpendicular to the external mag-
netic field Bp. The rf pulse applies torque to the net magnetization, causing
it to tip away from the z-axis and start precessing around the axis, shown in
Figure 2.5. The angle that net magnetization is flipped to is called the “flip

angle” which is given by the following equation:
AG = )/51 T (2.6)

where By is the strength of the rf magnetic field (usually very small compared
to Bp) and 7 is the duration of the rf pulse which is usually in the millisecond
range. The most common flip angles used in MR imaging are 90° (or a x/2
pulse) which tilts the magnetization to the transverse xy-plane, and 180° (x

pulse) which flips the magnetization along the -z-axis. [29], [30], [31]

After the rf pulse, the net magnetization returns to its equilibrium along
the external magnetic field. This process is called relaxation and the time it
takes for the system to return to equilibrium is the relaxation time. There are
two simultaneous relaxation processes happening in the system, spin-lattice
or longitudinal relaxation (T4), and spin-spin or transverse relaxation (T5).
The two processes are described mathematically using the Bloch equations
[32]:

dM, My - M,

= 2.7
I T (2.7)
= — 2.8
dt T ( )

where Mp is the value for net magnetization at equilibrium, M, and M,,
are the longitudinal and transverse magnetizations, respectively, and T and

T, are longitudinal and transverse relaxation times, respectively. T1 and

12



Figure 2.5: An rf pulse is applied along the x-axis. This produces an external
magnetic field By that tilts the net magnetization vector Mp to the transverse

plane. Here the flip angle a is 90°.

Ty relaxations are described in further detail in the following sections. Relax-
ation occurs at different rates specific to a tissue type, which creates contrast

between the tissue types in MR images. [29], [30]

2.2.3 Image acquisition

A key concept of MRI is to spatially locate the NMR signal received from
the sample. This is done by applying additional magnetic fields called gra-
dient fields to the target. When a gradient field is switched on, the Larmor
frequency and/or phase of the protons is varied slightly according to their po-
sition in the target. Three gradient fields are used in x-, y-, and z-directions,
respectively, usually with the x-direction having a frequency-encoded gra-
dient, y-directional gradients being phase-encoding, and the gradient field
in the z-direction being the slice selection gradient. The frequency-encoding

fields change the previously shown Equation 2.3 to the following form:
wo(z) =y (Bo+z-G,) (2.9)

13



where z is the position and G, the strength of the gradient field in the
z-direction, usually in the millitesla (mT) range. This makes the spatial dif-
ferentiation of signals possible, as the Larmor frequency is now a function of
location. [30], [31]

The imaging acquisition sequence starts by altering the frequency of the
spins by turning on the gradient field in the z-direction (parallel to Bp) in
order to select the position and thickness of the slice. The thickness of the
slice is altered by changing either the strength of the gradient field or the
bandwidth of the rf pulse. As the excitation rf pulse is switched on simulta-
neously with the gradient field, only the spins in the z-direction have their

Larmor frequency changed, and spins in the xy-direction are, in theory, un-
affected. [30], [31]

After the slice has been selected, the imaging data matrix containing the
spatial frequencies called k-space is gathered from the slice. The data ma-
trix is frequency-encoded in the x-direction (horizontally opposed to z-axis)
and phase-encoded in the y-direction (vertically opposed to z-axis), meaning
that each row alters by phase and each column by frequency from one an-
other. When the phase-encoding gradient is turned on for a short moment,
the spins precess either faster or slower depending on their position on the
y-axis. After the gradient is turned off, the spins return to their original pre-
cession frequencies or speeds but the phase difference remains between the
different positions as long as there is signal available ie. before the magnetiza-
tion is decayed completely. When a gradient field in the x-direction is turned
on, the frequencies within the selected slice are altered and the NMR signal
is then measured and the information of the phases and/or frequencies are
stored. Usually the k-space is gathered one row at a time between excitation
pulses, since the signal decays rapidly. Acquisition time for two-dimensional

experiments is dependent on the number of phase encoding steps:
Tacq =N, -TR (2.10)

14



where N, is the number of phase encoding steps (ie. rows in the image) and
TR is the repetition time, or the time between excitation rf pulses. In case of
three-dimensional imaging, the gradient field on the z-axis is turned into an
additional phase-encoding axis and N, is replaced in the previous equation
by Ny N;. This increases the image acquisition time even further, since addi-

tional lines are gathered, so additional excitations are required. [29], [30], [31]

The center of k-space contains the contrast of the image, while the periph-
eral regions contain the fine details of the structures, so if the k-space is not
mapped fully, a high resolution image is not possible. After the k-space is
gathered, the spatial frequencies that it holds are transformed into an image
using inverse Fourier transform, which converts the MR signal from the fre-
quency domain to the time domain. In case of a two-dimensional image, the

inverse Fourier transform is portrayed by the following equation:

p(x,y) = / s(kx, ky) exp(i2mkyx + kyy)dky (2.11)

where the signal s; is inverse Fourier transformed into an image which por-
trays the spin density p(x, y) in each pixel. However, this is only in an ideal
case, and in real-world experiments an estimate of the effective spin density
p(x, y) is calculated. [29], [30], [31]

2.2.4 Longitudinal (T;) relaxation

T4 relaxation, also known as longitudinal or spin-lattice relaxation, describes
the interaction between the spins and the surrounding lattice, as spins are in
thermal contact with the surrounding lattice. This causes them to lose the
energy gained from the rf pulse to their surroundings and return to equilib-
rium. Mathematically, T relaxation describes the regrowth of longitudinal

magnetization M, and is described by the following equation:
M (t) = M;(0) exp(—t/T7) + Mo(1 — exp(—t/T7)) (2.12)

where t is time, M,(0) is the initial value for longitudinal magnetization at

time = 0, and My is the equilibrium value for net magnetization. Ty is the

15



spin-lattice or longitudinal relaxation time, which is the amount of time re-
quired for 63 % of M, to recover, as shown in Figure 2.6. T is dependent
on the tissue type and magnetic field strength and its values typically range
between a few hundred and a few thousand milliseconds at 1.5 T. [29], [30],
31)

A common sequence for Tj measurements is inversion recovery (IR), where
the initial rf pulse is a 180° inversion pulse, which tilts the magnetization to-
wards the -z-axis. Once the signal has recovered during a time period called
inversion time (TT), a 90° pulse is applied and the magnetization is allowed
to return to equilibrium. This has the advantage of producing a stronger
Ty signal, since the magnetization has to recover for a longer period com-
pared to 90° pulses in order to return to equilibrium. In this thesis, an IR TSE
(inversion recovery turbo spin-echo) sequence was used in Tj measurements,
where the IR sequence is combined with a turbo spin-echo sequence (dis-
cussed further in Section 2.2.6), allowing multiple images to be acquired

with a single repetition. [30], [31]

2.2.5 Transverse (T,) relaxation

T, relaxation, or transverse or spin-spin relaxation, describes the decay of
the net magnetization vector’s transverse component M,,. Once a rf pulse
is applied and the net magnetization is tipped to the transverse plane, the
spins experience local fields that are combinations of the applied field and the
fields of their neighbours. The variations in local fields cause the individual
spins to fan out or “dephase” in time, reducing the transverse component of
net magnetization vector. This process is shown in Figure 2.8. T, relaxation

is given by the following equation:
My (t) = My, (0) exp(—t/T2) (2.13)

where My, (0) is the transverse component of the net magnetization at time

=0, and T4 is the spin-spin relaxation time, which is the time required for the
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Figure 2.6: lllustration of Ty relaxation made in Matlab by plotting Equation
2.12. As shown in the plot, when t/Ty = 1, the longitudinal magnetization

M has recovered approx. 63 % of the equilibrium value.

transverse relaxation to decay to approx. 37 % of its initial value, as shown
in Figure 2.7. T values are usually in the range of tens to a few hundred
milliseconds, so T is always shorter than Tq. T is also less dependent on

the strength of the external magnetic field compared to Ty values. [29], [30]

2.2.6 Spin echo

In addition to internal dephasing, T, relaxation also contains additional de-
phasing due to inhomogeneities of the external magnetic field, that are por-
trayed by an additional time constant; T). The total relaxation is the sum of
both internal and external relaxation and portrayed by relaxation rate R,

which is the reciprocal of relaxation times:

(I
Ri=Ro+R)=— (2.14)

Tt
T, T
where T <= T,. Most of R consists of 7] relaxation that can be re-

versed with an appropriate rf pulse. If the reversing pulse is applied after
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—M_ (1) = Mxy(O) exp(-t/T,)| |

Figure 2.7: Illustration of Ty made in Matlab by plotting Equation 2.13. As
shown in the plot, when t/T7 = 1, the transverse magnetization My, has

decayed to approx. 37 % of its initial value.

(a) (b)

Figure 2.8: Illustration of spin dephasing after a 90 degree rf pulse. (a): The
90° rf pulse tilts the net magnetization vector My to the transverse plane.
(b): The individual spins start to fan out and the transverse magnetization

My, starts to decay.

18



the 90° pulse at a time period defined as 7, the reversing pulse causes the
spins to flip around and rephase, causing a signal to be created at TE =
27. This process is called spin echo. An illustration of a spin echo sequence
is shown in Figure 2.9. Multiple spin echoes can be measured during a sin-
gle excitation period by producing additional rf pulses that flip the spins
again. In this thesis, two different spin-echo sequences were used to measure
T, values; a multi-echo spin-echo (MESE) and a fast echo spin-echo sequence
(FSE). MESE sequences utilise an “echo train” which consists of multiple
180° refocusing pulses. When the echo train is applied to the target after
an initial 90° pulse, an image can be measured with different Ty weighting
during a single echo train as long as sufficient Ty relaxation exists. FSE se-
quences (also known as turbo spin-echo, TSE) differ from MESE sequences
by utilising phase-encoding gradient fields, that switch on at the same time
as 180° pulses. This allows FSE sequences to acquire multiple images with
a single echo train, which allows them to have shorter scanning times, since

less repetitions are required to scan the whole target. [29], [31]

2.2.7 T, relaxation

Relaxation can also be measured in the presence of an additional rf pulse,
as in T, relaxation, or spin-lattice or longitudinal relaxation in the rotating
frame. After the net magnetization is tipped to the transverse plane, a longer
rf pulse called a spin-lock pulse (Bg;) is applied to the spins, some of which
start revolving around the spin-lock field, similar to longitudinal relaxation
revolving around the external magnetic field By. The frequency of the spin-
lock pulse (SLF) wg; is calculated in a similar way to the Larmor frequency
shown in Equation 2.3:

wsL =¥YBst (2.15)
This process is shown in Figures 2.10 and 2.11. Similar to T relaxation, as
T4 times increase with the strength of the external magnetic field By [33],
[34], [35], T1, relaxation times also increase with a stronger spin-lock pulse.

However, longer spin-lock pulses can be an issue in in vivo imaging, as strict
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Figure 2.9: lllustration of the effect of the refocusing pulse on magnetization
during a spin echo sequence. (a): At t = 0, right after the 90° rf pulse is
applied to flip the magnetization to the transverse plane, the spins start
to dephase due to the different precessing frequencies. (b): A 180° rf pulse
applied at t = 7 along the y-axis (1) flips the dephasing spins that start to
rephase. (c¢): Spin echo signal is formed at t = 2t = TE.
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Figure 2.10: Pulse sequence for spin-locking magnetization to the transverse
plane. A x/2 pulse (black rectangle) tilts the magnetization to the trans-
verse plane, after which a spin-locking pulse (open rectangle) is applied.
TSL is the duration of the pulse and Bj its amplitude. The solid line rep-
resents T, magnetization during the spin-lock pulse (duration TSL), while
the dotted line represents the decay of magnetization (essentially 7. relax-
ation) without a spin-locking pulse. The spin-lock pulse slows the relaxation
considerably. After the spin-lock pulse during the signal acquisition period
(ACQ), the decay of the magnetization is again similar to 7" magnetization.

Reprinted from [28] with permission from John Wiley and Sons.

limits are set on specific absorption rates (SAR) of energy deposited into
the tissue, which increases with rf pulse power. In the T4, experiments of
this thesis, wg; values between 50 and 1500 Hz were used. At low SLF,
Ti, relaxation times and/or relaxation rates (—1/Tj,) have been found to
correlate with proteoglycan content in both bovine and human articular car-
tilage [14], [36], [37]. T4, is always longer than T, but shorter than T;. |9],
28]
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Figure 2.11: Diagram of magnetization evolution during a spin-lock sequence.
(a): The 90° rf pulse tilts the net magnetization vector My to the transverse
plane. (b): The spin-lock pulse Bg; with a duration of TSL makes the mag-
netization M rotate around itself along the y-axis, causing it simultaneously
to slowly decay (portrayed by Mrs.). (c¢): Spin-locked magnetization Mrg
is finally flipped back to the longitudinal direction by a 90° pulse B; along
the -x—axis and My is measured. Reprinted from [9] with permission from

Nancy International Ltd Subsidiary AME Publishing Company.

2.3 Literature research of relaxation in cartilage-

like phantoms

A systematic literature search of previous studies regarding the relaxation
properties of collagen gels or collagen MRI phantoms, and chondroitin sulfate
and/or GAG suspensions was conducted for this thesis. This included search-
ing for articles containing relevant keywords, such as “collagen gel”, “collagen
phantom”, “chondroitin sulfate”, “NMR”, “MRI”, and “relaxation”, that were
written in English published between 1950 and 2020 using multiple scien-
tific search engines, including (alphabetically) Google Scholar, Oula-Finna,
PubMed, Scopus, and Web of Science. The studies that were most relevant

to this study are described in this section.

Several studies about the relaxation properties of collagen gels have been

conducted. In one of the earliest studies of the subject, Westover and Dres-
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den [38] studied the relaxation properties of native and denatured collagen
gels and found that both Ty and T, values decreased compared to pure wa-
ter in low concentration collagen gels, with T, being the only value that
changed depending on the structure of the gel. They also found that T and
T, values of denatured gels progressively decreased as collagen concentration
increased. Edzes and Samulski [39] showed with proton NMR that Ry values
of hydrated collagen protons are mainly influenced by the macromolecular
spin-lattice relaxation as a result of dipolar coupling between the water and
macromolecular protons. Watanabe et al. [40] studied the effect of multi-slice
acquisition on T and T, measurements using collagen gels with added con-
trast agents, and found that both T and T, values decreased with growing

collagen concentration in single-slice measurements.

Takeuchi et al. [41] conducted a study about T, values of collagen gels at
different orientations, and found that orienting the collagen fibres in the
gels approx. 55° from the main magnetic field, eg. close to the “magic an-

kbl

gle”, increased their Ty times at all concentrations. Kudo et al. [42] studied
the connection states of collagen gels using Ty and T, relaxation as param-
eters, among others. Some of the gels had collagen cross-links made with
glutaraldehyde, which they found to affect the T, values proportionally to
the glutaraldehyde concentration, while Ty values of all gels were unaffected.
Virta, Komu, and Kormano [43] investigated the Ri, rates of protein solu-
tions at “very low” magnetic fields (Bg = 0.1 T, By < 200 u'T). While the
magnetic field used was much smaller compared to the ones in this thesis, the
study included a collagen solution at a similar concentration (50 mg/mL) to
those used in this study. They found that Ry, values “increased with increas-
ing molecular content and concentration”, but the used spin-lock fields were
not suitable for determining the cause behind Ry, values. Menezes et al. [13]
studied T and T+, values of articular cartilage systems of varying complexity,
including pure suspensions of collagen and GAG of varying concentrations

between 0-30 %, and found that both T, and T4, were approximately ex-
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ponentially dependent on the concentration of both collagen or GAG, and
that collagen concentration had a stronger effect on reducing either of the

relaxation times.
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Chapter 3

Materials and Methods

3.1 Phantom preparation

Three series of phantoms were made in which the final collagen concentra-
tions of the gels varied between 20-60 mg/g, while CS concentrations were

ranging from 0 to 40 mg/g (see Table 3.1).

Table 3.1: Phantom series with their collagen and chondroitin sul-

fate concentrations [mg/g|, respectively.

Series Collagen concentration CS concentration
Samples 1-4 20 0, 10, 20, 40
Samples 5-8 40 0, 10, 20, 40
Samples 9-12 60 0, 10, 20, 40

The type I collagen used (Merck KGaA, Darmstadt, Germany) was extracted
from rat tail and was delivered in an 0.01 M acetic acid solution (stock con-
centration: approx. 6 mg/mL). Chondroitin sulfate was a powder extracted
from bovine trachea (Merck KGaA, Darmstadt, Germany). The initial gel
was made by altering a manufacturer’s (Ibidi, Gréfelfing, Germany) supplied

collagen gel protocol [44]. The chondroitin sulfate powder was dissolved into
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Table 3.2: Collagen, chondroitin sulfate, and total volumes [mL] of the sam-
ples before drying. CS values marked with an asterisk (*) used a CS solution
with a stock concentration of 50 mg/mL, while all others used a solution of
80 mg/mL.

Series Collagen CS Total
Samples 1-4 5 0, 0.1875, 0.375, 0.75 6
Samples 5-8 10 0, 0.30*, 0.60*, 0.75 11
Samples 9-12 15 0, 0.1875, 0.375, 0.75 16

a water solution, with the stock concentration of the CS solution being ad-
justed to 50-80 mg/mL. The phantom was made by placing all substances
on ice, before pipetting collagen into a tube, with the amount being depen-
dent on the final concentration. 10x phosphate buffered saline (PBS), CS and
double distilled water (ddH,0) were added into the collagen solution. The
amount of 10x PBS added was constant in all tubes, with the amount being
0.15 mL which was one tenth of the final, dried gel. The volumes of the gels
before the drying process are shown in Table 3.2. After all substances had
been added, the sample was thoroughly mixed and pH was checked with in-
dicator paper. pH was adjusted to be approximately neutral or slightly basic
(approx. 7-9) using 1 M sodium hydroxide (NaOH) and 0.5 M hydrochloric
acid (HCI), in order for the sample to solidify properly.

Once the collagen mixtures were neutralized, they were placed into a warm
water bath at 37 °C in order to solidify the mixture into a gel. The samples
were initially kept in the bath for 45-60 minutes, after which the gels were
checked for their solidity. The pH adjustment and incubation was repeated
for the samples, if it was deemed necessary. After the gels were solid, they
were removed from their tubes and then transferred into a plastic cell cul-
ture dish, which was placed into a laminar flow oven. The temperature of the

oven was 40 °C. The samples were covered with a large dish in such a way
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that airflow would only be one way, from under the samples. This raised the
collagen and CS concentrations to the levels by removing the excess water
from the samples. The samples were kept in the oven until the final mass of
each sample was reduced to approx. 1.5 grams, after which they were placed

into small plastic tubes for MRI measurements.

3.2 MRI measurements

The samples were measured using a 1.5 T (Siemens Magnetom Aera, Ger-
many) and a 3 T (Siemens Magnetom Skyra, Germany) MRI scanner, in
combination with a 15 channel transmit/receiver coil (QED, Mayfield Vil-
lage, OH, USA) at Oulu University Hospital. Three-dimensional images of
the samples were obtained using a 3D proton density weighted (SPACE)
sequence. T values were measured using an inversion recovery turbo spin
echo (IR TSE) sequence, while Ty values were measured with two differ-
ent sequences; a fast spin echo (FSE) sequence and a multi-echo spin echo
sequence (MESE/MapIT). The pulse sequence parameters used in 1.5 and
3.0 T measurements are shown in Table 3.3. A MR image of the samples is

shown in Figure 3.1.

The measurements of Tq, T2, and T4, at 9.4 T were performed at the Uni-
versity of Eastern Finland with a 9.4 T MRI scanner (Oxford instruments
Ple, Witney, UK) in combination with a 19-mm quadrature volume RF
transceiver (RAPID Biomedical GmbH, Rimpar, Germany) and VnmrlJ3.1
Varian/Agilent DirectDrive console. Pulse sequences parameters used in the

9.4 T measurements are shown in Table 3.4.

Slices of the best quality were selected from the MR images by determin-
ing their locations from three-dimensional images and appropriate regions of
interest (ROI) were drawn on the slices MR images using a Matlab-based

program (Aedes, University of Eastern Finland, Kuopio, Finland, http:
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Figure 3.1: MR image of the gel samples at 1.5 T acquired with a FSE

sequernce.
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//aedes.uef .fi). The ROIs were drawn so that they were in approximately
the same locations for all three measurements by matching the positions of
the multi-slice setups between the 1.5, 3.0, and 9.4 T measurements. This
was done by calculating the distance of the slice from the bottom of the
phantom. A sample of the ROIs drawn onto the maps is shown in Figure 3.2.
In all measurements, T1 and T, maps of the phantoms were calculated using
in-house written plugins for Aedes, by fitting the image intensities voxel-wise
to a mono-exponential decay model in order to create a two-dimensional re-
laxation time map. The equations for the mono-exponential decay model are

shown in Equations 3.1 and 3.2:
S(t) = So(1 = 2exp(=T1/T})) (3.1)

S(t) = Soexp(-TE/T,) (32)

where Sp is the intensity of the original signal, TI is the inversion time and
TE is the echo time. In the 9.4 T measurements, Ty, maps were created by
using the Witschey sequence [45] and making two-parameter fits of the raw

data, with the T, map using Equation 3.3:
S(¢) = Soexp(~TSL/Ti,) (3.3)

where TSL is the spin-lock time. The final values used were weighted averages
of the different slices’ fitted data with zero-value voxels removed, using the
pixel count of each ROI as the weighing factor. The standard deviations of

the final values were pooled from the slices’ values using Equation 3.4:

(n—=1)-8SDi2+(n;—1)-SD%+ ...+ (ng —1) - SD?
SDpoo/ed = \/ 2 k (34)

(m+ny+...+ng)

where ng is the pixel count and SDy is the standard deviation of the slice
k. Aedes was used to obtain the relaxation times from the maps within the
previously determined ROIs. The measured map data was then transferred

to Microsoft Excel for averaging and to Matlab for plotting.
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Figure 3.2: A T, relaxation time map of the samples with the ROIs drawn

onto the map.
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Table 3.3: Pulse sequence parameters for the 1.5 T and 3.0 T measurements.

Sequence Parameters

Resolution = 0.5x0.5x0.5 mm?3
TR = 1200 ms

TE = 26 ms

Flip angle = 120°

No. of slices = 72

No. of averages = 2

ETL = 55

BW = 425 Hz/pixel

3D PD SPACE

Resolution = 0.4x0.4x2.0 mm?
TR = 10000 ms
TI = 400, 800, 1600, 3200, 7000, 9000 ms

No. of slices: = 7

T: IR TSE

No. of averages = 2

Interslice gap = 1 mm
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Table 3.3 — continued from previous page

Resolution = 0.4x0.4x2.0 mm?3

TR = 10000 ms
TE = 12, 23, 35, 47, 58, 70, 93, 120,
T, FSE 180, 286, 320, 440, 841 ms

No. of slices = 7
No. of averages = 2

Interslice gap = 1 mm

Resolution = 0.4x0.4x2.0 mm?3

TR = 10000 ms

TE = 12, 24, 36, 48, 60, 72, 84, 96, 108,

120, 132, 144, 156, 168, 180, 192, 250,
T, MESE 300, 350, 400, 450, 500, 550, 600, 650,

700, 750, 800 ms

No. of slices = 7

No. of averages = 2

Interslice gap = 1 mm

PD = proton density, ETL = echo train length, MESE = multi-echo
spin-echo, FSE = fast spin-echo, Tl = inversion time, TE = echo

time, TR = repetition time, TSL = spin-lock time.
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Table 3.4: Pulse sequence parameters for the 9.4 T measurements.

Sequence Parameters

Resolution = 0.4x0.4x2.0 mm?3

TR = 10000 ms
ESP = 5 ms
ETL = 8 with centric echo ordering

T, IR FSE
No. of averages = 1

Interslice gap = 1 mm
TI = 400, 800, 1600, 3200,
5000, 7000 and 9000 ms

Resolution = 0.4x0.4x2.0 mm?3
TR = 10000 ms
ESP = 5 ms
T, FSE ETL = 8 with centric echo ordering
No. of averages = 1
Interslice gap = 1 mm
TE = 0, 10, 20, 40, 80,
160, 320 and 640 ms

Resolution = 0.4x0.4x2.0 mm?3
TR = 10000 ms
ESP = 5 ms
T, MESE  ETL — 8 with centric echo ordering
No. of averages = 1
Interslice gap = 1 mm

TE = 12-768 ms, in increments of 12 ms
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Table 3.4 — continued from previous page

Resolution = 0.4x0.4x2.0 mm?3

TR = 10000 ms

ESP = 5 ms

ETL = 8 with centric echo ordering
No. of averages = 1

T1p
Interslice gap = 1 mm

SLF = 50, 100, 150, 200, 300,
400, 600, 800, 1000, 1500 Hz
TSL = 0, 10, 20, 40, 60,

80, 100, 200 and 400 ms

ESP = echo spacing, ETL = echo train length, MESE = multi-
echo spin-echo, FSE = fast spin-echo, TI = inversion time, TE

= echo time, TSL = spin-lock time.
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Chapter 4

Results

As presented in Table 4.1 and Figures 4.1 and 4.2, generally R; relaxation
rates decreased with increasing magnetic field strength. The effect was more
clearly seen in the samples with the highest collagen content, as shown in
Figure 4.1. Ry values seemed to slightly increase with the collagen concentra-
tion, as the 60 mg/g collagen concentration series had the highest relaxation
rates at all magnetic fields, with the 20 and 40 mg/g series’ values being
similar to each other. In the 9.4 T measurements the differences in Ry values
were the smallest. No obvious increase was seen in Ry values with increas-
ing CS concentration in the sample series. Most of sample series had some
increases with the concentration at 1.5 and 3.0 T, compared to the 9.4 T

measurements where no apparent relation between the two could be seen.

Ry values measured with a MESE sequence (Table 4.2 and Figures 4.4)
showed that the values themselves were significantly higher at 9.4 T com-
pared to the lower magnetic fields, as shown in Figure 4.3. Standard devia-
tions of the values were relatively larger in the 9.4 T measurements compared
to the other magnetic fields used. Ry values were very similar between the
different collagen series at the lower magnetic fields, with no apparent in-
crease in values seen in Figure 4.4 regardless of collagen concentration. At

9.4 T however, the differences between series came forth, with R, values of
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Table 4.1: Mean values and standard deviations of the R; relaxation rates

[s7"] of the gel phantoms.

By collagen/CS [mg/g] 0 10 20 40
20 049 £0.02 0.51 £0.04 0.53 +0.03 0.55 = 0.04
15T 40 0.53 £0.03 0.57 £ 0.03 0.57 £ 0.03 0.62 = 0.04
60 0.61 £ 0.04 0.59 £ 0.05 0.68 £ 0.05 0.77 £ 0.09
20 0.37 £0.01 047 £0.10 0.46 = 0.10 0.45 = 0.09
3.0T 40 0.40 £ 0.05 0.43 £ 0.08 0.46 = 0.09 0.57 £+ 0.02
60 0.54 £0.06 0.53 £0.08 0.57 +0.03 0.59 = 0.03
20 0.40 £0.00 043 £0.01 0.39 +£0.01 0.42 = 0.02
94T 40 044 £0.01 041 £0.01 0.42 +0.01 0.50 = 0.01
60 0.46 £ 0.02 048 £0.02 0.46 = 0.02 0.50 = 0.03

the higher collagen concentration series being noticeably larger. The values
showed an apparent increase in Ry values with the increasing CS concen-
tration in the 20 mg/g collagen series at all magnetic field strengths and in
the 40 mg/g series at 9.4 T (Figure 4.3), but a similar effect was not seen
in the higher collagen concentrations. The only increase in the higher series
was between the samples with and without CS, but the amount of added CS
didn’t seem to affect Ry values. At 1.5 and 9.4 T however, a nearly linear
increase could be seen in the 20 and 40 mg/g series with the increasing CS

content, with the increase being steeper at the higher magnetic field.

The differences in Ry values between MESE (Table 4.2 and Figures 4.3 and
4.4) and FSE (Table 4.3 and Figures 4.5 and 4.6) sequences are relatively large
especially in the 3.0 T measurements. Using a MESE sequence, R; values are
nearly the same at 3.0 T and 1.5 T, whereas in the FSE measurements, 3 T
values are noticeably lower compared to 1.5 T in all sample series. The dif-
ferent sequences’ differences include the magnitudes of errors in the values of
the 9.4 T measurements, with FSE having larger errors compared to MESE.

Also, the Rj values of the MESE measurements at the lower magnetic fields
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Table 4.2: Mean values and standard deviations of the Ry relaxation rates
[s7'] of the gel phantoms measured with a multi-echo spin-echo (MESE)

imaging sequence.

Bo collagen/CS [mg/g] 0 10 20 40

20 1.69 £ 0.14 241 +0.44 3.54 £0.62 3.34 + 0.62

15T 40 1.75 £ 0.17 513 £0.51 4.90 +£0.60 4.86 + 0.51
60 9.11 £0.65 3.12+0.49 474 +0.59 4.77 £ 0.66
20 1.70 £ 0.14 228 £0.33 3.13 £0.49 3.44 + 0.55

3.0T 40 1.77 £ 030 433 £0.59 4.16 £0.61 4.38 + 0.63
60 5.16 £ 0.73  2.92 £ 0.57 5.01 £0.55 4.86 + 0.87
20 3.46 £ 0.20 4.52 +048 497 +1.17 5.66 £ 1.24

94T 40 3.23+£0.24 576046 849 +0.82 9.21 £1.29
60 11.89 + 1.38 8.89 +£1.47 11.08 £ 1.68 13.47 + 2.65

are closer to each other within the different series, as seen in Figures 4.4 and
4.6. Ry values at 3.0 T are noticeably higher in the MESE sequence measure-

ments compared to FSE values.

Ry, relaxation rates were only measured at 9.4 T due to a lack of a sequence
that was suitable for the measurements on the Siemens scanners. The rates
are shown in Figures 4.7 and 4.8. The relaxation rates increased with colla-
gen concentration. The same effect is seen with increasing CS concentration
as well, with the relaxation rates following the increasing CS concentration.
The only exception to this was the 60 mg/g collagen sample without any
CS, which had higher Ry, values compared to the lower CS concentration
samples. However, below 60 mg/g the differences between Ry, values of the
different CS concentration series got larger as the collagen concentration in-
creased. The spin-lock frequency did not seem to have much of an effect on
Ri, relaxation rates, with only slight dispersion showing in all of the series.
However, the dispersion is only happening below 50-100 Hz, after which most
of the series reach a plateau. Increasing collagen and/or CS makes the relax-

ation dispersion somewhat steeper.
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Table 4.3: Mean values and standard deviations of the Ry relaxation rates

[s7'] of the gel phantoms measured with a fast spin-echo (FSE) imaging

sequence.
By collagen/CS [mg/g] 0 10 20 40

20 244 +£031 311 +057 395+£066 3.85+0.62

15T 40 258 £0.36 4.72+£0.69 4.57 £ 0.67 4.52 + 0.66
60 463 £0.73 3.65+0.66 4.65+0.77 4.72+0.79
20 088 +0.10 133+0.23 1.74+033 1.69=+0.31

30T 40 0.87+0.13 231+037 1.79+0.29 234 +0.28
60 287+ 055 1.61+031 3.09+061 3.04+0.69
20 225+£096 3.53+083 547 +1.62 6.22 +2.18

94T 40 3.07+131 590+1.79 861 +231 10.90 + 2.58
60 14.43 + 3.97 11.36 + 4.33 11.05 + 2.07 14.13 + 3.80

Since the Witschey -off-resonance Ty, pulse sequence that was used contains
a refocusing pulse in the middle of the spin-lock sequence [45], the measure-
ments with SLF = 0 Hz were effectively using the same sequence as Ty FSE
measurements. However, the Ry values measured with a FSE sequence are
not as similar as one would expect to those with the Witschey sequence, with
R values being either higher or lower with the FSE sequence. All values still
were in the range of errors of the values. The R, values obtained at SLF = 0
were all slightly higher compared to Rp MESE measurements at 9.4 T shown
in Figure 4.4.
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Figure 4.1: Ry values of the different series at different magnetic fields shown
as a function of CS concentration with collagen concentration being 20 mg/g

(a), 40 mg/g (b), and 60 mg/g (c). Error bars indicate standard deviations.
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Figure 4.2: Ry values as a function of CS concentration at 1.5 T (a), 3.0 T
(b), and 9.4 T (c). Error bars indicate standard deviations.
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Chapter 5
Discussion

In this thesis, MRI imaging phantoms were created which only contained the
most important components of articular cartilage, collagen and chondroitin
sulfate. The main findings from MRI measurements indicate that Ry values
generally increased with increasing collagen concentration at all magnetic
field strengths, Ry values increased with the CS concentration in the series
with the lowest collagen concentration, suggesting that the effect of collagen
on relaxation is dominant at higher concentrations. R, only increased with
the collagen concentration at high magnetic fields while Rq, values increased
with collagen and CS concentration in nearly all sample series. Moreover,
in this study the manufacturing process of collagen gels is described more
accurately compared to previous studies, while also raising the collagen and
CS concentrations higher compared to similar phantom studies without us-
ing a centrifuge. This is an important detail as centrifuging will be more
costly and difficult to use compared to the basic lab equipment used in our
study. The concentrations of either collagen or CS were higher in this study
compared to previous collagen gel phantom studies mentioned in Section 2.3,
with only a single exception, with collagen concentrations ranging between
2.5 and 280 mg/mL in the aforementioned studies. However, concentrations
in our phantoms did not reach the levels that occur in vivo, as according

to Westover and Dresden [38], a collagen concentration of 30 % (300 mg/g)
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would be “comparable to the collagen content of tendon”.

R1 relaxation rates decrease with increasing the magnetic field strength, as
predicted by relaxation theories and experimentally observed previously [33],
[34], [35]. However, the rise of Rp values at 9.4 T compared to the lower mag-
netic fields was unexpected. This could indicate that the R, measurements at
different magnetic field strengths are not directly comparable to each other,
since different equipment and sequences were used. Also, the differences be-
tween the different sequences used in Ry, measurements were larger than
expected, so those results were not comparable to each other either. Addi-
tionally, the sample with concentrations of 60 mg/g collagen and 10 mg/g
CS has lower values in all R; and R, measurements compared to the other
60 mg/g samples, suggesting a possibility of this sample being an outlier with

air bubbles affecting the different values.

The phantoms had their collagen concentrations raised significantly from the
stock concentration of the solution by drying them in a laminar flow oven.
The collagen and CS concentration of cartilage however, is still much higher
than we managed to reach in our experiments, with one study estimating
the mean concentrations of collagen and CS in canine cartilage being 198.9
+ 34.1 mg/mL and 89.7 + 28.5 mg/ml, respectively [46]. Using a multiple
linear regression estimation of the relaxation data, a rough prediction of the
relaxation rates at concentrations closer to ones in cartilage could be calcu-
lated and the estimates of Ry and R, rates are shown in Figure 5.1. While the
Ry extrapolation shown in Figure ?? (as Ty ~ 460 ms) would be quite close
to some of the values of “in vivo” cartilage T at 1.5 T shown in [47], it should
be taken with caution, since the extrapolation was made from only a few data
points that are far from the actual values. The R, extrapolation in Figure 77?

(as T = 22.6 ms) was not as close to actual Ty values at 9.4 T shown in [48|.

It seems that the range of spin-lock frequencies used in this study doesn’t
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Figure 5.1: Results from a multiple linear regression model that was used
to extrapolate the measured relaxation rates to higher concentrations of col-
lagen and CS, which would be closer to concentrations naturally occurring
in cartilage. (a): Ry rates extrapolated from 1.5 T data, R? = 0.9286. (b):
R, rates extrapolated from 9.4 T data, R? = 0.8494.

have much influence on the Rq, values. A dispersive effect that has been pre-
viously seen in some ez vivo cartilage T+, experiments, such as [36] and [37], is
missing in our experiment in the lower concentrations entirely. This suggests
that there must be another effect than dispersion which affects the relax-
ation rates. However, the mentioned studies used either different spin-lock
frequencies or studied different systems so similar results wouldn’t necessar-
ily be expected from our study. No previous comparable studies researching
Ty, properties in collagen gel systems at high magnetic fields were found.
Only one previous study by Virta, Komu, and Kormano [43] was found that
studied T4, properties of collagen solutions, albeit at much lower magnetic
fields, so their results are not directly comparable to ours. The underlying
effect in cartilage causing dispersion in the Ry, is still unclear. Mlynérik et
al. [49] measured R, in their study using spin-lock frequencies between 0-
2500 Hz at 2.95 T and 1000 Hz at 7.05 T and found that dipolar interaction
between water molecules and orientated collagen fibres is the main mecha-
nism contributing to Ry, values. They also proposed that dipolar interaction
is the reason behind the correlation between Tj, times and proteoglycan

content in cartilage. In our experiment, a dispersive effect would vanish in
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nearly all series at 50-100 Hz. The only series where the effect caused by the
spin-lock pulse can be seen past 50 Hz is the 60 mg/g collagen concentration
series. This suggests that the dispersion effect could only be visible in higher
collagen concentrations, which are closer to the naturally occurring ones in

articular cartilage.

Our study had some limitations. First, the orientation of the collagen fibres
was uncontrolled in the gel. Fibre orientation has been shown in previous
studies to influence the appearance of cartilage samples in MR images and
the relaxation properties of articular cartilage [6], [8]; Mosher et al. [50] stud-
ied the magic angle effect on T, values and found that T, relaxation times
increase when cartilage samples are placed at the “magic angle” compared
with parallel to the external field, and that the effect is more noticeable at the
more superficial layers of cartilage compared to the radial layer. Mlynéarik et
al. [49] found that R, relaxation rates at 2.95 T and 7.05 with SLF between
0 and 2500 Hz were less influenced by the orientation of the sample and fibre
orientation compared to Ry values. Akella et al. [51] found that the laminar
appearance seen in Ty images when the cartilage sample was not placed at
the “magic angle” orientation was removed using T1p sequences at 4.7 T with
a spin-lock frequency over 500 Hz. In our study, however, the magic angle
effect was mitigated by the gels being isotropic, since we were interested in

the fundamental effects of the substances themselves on relaxation.

Some of the samples had issues with gel uniformity, as some air bubbles were
inadvertently created into the samples during the mixing process. R1, values
were only obtained at 9.4 T, due to technical limitations at lower magnetic
fields during the imaging process, so a comparison between Ri, values at
different Bp could not be achieved. A further limitation could be that the
collagen and CS concentrations were not quantified chemically after creating
the phantoms, e.g. by measuring the hydroxyproline content of the samples

in order to quantify collagen amounts in the gels.
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In conclusion, in our collagen gel phantoms Ry values generally increased by
increasing collagen concentration at magnetic fields commonly used in clin-
ical MR imaging, like 1.5 T and 3.0 T. However, no apparent increase was
seen with varying chondroitin sulfate concentrations. R, values were also
nearly unaffected at lower magnetic fields by concentration variations, al-
though grew with chondroitin sulfate concentration at high magnetic fields,
such as 9.4 T. Ry, could also be used as an indicator on the amounts of
collagen or chondroitin sulfate, since the values changed by varying the con-

centrations of either substance.
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