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List of Symbols and Abbreviations

Ad Adiabatic
CW Constant wave
CW-T1ρ Continuous wave spin-lattice relaxation in the rotating frame
CW-T2ρ Continuous wave spin-spin relaxation in the rotating frame
DD Digital densitometry
DMMB Dimethyl-methylene blue assay
ECM Extra cellular matrix
FTIR Fourier-transform infrared spectroscopy
G Strength of the gradient field
Gx Strength of the gradient field in x-direction
Gy Strength of the gradient field in y-direction
Gz Strength of the gradient field in z-direction
GAG Glycosaminoglycan
IFFT Inverse fast Fourier transform
MRI Magnetic resonance imaging
Mxy The transverse component of bulk magnetization vector
Mz The longitudinal component of bulk magnetization vector
M0 Bulk magnetization vector
NMR Nuclear magnetic resonance
NS Non-significant
OA Osteoarthritis
PG Proteoglycan
PLM Polarized light microscopy
PSD Pulse sequence diagram
qMRI Quantitative magnetic resonance imaging
RF Radio frequency
T SL Spin lock time
T1 Spin-lattice relaxation
T2 Spin-Spin relaxation
T1ρ Spin-lattice relaxation in the rotating frame
T1ρ-Ad Adiabatic spin-lattice relaxation in the rotating frame
T2ρ-Ad Adiabatic spin-spin relaxation in the rotating frame
γ Gyromagnetic ratio
µ Magnetic dipole moment
ω0 Larmor frequency
h̄ Reduced Planck constant
kB Boltzmann constant
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1. Introduction

Articular cartilage is a highly specialized connective tissue located at diarthrodial joints.
The essential function of articular cartilage is to provide standard, low-friction and pain-
free movement. Articular cartilage enables a smooth and lubricated surface with a low
coefficient of friction and helps the load distribution to the underlying subchondral bone.
The main histological component of articular cartilage is its extracellular matrix (ECM)
and the macromolecules that it includes. [1, 2]

The proper functioning of articular cartilage depends essentially on the concentration of
water, collagen and proteoglycan molecules in the extracellular matrix. Proteoglycans are
macromolecules that are essential for the proper functioning of articular cartilage, as it
gives it the ability to retain water and thus the ability to form a swelling pressure to resist
compressive loads. The content of collagen molecules and their orientation in the ECM
are important because they form the structural backbone of articular cartilage. In addition,
the interaction of the macromolecule with water in the matrix is essential for the normal
mechanical function of the tissue. [2–4]

When articular cartilage goes under degeneration, it experiences progressive loss of nor-
mal cartilage structures, which leads to osteoarthritis (OA). Osteoarthritis is a chronic
joint disease where the cartilage disappears from the joint surfaces. Osteoarthritis begins
with changes in the articular cartilage on its surface and rupture of the collagen fibres. In
addition, there occurs proteoglycan loss in cartilage tissue. [2, 5]

Nowadays, OA is the most common joint disease in the world, and it is a common cause of
pain and disability among adults. OA can be diagnosed by evaluating joint symptoms or
radiographic methods, such as magnetic resonance imaging (MRI), where morphological
changes of articular cartilage are detected. [6] However, these symptoms usually occur in
a late phase of OA; thus, an early diagnosis of OA is difficult. New evaluating methods
for OA are needed, and one potential method is quantitative MRI (qMRI). In early OA,
subtle biochemical changes in cartilage such as proteoglycan depletion, and the collagen
network disintegration, not be seen in conventional MRI but can be visualized by qMRI.
In qMRI biochemical changes are quantitatively assessed by determining numeric values
for different NMR-relaxation times within the cartilage. Depending on the relaxation
time to be determined, there are various qMRI methods. Relaxation times that can be
determined are, T1, T2, T1ρ , and T2*, among others. [7]

The purpose of this thesis was to be a literature review of articles that contained informa-
tion about the correlation between the relaxation times and histology in articular cartilage.
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2. Histology of articular cartilage

2.1 Hyaline cartilage

Hyaline cartilage locates on the surface of the bones involved in the diarthrodial joint.
Articular cartilage is elastic, semi-transparent and ductile tissue. It does not have nerves,
blood or lymphatic vessels. The cartilage thickness is approximately 2 to 4 mm, and
the main structural component of cartilage is the extracellular matrix, containing highly
specialized cells, chondrocytes. The extracellular matrix consists of water, collagen, pro-
teoglycans and other proteins and molecules in smaller amounts (Figure 1). The proper
function of cartilage depends on the macromolecular composition, particularly the con-
centration of collagen and proteoglycans. Also, water plays an essential role in securing
the normal function of cartilage. [1, 3]

Figure 1: Composition of articular cartilage: a Cartilage constituents, b Structure of
the solid component of the extracellular matrix in hyaline cartilage. "Reprinted from
Orthopedics and Trauma, Volume 23/Issue 6, Ehab Kheir, David Shaw, Hyaline articular
cartilage, Pages 450-455, Elsevier Ltd 2008, with permission from Elsevier." [3]

2.2 Chondrocytes

Chondrocytes are highly specialized and metabolically active cells. They have an essential
role in the repair, development and maintenance of the ECM. Each chondrocyte creates
a specialized microenvironment from which they are responsible for the turnover of the
ECM in its direct surroundings. There is also variation between chondrocytes in shape,
number and size, depending on the anatomical location in articular cartilage. Chondro-
cytes have a limited ability for replication; thus, articular cartilage has limited healing
capacity in response to injury. [1] Moreover, aging decrease chondrocytes ability to main-
tenance and restore articular cartilage which leads to increased risk of degeneration of
articular cartilage [2].
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2.3 Collagen

The most common group of macromolecules is collagen. It consists of approximately
60% of the dry weight of cartilage. The most abundant type of collagen is type II, which
covers 90%-95% of the collagen in ECM. Type II collagen forms fibril networks and fi-
bres where proteoglycans are attached. There are also collagen types I, IV, V, VI, IX, and
XI, which mainly helps form and stabilize and the collagen II type fibril network. The
essential property of collagen fibrils is their tensile strength, due to the compression, the
collagen fibres will buckle. The outer shape of articular cartilage and its tensile strength
is due to collagen. [2, 3]

2.4 Proteloglycans

Proteoglycans (PGs) are the second biggest group of macromolecules. They play an es-
sential role in the normal function of articular cartilage. Proteoglycans are composed of a
hyaluronan backbone and one or more glycosaminoglycan (GAG) chains. Due to proteo-
glycans, cartilage has a water-binding structure that gives its characteristic compressive
strength and resilience. [1]

Such as collagen, there are different types of proteoglycans. They differ by their gly-
cosaminoglycan composition and chain. The different types are decorin, aggrecan, fi-
bromodulin and biglycan, of which the most important one is aggrecan. Aggrecan is the
biggest molecule of proteoglycan types, and it has an important role in ensuring to the
articular cartilage its ability to resist compressive loads by its osmotic properties. The
proteoglycans that are nonaggregating are characterized by their capacity to interact with
collagen. The smaller proteoglycans, fibromodulin, biglycan and decorin, are mainly re-
lated to protein structure. Biglycan is primarily found in surrounding of the chondrocytes,
where they may have a role interacting with collagen VI. Fibromodulin and decorin are
interacting with collagen II and thus have a role in fibrillogenesis and interfibril interac-
tions. [1]

2.5 Water

The most abundant component in articular cartilage is water. It forms up to 80% of the
wet weight of cartilage and plays an essential role in enabling cartilage to function right
to endure high loads. [1]

About 30% of water is part of the intrafibrillar space within the collagen. A small per-
centage of the water is in the intracellular state, and the rest of the water is located in
the pore space of the matrix. In the tissue water are dissolved many inorganic ions like
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potassium, calcium, sodium and chloride. The water flows across the cartilage surface
and through the cartilage helps to distribute and transport nutrients to the chondrocytes.
The water flow also lubricates the cartilage. Furthermore, the relative concentration of the
water decreases from the superficial zone to the deep zone. [1]

Two essential mechanisms derive cartilages ability to withstand prominent loads. The
mechanisms forms by the combination of the pressurization of water and frictional re-
sistance to water flow. Most of the interfibrillar water seem to appear as a gel. Due
to pressure gradient across the tissue or compression of the solid matrix, water can be
moved through the ECM. The permeability of the tissue is low; thus, the frictional resis-
tance against the water flow through the matrix is high. [1]

2.6 The zones and regions of articular cartilage

The structure and composition of articular cartilage can separate into different zones (fig-
ure 2). The zones of articular cartilage are the thin superficial (tangential) zone, the middle
(transitional) zone, the deep radial zone and the calcified zone. The zones can be charac-
terized by different cellular (chondrocytes) distribution and collagen architecture through
the ECM vertically. [1]

Figure 2: Different zones of articular cartilage and collagen orientation. "Reprinted
from Orthopedics and Trauma, Volume 23/Issue 6, Ehab Kheir, David Shaw, Hyaline
articular cartilage, Pages 450-455, Elsevier Ltd 2008, with permission from Elsevier." [3]

The superficial zone consists of an abundant amount of flattened chondrocytes and colla-
gen fibres. The collagen fibres are tightly packed and are parallel to the articular cartilage.
The main function of this layer is to protect and maintenance the layers underneath. [1]
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Under the superficial zone locates the middle zone. This zone contains collagen fibrils,
chondrocytes and proteoglycans. The collagen fibrils are thicker and organized obliquely.
In this layer, the chondrocytes have a low density and they are spherical. The main func-
tionality of the middle zone is to produce the first resistance to compressive forces. [1]

The deep zone is under the middle zone. The deep zone provides the most extensive resis-
tance to compressive forces, due to the position of collagen fibrils which are perpendicular
to the articular cartilage. In this zone, collagen fibrils are largest, lowest water concentra-
tion and highest amount of proteoglycans. Typically in the deep zone, the chondrocytes
are organized into columns, perpendicular to the joint line and parallel with the collagen
fibres. [1]

Under the deep zone is the calcified zone which is distinguished from others by a tide-
mark. It is an interface between calcified and normal articular cartilage. In the calcified
zone, the amount of chondrocytes is minor, and they are hypertrophic, which means that
the chondrocytes have an increased cell volume and matrix content in time. Chondro-
cyte hypertrophy can also be considered a characteristic of osteoarthritis (OA). The main
function of the calcified zone is to attach the articular cartilage to the bone, allowing the
collagen fibrils from the deep zone to anchor to the subchondral bone. [1, 8, 9]

The ECM can be also classified into three regions, which are pericellular, territorial and
interterritorial. The classification depends on the composition and proximity of chon-
drocytes and collagen fibril diameter and organisation.The pericellular region of ECM is
a thin layer next to the cell membrane and surrounds chondrocytes. The content of the
pericellular ECM is composed mainly of proteoglycans. It also contains some other non-
collagenous proteins and glycoproteins. The territorial regions enclose this region. The
territorial region contains collagen fibrils that form a collagen network around the chon-
drocytes. The interterritorial region is the largest of the regions and occupies the space
between territorial regions. The interterritorial matrix covers the ECM from the superfi-
cial zone to the deep zone and the orientation of the collagen fibrils varies between the
zones. [1]

3. Osteoarthritis

Osteoarthritis is a degenerative disease of articular cartilage. It is the most common con-
dition in joints that causes pain and restriction to functionality. Osteoarthritis can also
sometimes cause inflammation and swelling.

The incidence of osteoarthritis increases with age. It occurs in approximately 40% of
people over 70 years old as a part of the natural ageing process. Osteoarthritis is the most
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common in the hip, spine, knee and hand joints, such as the middle joint of fingers. [5,10]

The risk of osteoarthritis rises as the cumulative load on the joints increases. The in-
creased risk of osteoarthritis is due to overweight, heavy physical work or ageing. The
anatomy of a woman with her wide hips also poses an increased risk of osteoarthritis. In
the hip, various developmental disorders tend to accelerate joint damage, wear and degen-
eration. In addition, genetic factors, such as a type II collagen mutation, cause hereditary
osteoarthritis. [5]

The development of articular cartilage damage is a biochemical sequence of events in
which the mechanisms and mediators that destroy and repair the cartilage matrix activate.
If the balance converts the catabolic direction, cartilage damage develops, associated with
features of local inflammatory response. Damaged articular cartilage tissue does not re-
generate. However, osteoarthritis is not only a disease of cartilage but can cause changes
in all joint tissues, including bone, synovial capsule, and ligaments. [10]

Osteoarthritis develops slowly over a long period of time. As osteoarthritis develops,
changes occur in the cartilage and the bone beneath it. The cartilage gets softer and
damaged, and fissures forms on its surface. Water content in the cartilage increases, pro-
teoglycan content decreases and collagen fibrils decompose. In addition, damages in the
cartilage increase due to collagenase-enzymes and neutral proteases released from white
blood cells. [11]

4. Magnetic resonance imaging

Magnetic resonance imaging is one of the most important medical imaging methods in
clinical medicine. It is based on a physical phenomenon called nuclear magnetic res-
onance (NMR). The MRI is typically used to image anatomical and physiological pro-
cesses. One of the most significant benefits of MRI is that it has no risks due to ionization.
It is also a non-invasive method. In addition, MRI has remarkable technical flexibility and
pace of development. Today, new clinical applications and ideas are developed regularly,
and one of the potential applications is quantitative MRI. [12]

4.1 Nuclear magnetic resonance

NMR is a phenomenon based on an interaction between the magnetic nucleus and the
magnetic field. The key to this interaction is due to the quantum mechanical property of
all subatomic particles called spin [13]. Classically, spin can be described by the analogy
of angular momentum, as illustrated in figure 3. In this analogy, the atomic nucleus spins
around its axis. Due to the spin, a charged particle also creates an electromagnetic field.
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Due to spin quantum number, nucleus has a quantum magnetic dipole moment µ and a
small own magnetic fields. The atomic nucleus consists of protons and neutrons with a
spin quantum number I = 1

2 . All atomic nuclei that have the net spin quantum number
I = 1

2 ,1,
3
2 etc. experience NMR. [12, 14]

Figure 3: The angular momentum analogy that illustrates spin and the nucleus’s
precession in external magnetic field. "Reprinted from NMR Quantum Information
Processing, Chapter 2 - Basic Concepts on Nuclear Magnetic Resonance, Ivan S. Oliveira,
Tito J. Bonagamba, Roberto S. Sarthour, Jair C.C. Freitas, Eduardo R. deAzevedo, Pages
33-91, Elsevier Ltd Jan 1, 2007, with permission from Elsevier." [15]

In medical MRI, the most relevant nucleus is 1
1H, with spin quantum number 1

2 . Hydro-
gen nucleus has one proton and it has a natural abundance in human body due to very
high concentration of water; thus, it has a high NMR sensitivity and the NMR signal is
intense. [12] So henceforth the atomic nuclei are discussed as hydrogen nuclei, protons.

When a proton is placed in an external magnetic field B0, the field applies a torque to the
proton. Due to this, the magnetic dipole moment starts to precess at a Larmor frequency:

ω0 = γB0 (1)

where γ is a gyromagnetic ratio of nucleus and B0 is the strength of the external magnetic
field. Due to the external magnetic field, the energy level of a proton splits into two
possible energy states, spin-up, and spin-down. In the spin-down state the proton’s spin
angular momentum is parallel to the B0 and the spin-down state it is anti-parallel to the
B0. The energy difference between these two energy states is:

∆E = h̄ω0 (2)

where h̄ = h
2π

is the reduced Planck constant. Proton can be flipped between these two
energy states emitting of absorbing a photon with this energy. This property of proton is
applied in the NMR. [12, 14, 16]
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When several protons are spinning around their axes, the magnetic dipole moments ar-
ranges into random directions; thus, a net magnetic field generated of protons is zero. But
when the protons are exposed to the B0, the spins tend to align with the external mag-
netic field causing a net magnetization. However, not all spins align in the same direction
due to thermal motion of molecules. Just over half of the spins align into spin-up states,
parallel with B0, and the rest to spin-down states that is antiparallel to the B0. When the
magnetization moments sum up, there is a bulk magnetization vector M0 that is parallel
with the B0:

M0 =
n0γ2h̄2B0

4kBT
(3)

where n0 is the number of nuclei, in this case, protons per unit volume, kB is the Bolzmann
constant and T is the temperature. [14, 15]

The NMR signal is based on the interaction of bulk magnetization and radiofrequency
(RF) pulse. NMR-signal is detected by RF-coils. The interaction is possible when the
frequency of the RF-pulse corresponds to the Larmor frequency of the precessing mag-
netic dipole moments. The RF-pulse is generated by RF-coils. When the RF-pulse is
applied to the sample, its magnetic field component B1 must rotate at the xy-plane at the
same frequency as the precession frequency ω0. Therefore resonance occurs and, the
RF-pulse adds energy to the protons. Thus the M0 vectors starts also precess around the
B1 in phase, and the M0 starts to flip towards to the xy-plane (figure 4). Depending on
the magnitude of B1 and the time tp when the pulse is applied to the sample, the rotation
of the magnetization vector towards to the xy-plane can be defined with the following
equation: [12, 14, 15]

θp = γB1tp (4)
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Figure 4: The effect of RF-pulse with 90◦ and 180◦ pulses to the vector M0."Reprinted
from NMR Quantum Information Processing, Chapter 2 - Basic Concepts on Nuclear
Magnetic Resonance, Ivan S. Oliveira, Tito J. Bonagamba, Roberto S. Sarthour, Jair C.C.
Freitas, Eduardo R. deAzevedo, Pages 33-91, Elsevier Ltd Jan 1, 2007, with permission
from Elsevier." [15]

4.2 Relaxation mechanisms

When the RF-pulse excitation is over, the magnetization vector restores its initial value
along the z-axis. This process is called relaxation. During this relaxation all spins returns
their thermal equilibrium and go out of phase. [14, 17]

The relaxation phenomenon can be described with the following Bloch equations after
the RF-pulse:

d(Mz−M0)

dt
=−Mz−M0

T1
(5)

dMxy(t)
dt

=−
Mxy(t)

T2
(6)

where Mz is longitudinal component of M0, Mxy transverse component of M0 and T1, T2
are relaxation times. Relaxation times are inherent for every tissue due to protons different
physico- chemical environments that affect the length of them.
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4.2.1 T1-relaxation

Spin-lattice relaxation, or T1-relaxation is the process in which the protons emits the
energy absorbed during the RF-pulse back into the surrounding lattice until thermal equi-
librium is reached. In this process protons go back parallel with the external magnetic
field. T1 relaxation time, also known as longitudinal or spin-lattice relaxation time, is
the characteristic time constant that describes the process, and it is the time it takes for
the longitudinal component Mz to return 63% of its initial value along the longitudinal
z-axis. [14]

The T1 can be determined from the following equation:

Mz(t) = M0[1− e
−t
T 1 ] (7)

Equation 7 describes the recovery of Mz when it is flipped with 90° RF-pulse from its
initial state. [14]

4.2.2 T2 and T2∗-relaxation

Due to inhomogeneities in the external magnetic field and spin-spin interactions result in
the protons experience slightly different magnetic fields. Thus the protons start precess-
ing slightly different Larmor frequencies according to equation (1). This results in spin
dephasing and the xy-component of the magnetization vector Mxy decays more rapidly
than predicted. [14]

T2-relaxation time describes the time when the xy-component Mxy of magnetization vec-
tor M0 decays. Known also by names transverse relaxation time, and spin-spin relaxation
time. The T2-relaxation time after 90°-RF-pulse can be described with the following
equation:

Mxy(t) = M0e
−t
T 2 (8)

The T 2∗-relaxation times describes the faster attenuation of the vector M0. Two factors
cause the T 2∗-relaxation. One is the T2-relaxation, stated above, and the other is T2’-
relaxation. The T2’-relaxation is caused by the inhomogeneities in the external magnetic
field, which leads to signal loss due to the growth of phase magnetization in the rotating
frame. The T 2∗-relaxation is dependent on T2 and T2’ and can be shown by the following
equation: [13]

1
T 2∗

=
1

T 2′
+

1
T 2

(9)
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4.2.3 T1ρ -relaxation

T1ρ -relaxation describes the longitudinal relaxation time in the rotation frame. In this
method, the magnetization vector is flipped to the xy-plane with a short pulse. After this
spins are locked to the rotating xy-plane with an external RF-pulse called spin-lock RF
pulse BSL. Spins also start to precess around BSL in the rotating frame at a frequency deter-
mined by the Larmor frequency equation: FSL = γ ·BSL, where the FSL is the spin-lock
frequency. During this spin-lock pulse, spins experience slower longitudinal relaxation
time T1ρ in the rotating xy-plane. This relaxation process can be described with the
following equation:

M(t) = M0e−
T SL
T 1ρ (10)

where the T SL is a spin lock time. The use of T1ρ -relaxation time enables the study
of biological processes that happen at low-frequency, such as proton exchange between
macromolecules and water, and proteins. [18]

4.3 From NMR to MRI

The image formed by MRI is based on the NMR signal of the protons. In traditional
magnetic resonance imaging, images are two-dimensional. To produce two-dimensional
images, signals from the sample need spatial localization, which is done by using pulse
sequences that illustrate the sequence of events in spatial encoding. The spatial encoding
steps are slice selection, frequency encoding and phase encoding. During each spatial
encoding step, in addition to the external magnetic field, a perpendicular gradient field is
added in x-, y- and z-directions, to incorporate spatial information into the signal. [14]

During slice selection, gradient field Gx is applied in x-direction, for example. This gra-
dient field increases to the x-direction linearly; thus, the spin’s Larmor frequency also
increases linearly with position along the x-axis (figure 5). Now so-called frequency en-
coded Larmor frequency can be determined with the following equation:

ωx = γ(B0 + x ·Gx) (11)

where x is the position in x-axis and Gx is the strength of the gradient field. [17]

During phase and frequency encoding, gradient fields (Gz, Gy) in z- and y-directions are
applied. These gradient fields produce differences in spatial position in terms of frequency
and phase. After spatial encoding, in each point precessing protons have distinct phases
and Larmor frequencies, which encode spatial information in the z- and y-direction to
the NMR signal. The events during MRI imaging over time are illustrated with a pulse
sequence diagram (PSD) (figure 6). [14]
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Figure 5: An illustration of how the slice thickness can be determined by the slope
of the gradient and the range of RF-pulse frequencies. "Reprinted from Handbook
of Neuro-Oncology NeuroImaging, Chapter 18 - Introductory to MRI physics, Aaron
Sodickson, Pages 128-135, 2008, with permission from Elsevier." [17]

The spatially encoded signal is collected to the k-space. The k-space contributes with
each pixel in the MRI image, which is reconstructed from the k-space by inverse fast
Fourier transform (IFFT). [14]

Figure 6: A schematic picture of a pulse sequence diagram in two-dimensional (2D)
MRI imaging. "Reprinted from Handbook of Neuro-Oncology NeuroImaging, Chapter
18 - Introductory to MRI physics, Aaron Sodickson, Pages 128-135, 2008, with permis-
sion from Elsevier." [17]

5. Quantitative MRI of articular cartilage

Quantitative MRI (qMRI) means numerical determination and analysis of MRI param-
eters. QMRI parameters are, for example, T1, T2, T1ρ and T2∗. The MRI parameters
are inherent constants to every tissue. The values of parameters can be affected by the
histological properties of the tissue. These are known as histological parameters. [19]

Other qMRI parameters are adiabatic T1ρ (T1ρ-Ad), adiabatic T2ρ (T2ρ-Ad), contin-
uous wave T1ρ (CW-T1ρ), continuous wave T2ρ (CW-T2ρ), and T1-Gadolinium (T1-
Gd). In the case of T1ρ-Ad and T2ρ-Ad, the frequency of the spin-lock RF-pulse varies
with time, while in CW-T1ρ and CW-T2ρ the RF-pulse has a constant frequency. [20]
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T1-Gd refers to used Gadolinium contrast agent to improve contrast [21].

For cartilage, qMRI offers a good way to detect underlying biochemical changes in the
tissue before there are any morphological changes in the images [22]. The MRI parame-
ters above are currently used only in research. The histological parameters to which the
parameters correlate in cartilage are collagen content, collagen orientation, GAG/PG con-
tent and water content.

In qMRI of articular cartilage, it is common to perform MRI mapping. MRI mapping
refers to determining relaxation parameters in a given tissue and presenting them with
pixel precision in an MRI image, as we see from the figure 7.

Figure 7: An example of qMRI-parameter mapping. Images A and B illustrates the
T1ρ-mapping in knee joint cartilage between a healthy volunteer and a rheuma-
toid patient, and images C and D illustrates the T2-mapping between the volunteer
and the patient. "Reprinted from European Journal of Radiology, Volume 96, Xiang
Hong Meng, Zhi Wang, Li Guo, Xiu Chan Liu, Yu Wei Zhang, Ze Wei Zhang, Xin Long
Ma, Quantitative evaluation of knee cartilage and meniscus destruction in patients with
rheumatoid arthritis using T1 and T2 mapping, Pages 91-97, Elsevier Ltd Nov 1, 2017,
with permission from Elsevier." [23]
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6. Methods

The selection process of the studies consisted of a few steps. At the beginning of the
search, keyword combinations such as "quantitative MRI" and "articular cartilage" pro-
duced 150 hits; thus, the search was narrowed down by combining with a third or fourth
keyword when the number of studies reduced significantly. Table 1 illustrates the keyword
combinations used, studies that were found, and how many were selected for further read-
ing, based on the relevance of the titles.

Table 1: Study search
Keyword combination and the
search day

Number of studies
found

Number of selected
studies

"quantitative MRI" and "artic-
ular cartilage" and "histology"
(15.4.2021)

20 8

"articular cartilage" and "T1ρ"
and "osteoarthritis" and "histol-
ogy"(15.4.2021)

52 7

"change" and "articular cartilage"
and "T1ρ" and "MRI"(20.4.2021)

13 9

"change" and "articular cartilage"
and "proteoglycan" and "T1ρ"
(20.4.2021)

14 2

"quantitative MRI" and "articular
cartilage" and "collagen" and "os-
teoarthritis" (20.4.42021)

22 4

"quantitative MRI" and "os-
teoarthritis" and "histol-
ogy"(24.3.2021)

16 5

The final selection for the result table was made if the study reported correlation coef-
ficients between qMRI parameters (T1, T1ρ , T2, T2*, CW-T1ρ , CW-T2ρ , T1ρ-Ad or
T2ρ-Ad) and histological parameters (water content, collagen content, GAG content or
collagen orientation). From 35 articles, 14 were included to the final selection. In addi-
tion, one more study was included to the selection by its known relevance.

7. Results

The 15 final studies are presented in table 2, which summarizes used animal models,
reference methods, and reported correlation coefficients between qMRI parameters and
histological parameters in each study.
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Association between T1 and quantitative histology was investigated in cartilage by Rauti-
ainen et al. and Kajabi et al. Both studies were conducted ex vivo at a magnetic field
strength of 9.4T and GAG was quantified using digital densitometry (DD). Kajabi et al.
found moderate negative correlations between T1 and GAG content (r = -0.573), as well
as collagen orientation (r = -0.630) in equine cartilage. However, Rautiainen et al. found
no correlations from measurements from human cartilage. [24, 25]

Associations between CW-T1ρ and histology was investigated in cartilage ex vivo and in
vivo several magnetic fields [24–35]. Hatcher et al. found moderate-to-strong correlations
measured ex vivo at 3T between CW-T1ρ and GAG (r = -0.88), as well as water content
(r = 0.72), using DMMB and biochemical analysis [28]. Akella et al. reported a strong
positive correlation (r = 0.99) between CW-T1ρ and percentage of PG loss ex vivo at
4T [32]. In addition, a strong correlation (r = 0.96) between 1/CW-T1ρ and GAG content
was found by Wheaton et al. ex vivo in 4.7T using biochemical assay kit [31]. Kajabi
et al. found moderate correlations in several spin-lock-frequencies (100-2000Hz) ex vivo
at 9.4T between GAG content and collagen orientation using DD and PLM [25]. In the
other hand, Rautiainen et al. did not observe correlation between quantitative histology
and CW-T1ρ [26].

Associations between T1-Gd and quantitative histology was also investigated in cartilage
in vivo and ex vivo at different magnetic field strengths [24, 26, 27, 36]. A moderate-
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to-strong positive correlation (r = 0.73) was found between T1-Gd and GAG content,
measured in vivo at 3T using DMMB [27]. However, other studies found no correlations
at higher magnetic field strengths using DD [24, 26]. A strong negative correlation (r =
-0.84) was found by Wei et al. between water content and (1/T1-Gd) measured from hu-
man cartilage ex vivo at 7T [36], but Rautiainen et al. observed no significant correlation
with (1/T1-Gd) measured at 9.4T. Wei et al. observed also moderate positive correlation
between 1/T1-Gd-1/T1 and collagen orientation (r = 0.41) [36]. However, Rautiainen et
al. found no correlation between T1-Gd and collagen orientation [24, 26]. Moreover, no
correlations were found between T1-Gd and collagen content measured with either sircol
collagen assay kit or FTIR [24, 26, 36].

Studies reported associations between T2 and quantitative histology only ex vivo at a few
different magnetic field strengths [24–26, 29, 30, 36–38]. Moderate negative correlations
between T2 and GAG content were found by Rautiainen et al., Kajabi et al., and Wei
et al. [24, 25, 36]. The highest observed correlation was (r = -0.607), measured from
equine cartilage at 9.4T. Kajabi et al. also observed a moderate negative correlation be-
tween T2 and collagen orientation (r = -0.642) [25]. No correlations were found between
T2 and GAG content measured by DMMB at lower magnetic field strengths [29, 30].
A strong-to-moderate positive correlation (r = 0.885) was found between T2 and water
content, measured at 4.7T [37]. No significant correlations were found between T2 and
collagen content measured with either FTIR, sircol collagen assay kit or colorimetric as-
say [26, 29, 36].

Three studies investigated associations between adiabatic T1ρ and T2ρ and quantita-
tive histology in cartilage, measured ex vivo at 9.4T [24–26]. Rautiainen et al. found
moderate-to-strong correlations between adiabatic T1ρ and water content (r = 0.62), as
well as GAG content (r = -0.59) using biochemical assay and DD measured in human
cartilage [24], consistent with what Kajabi et al. found equine measurements. Moderate
correlations was also found between adiabatic T1ρ ( r = -0.563) and T2ρ (r = -0.685)
and collagen orientation using PLM [25]. However, Rautiainen et al. did not find any
correlations between adiabatic T1ρ and T2ρ and quantitative histology [26].

8. Discussion

The association between quantitative MRI and quantitative histology was investigated
at several magnetic field strengths. Studies that were conducted at high magnetic field
strength investigated several correlations between various relaxation and histological pa-
rameters [24–26,36]. However, at lower field strengths studies investigated mainly one or
two correlations [28, 30–35, 37].

The strongest correlations are seen between CW-T1ρ and GAG content and collagen ori-
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entation. These correlations were confirmed at high field strengths as well as lower field
strengths ex vivo [24, 25, 32, 34, 35]. However, in vivo investigations reported significant
correlations only at lower field strengths [28, 33]. Between CW-T1ρ , GAG and collagen
orientation correlation are negative, which indicates an inverse correlation. According
to this, when GAG content reduces due to articular cartilage degeneration, CW-T1ρ re-
laxation times increase, and when collagen anisotropy increases, CW-T1ρ time decrease.
Moreover, at lower field strengths, a couple of positive strong correlations were reported
between 1/CW-T1ρ and GAG content [29,31]. For CW-T1ρ and GAG, the strongest cor-
relation was reported at RF power of 750Hz [32].

The correlations between T1, adiabatic T1ρ and adiabatic T2ρ , the histological parame-
ters, were confirmed ex vivo at high field strengths [24–26, 36] but not in vivo, or, lower
field strengths. In addition, the correlation between T2 and histological parameters was
investigated only ex vivo. Moderate-to-strong positive correlations between T2 and water
content were consistent between studies and were confirmed at lower and high magnetic
fields [33, 36, 37]. However, the correlation between T2 and GAG, as well as collagen
orientation was confirmed only at high magnetic fields [24, 25, 36], but not at lower field
strengths.

The T1ρ relaxation times are reported more than the T2 relaxation times. Furthermore,
especially CW-T1ρ times were investigated the most, with various RF pulses; measure-
ments of T1ρ relaxation times appear to produce much better results. The results show
that correlations between histological parameters and T1ρ are determined with more di-
verse MRI protocols than in the case of T2 times. Moreover, no study has studied the
correlation between histological parameters and CW-T2ρ .

Rautiainen et al. reported no correlation between any histological parameter and relax-
ation times, but Rautiainen et al. and Kajabi et al. reports correlations [24–26]. All
studies were conducted ex vivo at 9.4T, with same reference methods (DD, PLM, FTIR),
but each with a different animal model, which may indicate that animal models may
cause differences between studies. Most studies used animal cartilage ex vivo; thus, more
studies should be done on human cartilage both ex vivo and in vivo. In addition, differ-
ences may occur due to used reference methods. Studies that used DD, PLM and FTIR
reports most significant correlations [24, 25, 36], but studies that used other reference
methods (DMMD, chemical tests) reported more not significant, than significant correla-
tions [29, 38].

The least studied correlation was between relaxation times and collagen content. The cor-
relation was studied for several qMRI parameters (T2, CW-T1ρ , T1-Gd, adiabatic-T1ρ ,
adiabatic-T2ρ , 1/T1-Gd-1/T1, 1/T2) ex vivo and in vivo, at lower and higher magnetic
field strengths, with various reference methods (FTIR, hydroxyproline assay, (wet-dry
weight)/ wet weight, colorimetric assay, chemical tests) [26, 27, 29, 36, 38]. Studies were
consistent with each other, and no correlations were reported. This may indicate that col-
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lagen content has no effect to the relaxation time.

The variability between studies may be due to research protocols and the equipment used.
Moreover, it is essential to consider that multiple factors can affect the results, such as
MRI room temperature, sample orientation in the MRI scanner, used MRI sequences and
used data analysis methods.

9. Conclusions

CW-T1ρ may be a potential biomarker since several studies reported correlations be-
tween CW-T1ρ and GAG content, water content and collagen orientation, of which the
most observed correlations were between CW-T1ρ and GAG. The GAG content loss and
decreased collagen orientation indicate increased CW-T1ρ , and increased water content
indicates increased CW-T1ρ . Another potential biomarker may also be T2 because some
correlations were found between T2 and water content and GAG. Increased T2 indicates
the increased water content and the loss of GAG.

The studies were performed ex vivo and in vivo at several magnetic field strengths, and the
results between studies were consistent at both lower and higher field strengths. However,
most studies were ex vivo; thus, in the future, more studies should be conducted also in
vivo. Some variation between studies may occur due to the used reference method. The
most correlations were observed when the reference method used was DD, DMMB or
PLM. In conclusion, there are correlations between qMRI and histological parameters,
and, at least, relaxation parameters CW-T1ρ and T2 may be potential biomarkers for
early OA detection.
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