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Abstract

Osteoarthritis (OA) is the most common degenerative joint disease, causing joint pain and
functional disability in millions of people worldwide. OA is characterized by the progressive loss
of articular cartilage and involves the whole joint including articular cartilage, meniscus,
subchondral bone and synovium. Despite great success in modern medicine, there is still no
effective treatment to prevent or cure OA. This is largely due to the absence of a reliable and
sensitive biomarker that is able to identify early OA and follow up the disease progression. Early
diagnosis of OA can lead the way to appropriate interventions that can potentially avoid the onset
or progression of OA.

Quantitative magnetic resonance imaging (qMRI) has been indirectly associated with the
compositional changes and biomechanical properties of articular cartilage and meniscus. In
addition to T1 and T2 relaxation time measurements, rotating frame of reference (RFR) relaxation
parameters were found to be sensitive to the degenerative changes in articular cartilage and
meniscus. The RFR parameters involve spin-locking irradiation, which can be modified to provide
multiple relaxation methods such as continuous-wave T1ρ (CWT1ρ), adiabatic T1ρ (AdT1ρ),
adiabatic T2ρ (AdT2ρ) and relaxation along a fictitious field (TRAFF). The aim of this thesis was to
investigate the potential of qMRI parameters (T1, T2, CWT1ρ, AdT1ρ, AdT2ρ, TRAFF) for the
assessment of structural and compositional changes in articular cartilage in a rabbit model of early
OA and an equine model of post-traumatic OA. Biomechanical properties and histology were used
as references. Moreover, the clinical feasibility of AdT1ρ and AdT2ρ for the evaluation of
structural changes in meniscus was studied in human OA.

Compared to other qMRI parameters, T1, CWT1ρ and AdT1ρ were more sensitive to the
degenerative cartilage changes in both the rabbit model of early OA and the equine model of post-
traumatic OA. The parameters were highly associated with cartilage tissue properties.
Furthermore, AdT1ρ and AdT2ρ detected meniscus tissue alterations associated with meniscal tear
and full-thickness cartilage lesions in human OA. These findings indicate the potential of T1,
CWT1ρ and AdT1ρ mapping for the evaluation of early OA changes in articular cartilage, and
clinical feasibility of AdT1ρ and AdT2ρ for the assessment of meniscus.

Keywords: articular cartilage, magnetic resonance imaging, meniscus, osteoarthritis,
relaxation time, T1 relaxation, T1ρ relaxation, T2 relaxation, T2ρ relaxation, TRAFF
relaxation
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Tiivistelmä

Nivelrikko on yleisin nivelten sairaus, joka aiheuttaa huomattavaa kipua ja liikkumisvaikeuksia
miljoonille ihmisille ympäri maailmaa. Nivelrikossa nivelrusto ohenee, mutta sairaus vaikuttaa
koko niveleen ja kaikkiin sen kudoksiin, nivelrustoon, nivelkierukoihin, rustonalaiseen luuhun ja
nivelkapseliin. Huolimatta nykylääketieteen saavutuksista, nivelrikkoa parantavaa tai estävää
hoitoa ei ole olemassa. Merkittävä syy tehokkaiden hoitojen puuttumiseen on luotettavien ja
herkkien nivelrikon diagnosointimenetelmien puute. Tällaisilla menetelmillä voitaisiin tunnistaa
varhaisvaiheen nivelrikko ja seurata luotettavasti sen etenemistä. Varhainen diagnoosi mahdol-
listaisi paremmin nivelrikon etenemisen ennaltaehkäisyn, ja sitä kautta sen hidastamisen tai jopa
pysäyttämisen kokonaan.

Kvantitatiivisen magneettikuvauksen avulla voidaan epäsuorasti havainnoida muutoksia
nivelruston ja nivelkierukoiden rakenteellisissa sekä toiminnallisissa ominaisuuksissa. T1- ja T2-
relaksaatioaikamittausten ohella niin kutsuttujen pyörivän koordinaatiston relaksaatioparametri-
en on havaittu olevan herkkiä nivelruston ja nivelkierukoiden degeneratiivisille muutoksille.
Pyörivän koordinaatiston parametrien mittauksessa käytettyä spin-lukko-pulssia voidaan muut-
taa ja siten tuottaa erilaisia kontrasteja, kuten jatkuvan aallon T1ρ (CW-T1ρ), adiabaattinen T1ρ
(AdT1ρ), adiabaattinen T2ρ (AdT2ρ) ja fiktiivisen kentän relaksaatio (TRAFF). Väitöskirjatyön
tavoitteena oli selvittää kvantitatiivisten magneettikuvausparametrien (T1, T2, CWT1ρ, AdT1ρ,
AdT2ρ ja TRAFF) potentiaalia kanin varhaisen nivelrikon ja ponin traumaperäisen nivelrikon tau-
timalleissa. Nivelruston biomekaanisia ominaisuuksia ja histologiaa käytettiin verrokkimenetel-
minä. Väitöskirjatyössä selvitettiin AdT 1ρ:n ja AdT2ρ:n kliinistä soveltuvuutta nivelkierukan
rakenteellisten ominaisuuksien arviointiin ihmisillä.

Muihin magneettikuvausparametreihin verrattuna T1, CWT1ρ sekä AdT1ρ olivat herkimpiä
degeneratiivisille muutoksille kanin ja ponin tautimalleissa. Nivelkierukassa AdT1ρ ja AdT2ρ
havaitsivat kudosmuutoksia, jotka liittyivät nivelkierukan repeämiseen ja nivelrustovaurioihin
ihmisen nivelrikossa. Väitöskirjatyön havainnot osoittavat, että T1, CWT1ρ sekä AdT1ρ ovat
potentiaalisia menetelmiä varhaisen nivelrikon aiheuttamien rustomuutosten havaitsemiseen
sekä AdT1ρ ja AdT2ρ kliinisesti soveltuvia nivelkierukan arviointiin.

Asiasanat: magneettikuvaus, nivelkierukka, nivelrikko, nivelrusto, relaksaatioaika, T1-
relaksaatio, T1ρ-relaksaatio, T2-relaksaatio, T2ρ-relaksaatio, TRAFF-relaksaatio
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1 Introduction 

Osteoarthritis (OA) is the most common chronic joint disease, causing pain and 

functional disability in affected individuals. OA is characterized by progressive loss 

of articular cartilage and is a heterogeneous disease, affecting all tissues in the joint 

including articular cartilage, subchondral bone, meniscus and synovium (1). OA 

commonly affects knee and hip joints, and its prevalence in the joints progressively 

increases with age. OA accounts for more functional disability among elderly 

populations than any other disease (2). In addition to its growing prevalence and 

deteriorating impacts on function and mobility, OA imposes a major socio-

economic loss. The total cost associated with knee and hip OA in Europe is 

estimated to be €408–817 billion/year (3). Current approaches for the treatment of 

OA is limited to pharmacological therapies and surgical interventions to alleviate 

pain and improve function (2). Despite great success, there is still no effective 

treatment to prevent or cure OA. This could be due to the absence of sensitive 

biomarkers that are able to detect early OA changes in the tissue constituent. Early 

identification of these subtle changes can pave the way to appropriate management 

and interventions which can reduce and possibly avoid the onset or progression of 

OA (2, 4). 

The diagnosis of OA is based on the presence of general OA symptoms, the 

patient’s history and physical examination, which is supported primarily by plain 

radiography (5). Plain radiography is used to assess OA from the narrowing of the 

joint space, the increased density of subchondral bone and presence of osteophytes 

(6). However, plain radiography is unable to directly depict soft tissues and is thus 

insensitive to early OA (7). Active research in other imaging modalities, 

particularly magnetic resonance imaging (MRI), has led to technical advancement 

capable of assessing morphologic features and chemical composition of the joint  

tissues; but none has been clinically validated (7, 8). MRI is a non-invasive, non-

ionizing and versatile imaging modality that may drastically evolve and shift 

toward early OA if validated new techniques are introduced in the clinic.  

Quantitative MRI (qMRI) relaxometry methods have the potential to detect 

early signs of OA by facilitating the quantitative and objective probes of 

ultrastructural composition of articular cartilage and meniscus (9-12). Most widely 

used relaxation times such as T1, T2 and rotating frame of reference (RFR) 

continuous-wave T1ρ (CWT1ρ) were linked to interstitial water content (13), 

collagen fiber orientation (14-17), and proteoglycan (PG) content of articular 

cartilage (18), respectively. Moreover, T2 and CWT1ρ have been shown to detect 
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and quantify degenerative changes in meniscus (19, 20). Recently in vitro applied 

quantitative methods such as RFR adiabatic relaxation times (AdT1ρ and AdT2ρ) 

and relaxation along a fictitious field (TRAFF) have presented promising results in 

detecting early degenerative alterations in articular cartilage (21-23). However, 

further studies are needed to investigate the feasibility of these newly developed 

methods in experimental models of very early OA degeneration and clinical 

settings.  

In this thesis, the feasibility of AdT1ρ, AdT2ρ and TRAFF as well as T1, T2 and 

CWT1ρ was investigated for the evaluation of degenerative changes in articular 

cartilage. These methods were tested in a small animal model of early OA and a 

large animal model of progressive OA. To study the sensitivity of the qMRI 

methods to tissue constituents, reference techniques measuring ultrastructure, 

biochemical composition and mechanical properties of articular cartilage were 

utilized for comparison. Finally, a clinical feasibility of AdT1ρ and AdT2ρ was 

carried out for the assessment of structural changes in meniscus tissue of 

asymptomatic subjects and patients with mild OA.  
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2 Articular cartilage, meniscus and 
osteoarthritis 

2.1 Articular cartilage  

Articular cartilage, i.e. hyaline cartilage, is a highly specialized connective tissue 

that covers the articulating bone ends in a diarthrodial joint (24). Articular cartilage 

provides almost frictionless movement between the articulating surfaces in the joint 

and distributes load evenly on the underlying bone (25, 26). There are no blood 

vessels or nerve tissues in articular cartilage. In the knee joint, articular cartilage is 

2–4 mm thick (27) and covers femoral condyles, tibial plateau and patella in the 

knee joint (Fig. 1).  

Fig. 1. Schematic presentation of the knee joint, blood supply regions of the meniscus, 

and the main components in articular cartilage.  

2.1.1 Composition and function of articular cartilage  

Articular cartilage is composed of highly specialized cells called chondrocytes and 

extracellular matrix (ECM), which includes interstitial water and a macromolecular 

network (24, 28). Interstitial water containing ions and nutrients comprises 80% of 

the tissue wet weight, with the rest consisting mostly of macromolecules such as 

collagen, PG and non-collagenous proteins (29). Interstitial water contains a high 
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concentration of positive ions to match the high density of negative charges created 

by the proteoglycans. The interaction of the tissue fluid with the macromolecular 

framework characterizes the physical structure and functional properties of 

articular cartilage (24, 29).  

Chondrocytes 

Chondrocytes are the only highly specialized cell type found in ECM. 

Chondrocytes are comprised of about 1% of the total cartilage volume and are 

sparsely embedded within the matrix (Fig. 1) (29). They do not form cell-to-cell 

contacts and surround themselves within the matrix to monitor and control the 

macromolecular composition of the matrix (29). Chondrocytes synthesize and 

maintain the appropriate type and amounts of macromolecules from three classes 

of molecules: Collagen, proteoglycans and non-collagenous proteins (29, 30), and 

then assemble and organize them into a highly structured macromolecular 

framework (28, 29). 

Collagen 

Type II collagen is the most abundant macromolecule in articular cartilage, 

constituting 90% of all collagens (24, 31). Types III, IX, X and XI and some other 

minor types are also present in the tissue (31). Collagen comprises about 60% of 

the dry weight of articular cartilage (32), and it is organized into a network of fibrils 

that varies in orientation and content with cartilage depth (Fig. 1). This anisotropic 

characteristic of the fibrillar organization gives articular cartilage its tensile 

strength, form and function, as well as providing binding sites for water and other 

macromolecules to keep them attached inside the matrix (32). 

Proteoglycan 

Proteoglycans constitute 25–35% of the dry weight of articular cartilage (32). 

Proteoglycans are large molecules and consist of a protein core to which one or 

more glycosaminoglycan chains (GAGs) are attached (Fig. 1) (24, 31, 32). After 

binding multiple GAGs, the protein cores are attached to the hyaluronic acid 

backbone though link protein, forming large aggregates of proteoglycans (Fig. 1). 

These large aggregates help the attachment of PGs within the ECM and prevent 

displacement during mechanical loading (29). GAGs are long strings of negatively-
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charged molecules that attract positive charges and repel other negatively-charged 

molecules (29). Since PGs are trapped inside ECM, they accumulate a high density 

of negative charges known as fixed-charged density (FCD) (33). This in turn 

attracts positively-charged sodium ions and water, forming an osmotic pressure that 

maintains the structure of cartilage during tensile forces (34). In addition to the 

swelling pressure, GAG side chains give rise to electrostatic bonds with collagen 

fibers, forming a cross-linked framework which resist deformation during joint 

loading (29, 31). 

2.1.2 Structure of articular cartilage 

Articular cartilage structure is anisotropic, in which the composition, mechanical 

properties and organization of its matrix and cell morphology change from the 

tissue surface to the bone interface (29, 31, 35). A constant decrease in water 

concentration and an increase in PG content can be seen throughout the cartilage 

depth. This unique structure of articular cartilage gives it its tensile strength, 

enables it to withstand very high compressive loads, and provides lubrication to 

reduce friction between the articulating surfaces (1). Different histological zones 

with variable boundaries are distinguishable based on the collagen fibril 

organization (Fig. 1) (29).  

The superficial zone is a very thin layer on the surface of cartilage (Fig. 1). The 

thin collagen fibrils run parallel to the cartilage surface. The chondrocytes are 

flattened with the main axis parallel to the surface. The superficial zone has a higher 

concentration of water, yet lower PG content compared to the other zones. The 

superficial zone plays a crucial role in OA progression, as the early signs of 

degradation typically initiates from this zone (36, 37). 

The transition zone, as the name implies, is an intermediate area between the 

superficial and the deep zones (Fig. 1). It is thicker than the superficial zone, and 

the collagen fibrils in this zone are randomly organized, as they arch from the 

surface orientation toward the deep zone. The chondrocytes appear spheroidal in 

shape. In the transition zone, there is higher PG content, whereas the concentration 

of water and collagen is lower than the superficial zone (29).  

In the deep or radial zone, the collagen fibrils are aligned perpendicular to the 

cartilage surface forming columns, where spheroidal-shaped chondrocytes are 

densely packed (Fig. 1) (29). This zone contains the highest concentration of PG, 

yet the lowest concentration of water. Ultimately, the collagen fibers of this zone 
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pass into the tidemark, a thin irregular line demonstrating the boundary between 

calcified and uncalcified zones of cartilage (Fig. 1). 

The calcified cartilage zone is a thin layer of mineralized cartilage that isolates 

the uncalcified zone from the subchondral bone (Fig. 1). In contrast to the avascular 

nature of the uncalcified cartilage, the calcified zone contains vascular channels 

that arise from the subchondral bone, which facilitate bone-cartilage 

communication (38). 

2.1.3 Biomechanical properties of articular cartilage 

Daily activities such as standing, walking and climbing stairs expose articular 

cartilage to a wide range of mechanical loads. The ability of articular cartilage to 

withstand these high compressive loads without being crushed is attributable to its 

unique structure and the interaction of its macromolecular network with the matrix 

fluid (29, 39). The hydrophilic negatively-charged proteoglycans are responsible 

for compressive stiffness (equilibrium modulus), whereas a strong collagen 

network provides tensile strength (39). Fluid is mainly responsible for the 

viscoelastic behavior of the cartilage (35).  

When cartilage is compressed, a change in volume pushes negatively-charged 

proteoglycan aggregates closer to each other and force the interstitial water out of 

the tissue. As a result, the repulsive force between the proteoglycans increases, 

which adds to the compressive stiffness of articular cartilage. Moreover, 

hydrophilic proteoglycans prevent the water from flowing out of the tissue, which 

generates high frictional resistance and gives rise to the viscoelastic behavior of 

articular cartilage. On the other hand, the collagen network that enmeshes the 

proteoglycans creates resistance to further extension and maintains the general 

shape of the cartilage (35, 39). Subsequently, when the load is removed, hypertonic 

cartilage matrix reabsorbs the lost water and regains its shape. 

The mechanical properties of articular cartilage vary between species, cartilage 

zones and anatomical locations (37, 40, 41). Indentation testing is one of the most 

frequently used experiment to study the mechanical properties of articular cartilage 

(42). In the indentation testing, an indenter is loaded perpendicular to the surface 

of articular cartilage (43, 44). Then the mechanical properties can be determined 

using three load deformation techniques: stress-relaxation, creep and dynamic 

loading. In stress-relaxation loading, the cartilage tissue is subjected to a constant 

deformation (strain, displacement), and the force needed to maintain the 

deformation is measured. In creep loading, a constant load is applied to the tissue, 
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and then the deformation of the tissue is measured as a function of time. In dynamic 

loading, a cyclic force with a certain frequency is applied to the tissue, and the 

deformation is measured during each cycle (43).  

In creep loading, the deformation of articular cartilage under a constant load is 

not instantaneous but rather a function of time. Initially, the displacement is rapid. 

Over time, the rate of deformation slows down, largely due to resistance of the fluid 

flow through the cartilage matrix. At equilibrium, the deformation is constant, and 

the fluid flow has stopped (45). By fitting the mathematical biphasic model to the 

measured deformation at equilibrium, material properties such as aggregate 

modulus, Young’s or equilibrium modulus (Eeq), dynamic modulus (Edyn) and 

Poisson’s ratio are determined (42, 43, 45). The modulus is a measure of the 

stiffness of the tissue for a given loading condition. Equilibrium modulus is 

determined from the constant load-deformation curve, whereas dynamic modulus 

is determined from the cyclic load-deformation slope of a step-wise stress-

relaxation experiment. Poisson’s ratio is the ratio that determines the 

compressibility of the tissue (42). For instance, a ratio of 0.5 represents an 

incompressible material, whereas a ratio of 0 indicates a highly compressible 

material.  

2.2 Meniscus 

The meniscus (plural menisci) consists of a pair of crescent-shaped 

fibrocartilaginous tissues located between femoral condyles and the tibial plateau 

in the lateral and medial aspects of the knee joint (Figs. 1-2) (46, 47). The outer 

region of the meniscus is attached to the joint capsule and contains blood vessels 

and nerves (also known as the red zone), whereas the inner region tapers to a thin 

free edge which is avascular and aneural (also known as the white zone) (Fig. 2) 

(47, 48). Menisci play a crucial role in normal knee functioning, including load 

distribution over a broad area of articular cartilage, shock absorption, joint 

stabilization and lubrication, and proprioception (48, 49). 

2.2.1 Composition and function of meniscus 

The fibrocartilaginous tissue of meniscus is a dense ECM composed mainly of 

water (72%) and collagen (22%), with the rest consisting mostly of cells, PG, 

glycoproteins and non-collagenous protein (46, 47, 50). The cells are 

fibrochondrocytes, which are a mixture of fibroblasts and chondrocytes. The cells 
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in the outer vascular region are fibroblast-like fibrochondrocytes, with long 

extensions for communication with other cells and produce type I collagen fibrils. 

In contrast, the cells in the inner avascular region are chondrocyte-like 

fibrochondrocytes, with a relatively larger amount of type II collagen. The third 

fusiform and flattened cells are found in the superficial zone (46, 47). The collagen 

fibrils in the meniscus consist primarily of Type I collagen (90%), with types II, III, 

V and VI making up smaller and variable amounts (47). The outer region is 

composed predominantly of collagen Type I (90%), whereas the inner region is 

comprised of 60% collagen type II and 40% type I (46). By composition, the inner 

avascular region of the meniscus resembles that of articular cartilage (46). 

Proteoglycans make up about 1–2%, with the highest concentration in the inner and 

middle parts of the meniscus, but decreasing toward the periphery (47). The 

structure of proteoglycans found in the meniscus is similar but the quantity is less 

than that of articular cartilage. 

The cells produce and maintain collagen and other ECM components (46, 48). 

Similar to articular cartilage, the meniscus has an anisotropic collagen fiber 

organization from the surface to a depth (Fig. 2), which transforms the vertical axial 

load to circumferential stress toward the meniscal periphery. Proteoglycans in the 

meniscus provide a function similar to the one in articular cartilage, which is to 

resist compressive loads and maintain the viscoelastic properties of the tissue (46, 

47). 

2.2.2 Structure and biomechanics of meniscus 

Meniscus has a unique structure that enables the tissue to perform its mechanical 

functions (48). The superior surfaces of the menisci are concave, providing 

congruent and effective articulation with the corresponding convex femoral 

condyles; whereas the inferior surfaces are flat, facilitating smooth articulation with 

the tibial plateau (47, 51). This geometrical shape of the menisci and the attachment 

of their anterior and posterior horns to the bone contribute to joint stability (Fig. 2) 

(47). Although the histological structures of the medial and lateral menisci are 

similar, they have their unique shapes, sizes and attachments. 

Medial meniscus 

Medial meniscus has a semilunar shape and is approximately 3.5 cm long in 

humans (anterior to posterior) (Fig. 2) (52). Besides the attachment to the tibial 



23 

plateau by its anterior and posterior horns, the medial meniscus is firmly attached 

to the periphery of the joint capsule. Its posterior horn is significantly broader than 

the anterior horn. The medial meniscus is less mobile and covers a smaller 

percentage of the articular surface compared to the lateral meniscus.  

 

Fig. 2. Schematic axial presentation of meniscus anatomy demonstrating internal 

structures, different sections of the lateral and medial menisci and their attachments to 

the cruciate ligaments. AHMED, anterior horn medial meniscus; AHLAT, anterior horn 

lateral meniscus; PHMED, posterior horn medial meniscus; PHLAT, posterior horn 

lateral meniscus. 

Lateral meniscus 

The lateral meniscus has an almost circular shape and covers a larger portion of the 

articular surface compared to the medial meniscus (Fig. 2) (52). It has a more 

uniform width than the medial meniscus and is loosely attached to the periphery of 

the joint capsule. Both anterior and posterior horns of the lateral menisci are 

attached to the tibia (47). 
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Vascular and neural anatomy 

Both lateral and medial menisci have limited blood supply and nerve fibers and are 

confined to the peripheral portion of the menisci, with a higher concentration of the 

nerve fibers in the anterior and posterior horns (Fig. 2) (52). The blood vessels are 

predominantly organized circumferentially and supply 10–30% of the medial 

meniscus border and 10–25% of lateral meniscus throughout their attachment to 

the joint and synovium (Figs. 1, 2) (52, 53). The blood vessels have a crucial role 

to play in healing the meniscus tissue (53). The nerve fibers follow the blood 

vessels to the peripheral region of the menisci, and they are responsible for 

transducing the physical stimulus of tension and compression into neurosensory 

signals, which are important in normal knee joint function (47).  

Biomechanics 

Similar to articular cartilage, the biomechanical properties of the meniscus depend 

on the organization of the ECM matrix and the material properties of the tissue (47, 

48, 52, 54). The anisotropic orientation of the collagen fibers throughout the 

meniscal thickness and the interaction of its enmeshed proteoglycans with water 

contribute to the load transmission, tensile strength and structural integrity of the 

meniscus tissue (Fig. 2) (46, 48, 50, 52). In addition to coordinating the mechanical 

loading, this ECM-fluid interaction characterizes the viscoelastic behavior of the 

menisci, which is responsible for generating frictional drag forces in response to 

the dynamic loading (48). These frictional drag forces dissipate energy and help the 

menisci in shock absorption (46, 48). 

2.3 Osteoarthritis 

Osteoarthritis is a disabling chronic joint disease that causes joint pain and 

dysfunction and is most commonly found among middle-aged and older people (1, 

6, 32, 55, 56). OA is caused by joint degeneration, a pathological process which 

involves progressive loss of articular cartilage, loss of meniscal function, 

subchondral bone sclerosis, osteophyte formation and involves all of the tissues 

that form the synovial joint (32). It can affect any joint, but is most frequently 

diagnosed in the knee, hip, hand and spine joints. A number of risk factors such as 

age, gender, obesity, genetics, joint injury, and overloading of the joint predispose 

individuals to OA development (1, 6, 55, 56). Aging is one of the primary risk 
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factors in idiopathic OA development and is believed to limit the involved tissues 

in their ability to maintain and repair themselves (32). Since a complex interplay 

of multiple factors leads the path to OA development, the pathophysiology of the 

OA remains poorly understood (6). 

Articular cartilage is one of the primary sites of OA progression and plays a 

key role in initiating OA (1, 6, 32, 37). The earliest signs of OA in articular cartilage 

involve fibrillation of the cartilage superficial zone, a decrease in PG content, and 

an increase in water content of the tissue. Chondrocytes start to lose their ability to 

maintain and restore the tissue ECM components, and thereby, the dynamic 

equilibrium between the breakdown and repair of articular cartilage becomes 

unbalanced. Depletion of PG is followed by fibrillation of the collagen network and 

disruption of the ECM matrix, which results in swelling of the cartilage tissue and 

loss of its mechanical stiffness. As the disease progresses, the degradation process 

speeds up, fibrillation extends deeper into the articular cartilage and the superficial 

fragments of the fibrillated cartilage tear, releasing the free fragments into the joint 

space. The articular cartilage starts to lose its volume and thickness. As the 

degenerative process continues to a more advanced stage, it leads to further loss of 

PGs, more extreme disorganization of collagen network, and further thinning of the 

cartilage tissue. Eventually, in the late stages of OA, no more cartilage tissue is left, 

leaving only a dense and often necrotic bone.  

Meniscus is another joint tissue in which the structural integrity and 

functionality play a vital role in OA progression (57, 58). Strong sudden forces on 

the knee joint or knee twisting, which exceed the maximum tensile strength of the 

menisci, can cause meniscal tears. Tears that detach the meniscus from the joint 

capsule may result in extrusion of the meniscal tissue outside the joint and lead to 

a loss of the meniscus function. Loss of meniscal function or excision of a damaged 

meniscus (meniscectomy) leads to increased contact forces on the articular 

cartilage and are known to be a potential risk factor for the development of OA (58-

61). 

Unfortunately, the diagnosis and treatment of OA is challenging because 

articular cartilage is avascular and aneural, and the symptoms of OA appear only 

in the later stage of the disease (6). The clinical diagnosis of OA primarily relies on 

typical OA symptoms, physical examinations and clinical assessment of patient’s 

history, which is generally supported by imaging investigations.  

Plain radiography is the most traditionally used imaging modality for 

evaluation and determination of OA. The severity of OA is evaluated from 

abnormalities in the bone and the joint-space narrowing, as revealed by radiographs, 
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and then graded using the Kellgren and Lawrence (KL) grading system (62). In the 

KL grading system, the severity of the knee OA is determined using five grades, 

where grade 0 indicates an absence of any radiographic feature (normal), and grade 

4 indicates severe OA with large osteophytes, marked JSN, severe sclerosis and 

definite joint deformity.  

The morphologic assessment of articular cartilage defects and meniscal 

degeneration, such as tears and extrusions, is commonly carried out using 

qualitative MRI (58). To determine the anatomical changes in the tissues, various 

semi-quantitative scoring systems have been utilized, one of which is the MRI OA 

knee score (MOAKS) (63). MOAKS has been developed as a refined scoring 

method for cross-sectional and longitudinal semi-quantitative MRI assessment of 

the knee OA (10, 63). In MOAKS, grading is usually carried out according to the 

presence or absence of certain abnormalities in the joint tissues (63). 
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3 Magnetic Resonance Imaging 

MRI is based on the phenomenon of nuclear magnetic resonance (NMR), in other 

words, the interaction of the magnetic moment of a spinning nucleus with an 

external magnetic field. The following sections will present the basic theoretical 

concepts of NMR based on (64-67), which are essential for understanding the 

succeeding topics in this thesis. For further reading, a detailed and in-depth 

theoretical review of NMR is available (64-66). 

3.1 Nuclear magnetic resonance 

Every nucleus possesses an intrinsic discrete property called nuclear spin angular 

momentum or simply spin, which depends on the precise composition of the atomic 

nucleus. A nucleus with an odd number of protons and/or neutrons is associated 

with a nonzero spin. In this thesis, the focus is on hydrogen (1H) nuclei (also 

referred to as the proton because it contains a single proton), which possesses a 

quantized ½ spin number. In the presence of an external magnetic field 𝐵  , the 

protons start precessing at a constant rate or velocity about the field axis at a certain 

angular frequency characterized by the Larmor equation: 

 𝜔   𝛾𝐵 , (1) 

where γ is a constant for each nucleus (42.58 MHz/T for 1H), also known as the 

gyromagnetic ratio. This precessional phenomenon is analogous to the spinning 

gyroscope about the axis of the gravity, which has a static longitudinal component 

(along the z-axis of the xyz coordinate system) and alternating transverse 

components (xy plane) (Fig. 3). Due to the presence of 𝐵  field, a slightly higher 

fraction of protons at lower energy state (α-state) favor precession along 𝐵  , 

compared to the higher energy state (β-state) precessing in the opposite direction 

(Fig. 3). This coupling causes a difference in energy levels between the two states 

(ΔE), which is proportional to 𝐵 , and given by the Boltzmann distribution: 

 
𝑁
𝑁

𝑒 𝑒
ħ

, (2) 

where Nα and Nβ indicates the number of protons at different energy levels, k is 

Boltzmann’s constant, ħ is the Plank’s constant divided by 2π, and T is temperature. 

At thermal equilibrium, the excess number of protons precessing at a lower energy 

state creates a longitudinal net magnetization (𝑀  ) oriented along the 𝐵   axis, 
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whereas the alternating random phase of the transverse components of these 

protons cancel each other out (Fig. 3). The magnitude of the equilibrium 

magnetization (𝑀  ), which is the source of signal in all NMR experiments, is 

proportional to 𝐵   and natural abundance of the nucleus in question and its 

gyromagnetic ratio. 1H nuclei are the most abundant isotopes in biological tissues 

and have high gyromagnetic ratio, which make them a natural choice for NMR 

application. 

Fig. 3. Precession of the magnetization 𝑴 around the direction of the static magnetic 

field 𝑩𝟎 . Here the net magnetization is deliberately drawn at a brief angle to 𝑩𝟎  to 

visualize the precession. At equilibrium the magnetization continues precession but it 

is not observable because the net magnetization is aligned with the field direction. 

To measure the signal generated by the net magnetization, 𝑀  must be tipped away 

from the direction of 𝐵  . This is accomplished by transmitting a short pulse of 

radiofrequency (RF) energy to the system, which forms the basis of NMR. An RF 

pulse contains a range of frequencies that matches the Larmor frequency (𝜔 ) of 

the protons. It induces an oscillating electromagnetic B⃗1  field, which is 

perpendicular to 𝐵  and 𝑀 . 𝐵  field rotates 𝑀  from z-axis toward the xy plane, 

which can be explained by the Bloch equation in the case of free precession:  

 
𝑑𝑀
𝑑𝑡

𝛾𝑀 ⨯ 𝐵 , (3) 

where 𝐵 𝐵 𝐵 . According to equation (3), in the absence of 𝐵  field, the 

magnetization 𝑀 is precessed along the external magnetic field 𝐵 , and the vector 

product 𝑀  ⨯  𝐵  is equal to zero. However, with the application of 𝐵  field, 𝑀 is 
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tipped away from the direction of 𝐵  , and the vector product is a moving 

magnetization toward the xy plane. Thus, the angle of the rotation depends on the 

amplitude and duration of the applied 𝐵   field. According to Faraday’s law, the 

changing magnetization can induce an electromotive force (current) proportional 

to d𝑀/dt, which can be detected using the coils.  

3.2 Relaxation 

After application of the RF pulse, the excited protons start to regain their 

equilibrium state through a process called relaxation. During the relaxation process, 

an NMR signal known as free induction decay (FID) is detected by the receiver 

coils and provides the primary mechanism for image contrast. The recovery of the 

net magnetization after RF excitation and the evolution of the FID is characterized 

by the Bloch equation (3) with the addition of the relaxation terms:  

 
𝑑𝑀
𝑑𝑡

𝛾𝑀 ⨯ 𝐵
1
𝑇

𝑀 𝑀 �̂�
1
𝑇
𝑀⏊, (4) 

where 𝐵 𝐵   parallel to z-axis, 𝑀⏊  is the magnetization in the xy plane 

(transverse magnetization), and T1 and T2 are the longitudinal and transverse 

relaxation time constants. The relaxation processes happen via localized fluctuating 

random magnetic fields created by the molecular configuration and tumbling, 

which the different spins experience. The interaction of spins with their 

surroundings causes them to gain or lose energy until thermal equilibrium is 

reached. The distribution of the fluctuating molecular tumbling or spectral density 

(𝐽 𝜔 ) is defined by 

 𝐽 𝜔  
𝜏

1 𝜔 𝜏
, (5) 

where 𝜏  is the correlation time, defining the time scale of the molecular tumbling.  

3.2.1 T1 relaxation 

The spin-lattice, or T1 relaxation, defines the evolution of the longitudinal 

magnetization back to its equilibrium state. As the name implies, during T1 

relaxation the excited spins transfer the energy back to their molecular surroundings, 

i.e., the lattice, which can be explained as in equation (4): 
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 𝑑𝑀
𝑑𝑡

1
𝑇

𝑀 𝑀 , (6) 

 𝑀 𝑡  𝑀 0 𝑒 / 𝑀 1 𝑒 . (7) 

T1 relaxation is dependent on the magnitude of the magnetic field rotating in the xy 

plane (𝐵 ) and spectral density occurring near the Larmor frequency: 

 
1
𝑇
∝ 𝐵

𝜏
1 𝜔 𝜏

. (8) 

According to equation (8), T1 is most efficient when 𝜏 1/𝜔 .  

T1 is commonly measured using the inversion recovery (IR) pulse sequence 

(Fig. 4), in which the equilibrium net magnetization 𝑀  is initially inverted by 180° 

pulse. After allowing the longitudinal net magnetization 𝑀  to recover for a certain 

period of time, known as time to inversion (TI), another 90° pulse is applied to 

rotate the 𝑀  toward the xy plane for detection of the signal generated during TI, 

which can be explained using equation (7): 

 𝑀 𝑇𝐼   0, (9) 

 𝑀 𝑇𝐼 𝑀 1 2𝑒 . (10) 

During TI, 𝑀   evolves at a rate defined by T1 relaxation. After repeating this 

measurement with varying TI, equation (10) can be used to map the T1 relaxation. 

Fig. 4. Inversion recovery pulse sequence for T1 relaxation measurement. TR is the 

repetition time between each measurement. 
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3.2.2 T2 relaxation 

Spin-spin, or T2 relaxation, defines the gradual loss of phase coherence across the 

magnetic moments of the nuclei, caused by molecular tumbling of the spins. This 

process is attributable to the dipolar mechanism, which adds or subtracts 𝐵  field 

experienced by the neighboring spins and leads to exponential decay of the rotating 

magnetic field (FID signal) in the xy plane, as defined by the Bloch equation (4) 

 
𝑑𝑀
𝑑𝑡

𝑀
𝑇

, (11) 

 𝑀 𝑡  𝑀 0 𝑒 . (12) 

In addition to spin-spin dipolar interaction, variabilities in the local magnetic fields 

contribute to the dephasing of the NMR signal. This is due to the magnetic 

susceptibility of the tissues interacting with 𝐵 , which leads to the following terms: 

 
1
𝑇∗

1
𝑇

1
𝑇

, (13) 

where 𝑇∗ is the total relaxation time, taking into account both dephasing due to T2 

relaxation and magnetic field inhomogeneities relaxation (𝑇 ). T2 relaxation is also 

dependent on the spectral density of the magnetic field fluctuating along the z-axis: 

 
1
𝑇
∝ 𝐵 𝜏 . (14) 

Equation (14) shows that T2 relaxation is most affected by slow molecular tumbling 

with long 𝜏 . Furthermore, the z-component of dipolar field (𝐵 ) is angle-dependent 

 𝐵 ∝ 3 cos 𝜃 1 , (15) 

which is important for highly structured tissues such as articular cartilage and the 

meniscus. It can be seen from equation (15) that 𝐵  is minimized when 𝜃 54.7°, 

known as the magic angle. At the magic angle the dipolar interaction is minimized, 

resulting in increased T2 values and enhanced FID signal.  

To compensate for the field inhomogeneities as shown in equation (13), T2 

measurements are commonly carried out using a spin-echo (SE) pulse sequence 

(Fig. 5). In this sequence, a 90° RF pulse is initially applied to the system to tilt 𝑀  

into the transverse plane. Following the RF pulse, the spins begin to dephase. After 

a certain period of time τ, a second RF pulse of 180° is transmitted to invert the 

accumulated phases of the spins, which now begin to rephase. After another τ, the 
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spins create an “echo”, which is detectable. The time between the 90° RF pulse and 

the maximum intensity of the spin-echo is called time-to-echo, or echo time (TE), 

which is 2τ. The spin-echo sequence cancels only the dephasing caused by the static 

field inhomogeneities but retains the dephasing due to the intrinsic spin dipolar 

interaction. The spin-echo signal follows the solution of the Bloch equation (12): 

 𝑆 𝑇𝐸  𝑆 𝑒 . (16) 

A T2 map can be calculated from equation (16) by repeated measurements of the 

echo signals at different TE values. Another method that significantly reduces 

imaging time is called the fast spin-echo (FSE) sequence (Fig. 5), which utilizes a 

series of 180°-refocusing pulses after a single 90° RF pulse to generate a train of 

echoes. 

Fig. 5. Spin-echo and fast-spin echo (FSE) sequences.  
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3.2.3 Rotating frame relaxation 

Rotating frame relaxation (RFR) explains the decay of the magnetization in the 

transverse plane in the presence of an external spin-lock (SL) RF field (𝐵  ). 

During the spin-locking time (𝑇 ), the spins precess around the 𝐵  at an angular 

frequency of 𝜔 𝛾𝐵  . The magnetization relaxes toward equilibrium with 

time constant characterized by the spin-lattice relaxation time in the rotating frame, 

or T1ρ: 

  𝑀  𝑀 0 𝑒 . (17) 

The relationship between T1ρ and the frequency distribution of the molecular 

motion is given as: 

  
1
𝑇

𝐾
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2
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1 4𝜔 𝜏
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𝜏
1 𝜔 𝜏

𝜏
1 4𝜔 𝜏

, (18) 

where 𝐾 is a constant that includes information about the local field fluctuation, 

and 𝜔 𝜔  in the case of on-resonance excitation and spin-locking. According 

to equation (18), T1ρ can provide a viable approach to studying low frequency 

molecular motions (analogous to T1 at very low magnetic fields) while taking 

advantage of the better signal-to-noise-ratio of the high field 𝐵 . T1ρ imaging can 

be tailored to study molecular motions at a wide range of frequencies by modulating 

the spin-lock amplitude, since the sensitivity of the measurement to different 

molecular motions can be adjusted by modifying 𝜔  according to equation (18). 

Conventionally, T1ρ measurement is carried out by locking the spins in the 

transverse plane using a continuous wave (CW) 𝐵  applied immediately after a 

90° hard pulse or an adiabatic half passage (AHP) pulse (Fig. 6). After a certain 

period 𝑇 , a final reverse -90° hard pulse or -AHP pulse is used to return the T1ρ-

relaxed transverse magnetization to the z-axis. Finally, an acquisition readout such 

as FSE (Fig. 5) sequence is applied to acquire the T1ρ signal stored on the z-axis. 

However, the conventional method is prone to 𝐵   and 𝐵   field inhomogeneities, 

particularly at low spin-lock amplitude. To compensate for the field 

inhomogeneities, a composite rotatory spin-lock pulse with a 180° refocusing pulse 

in the middle of the rotatory pulses was proposed (Fig. 6) (68). The spin-lock pulse 

is composed of two equal segments with the opposite phases, which reduces 𝐵  

effects, and an 180° refocusing pulse that reduces 𝐵  effects. Usually, multiple T1ρ 

signals are acquired with varying spin-lock times at a certain spin-lock amplitude. 
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To map T1ρ relaxation, the acquired signals with different spin-lock times are fitted 

using equation (17).  

T1ρ dispersion is the dependence of T1ρ relaxation on the amplitude of 𝐵 . In 

T1ρ dispersion, the amplitude of 𝐵  is adjusted over an array of frequencies to 

capture molecular motions at different frequencies. At very low amplitude 𝐵 , the 

T1ρ relaxation approaches T2 relaxation, whereas at high amplitude 𝐵  ; it 

approaches T1 relaxation (equation 18). Thus, the value of the T1ρ is always greater 

than T2 and smaller than T1.  

One of the major issues with the conventional CWT1ρ is that it is prone to 𝐵  

and 𝐵   field inhomogeneities, which results in a deviation of the on-resonance 

frequency 𝜔  to the effective frequency defined by: 

 𝜔 ∆𝜔 ∆𝜔 𝛾𝐵 , (19) 

where ∆𝜔 𝜔 𝜔 . This leads to poor alignment of the magnetization along 

the desired spin-lock direction and complicated evolution of the T1ρ relaxation, 

which typically appears in the form of banding-like artifacts on the T1ρ-weighted 

images. According to equation (19), a simple solution to reduce the effect of 𝐵  

field imperfection is to increase the amplitude of the spin-locking field, so that 

𝜔 𝜔  . However, this is restricted by the scanner hardware as well as the 

regulation on the specific absorption rate (SAR) in clinical imaging. 

Another way of spin-locking measurement is to use adiabatic RF pulse trains, 

which cover broad bandwidths, minimize RF power deposition, and are less prone 

to the magnetic field nonuniformity compared to the CWT1ρ (Fig. 6) (69, 70). In 

this process, adiabatic full passage (AFP) or adiabatic half passage (AHP) pulses 

of hyperbolic secant (HSn) family, where n denotes the stretching factor, are 

applied to create a time-dependent effective frequency (𝜔 𝑡  ). During the 

adiabatic sweep, the amplitude and frequency-modulated pulses create a wide 

range of effective frequencies that extend the sensitivity of the relaxation to many 

frequencies of molecular motions (69-71). The adiabatic condition is fulfilled when 

the magnitude of 𝐵   is significantly larger than the rate of change of its 

orientation.  

The relaxation mechanisms occurring in the presence of the adiabatic RF pulse 

irradiation depend on the initial orientation of the magnetization 𝑀 at the beginning 

of the pulse. If 𝑀 is originally aligned along 𝜔 𝑡 , it decays along 𝜔 𝑡  with 

a relaxation time constant characterized by adiabatic T1ρ (AdT1ρ). On the other hand, 

if 𝑀 is initially perpendicular to the 𝐵 , it decays in a plane perpendicular to 𝐵  
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during the RF irradiation with a relaxation time constant characterized by adiabatic 

T2ρ (AdT2ρ). AdT1ρ can be measured by a train of multiple AFP (180°) pulses, 

whereas AdT2ρ is typically measured by placing an AHP (90°) pulse on both sides 

of AFP pulses to flip the magnetization before and after the actual excitation (Fig. 

6). Following the adiabatic irradiation, the acquisition sequence is applied to detect 

the signals.  

Fig. 6. Pulse diagrams for field-insensitive CWT1ρ, AHP CWT1ρ, AdT1ρ, AdT2ρ and RAFF 

sequences. The crusher is used to eliminate residual transverse magnetization. To 

collect the data, the readout can be carried out with FSE sequence (Fig. 5). 

A recently described RFR technique known as relaxation along a fictitious field 

(RAFF, with the associated relaxation time constant, TRAFF) has the potential to 

further alleviate SAR concerns for clinical applications, and to extend the 

sensitivity of the relaxation to even slower molecular motion (23, 72). In this 

method, sine and cosine amplitude and frequency modulated pulses are swept with 

sufficiently low frequency in a sub-adiabatic condition (Fig. 6), which requires less 
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peak power than adiabatic pulses of similar pulse-length. During the course of the 

non-adiabatic pulses, the spins are locked in a fictitious field and 𝑀 relaxes along 

the fictitious field with time constant TRAFF: 

 𝑀 𝑡  𝑀 𝑒 𝑀 1 𝑒 , (20) 

where 𝑀  are the initial amplitudes of the net magnetization before the application 

of the sine/cosine modulated RAFF pulses (i.e. with and without inversion 

preceding the RAFF pulse train); and 𝑀  is the steady-state magnetization. 

3.3 Quantitative MRI of articular cartilage and meniscus 

MRI provides direct visualization and non-invasive assessment of all tissues in the 

knee joint, including articular cartilage, the most extensively studied joint tissue, 

and meniscus. In addition to qualitative or semi-quantitative morphologic 

assessment, several quantitative MRI-based techniques have been developed that 

allow for the quantitative evaluation and characterization of articular cartilage and 

meniscus biochemical composition and ultrastructure (11, 19, 73-80). These 

include relaxation time mapping techniques such as T2, T1, CWT1ρ, AdT1ρ, AdT2ρ 

and TRAFF, and other quantitative MRI methods.  

T2 mapping is the most commonly used quantitative MRI method for studying 

the ultrastructure of articular cartilage and meniscus. T2 is largely based on the 

dipolar interaction of water protons, and thus sensitive to tissue hydration and 

collagen fiber content and organization (15, 81-83). Furthermore, due to the free 

motion of water protons in the degenerated tissue, prolonged T2 values of cartilage 

and meniscus have been reported in patients with OA (19, 20, 84-87). T2 is 

influenced by the magic angle artifact, which causes a potential source of error in 

both cartilage and meniscus (17, 88-90). T2 has also been linked to the 

biomechanical properties of both articular cartilage and meniscus (91, 92). 

Pre-contrast T1 relaxation time has been associated with the biomechanical 

properties and water content of articular cartilage (13, 91). Moreover, T1 relaxation 

time mapping has been reported to differentiate between degenerative changes in 

articular cartilage (73). T1 relaxation is frequently utilized after injecting a 

paramagnetic contrast agent, gadolinium, which leads to the development of 

gadolinium-enhanced MRI of articular cartilage (dGEMRIC) (93-95). This method 

is based on the principle that the negatively-charged gadolinium diethylene 

triaminopentaacetate acid (Gd-DTPA2-) accumulates in the cartilage in an inverse 
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relationship with the negatively-charged GAG content. A decrease in PG content 

leads to an increased diffusion of Gd-DTPA2- in the region, which is translated into 

an enhanced T1(Gd) signal (i.e., a reduction in T1 relaxation time) (94, 96-98). In 

addition to assessing cartilage degeneration, dGEMRIC has been utilized to 

evaluate degenerative alterations in meniscus (99-102).  

CWT1ρ relaxation time mapping has been more extensively used for the 

assessment of articular cartilage compared to meniscus (18-20, 89, 92, 103-108). A 

strong correlation has been reported between PG content and CWT1ρ dispersion (18, 

109, 110). Moreover, comparison studies of CWT1ρ and T2 reported higher 

sensitivity of CWT1ρ to cartilage degeneration and lower susceptibility to the magic 

angle effect (17, 89, 109, 111). Besides that, CWT1ρ was reported to detect the 

severity of meniscal degeneration and correlate with the clinical findings of OA (19, 

20).  

AdT1ρ, AdT2ρ and TRAFF mapping techniques have been recently used in 

articular cartilage and meniscus research (17, 22, 23, 73, 112). The studies have 

reported moderate-to-strong association of the qMRI parameters with cartilage 

macromolecular content and biomechanical properties. Some of the studies have 

proposed AdT1ρ and AdT2ρ as new biomarkers for the evaluation of early OA 

changes in articular cartilage and meniscus (21, 113). Moreover, AdT1ρ was found 

to be less sensitive to orientation of the sample, and thus less affected by the magic 

angle artifact, compared with AdT2ρ, TRAFF, CWT1ρ and T2 (17, 114). TRAFF was 

found to be sensitive to enzymatically-induced changes in bovine cartilage (23).  

In addition to the quantitative measurements listed above, other quantitative 

methods for the assessment of articular cartilage and meniscus include diffusion 

imaging (115, 116), 23Na-MRI (117, 118), gagCEST (119), and magnetization 

transfer (120, 121). Although each of these methods elucidate certain properties of 

the tissues, they suffer from poor signal-to-noise-ratio (SNR). 

3.4 Primary contributions of the thesis 

One of the primary goals of imaging in OA research and diagnostics is to provide 

a sensitive imaging biomarker that can objectively distinguish degenerative OA 

changes in the tissues at an early stage of the disease development. Previous qMRI 

studies of rabbit ACL transection (ACLT) models have reported degenerative 

changes at 3 to 12 weeks post-ACLT in cartilage (21, 122, 123). Moreover, in the 

previous studies, the changes in the ACLT knee joints were compared with the 

corresponding contralateral joints.  
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In this thesis, a rabbit model as early as 2 weeks post-ACLT was utilized to 

investigate the potential of qMRI parameters in the detection of early-stage OA. In 

addition to the contralateral joints, knee joints from non-operated control animals 

were used for comparison. Moreover, CWT1ρ was acquired with multiple spin-lock 

amplitudes to determine the sensitivity of the parameter toward different molecular 

motions. In the second qMRI study, CWT1ρ was acquired with a more robust 

sequence (68), which compensated for 𝐵   and 𝐵   field inhomogeneities. The 

primary goal in the second study was to evaluate the cartilage degeneration with 

the qMRI parameters in an equine model of post-traumatic OA. Non-operated 

ponies were used for comparison. For reference, quantitative histology and 

biomechanical properties of cartilage were used in both animal studies. In the last 

study, adiabatic RFR relaxation parameters, AdT1ρ and AdT2ρ, were used to assess 

meniscus tissue in vivo in a cohort of OA patients and asymptomatic volunteers. 

For reference, semi-quantitative MOAKS was used to assess structural changes in 

meniscus.  
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4 Aims of the thesis 

The specific aims of the thesis were: 

1. to investigate novel MRI methods (T1, T2, CWT1ρ, AdT1ρ, AdT2ρ and TRAFF) 

for the evaluation of articular cartilage degeneration and OA progression in a 

rabbit model at 2 and 8 weeks post-ACLT; 

2. to investigate the feasibility of the novel MRI methods for the assessment of 

articular cartilage degradation in an equine model of post-traumatic OA 

(PTOA); 

3. to evaluate CWT1ρ at varying spin-lock amplitudes in detecting cartilage 

degeneration in a rabbit model of early OA and an equine model of PTOA. 

4. to assess structural changes between meniscus tissue of OA patients and 

asymptomatic volunteers utilizing adiabatic relaxation mapping, namely AdT1ρ 

and AdT2ρ, in clinical settings.  

  



40 

 



41 

5 Materials and methods 

This thesis consists of three independent studies (I-III), two ex vivo cartilage studies 

with rabbit and equine samples, and one in vivo meniscus study with human 

subjects. A summary of the samples and methods used and human subjects 

participating in the studies are summarized in Table 1. 

Table 1. Materials and methods used in studies I-III. 

Samples/Subjects MRI measurements Reference methods 

Study I   

Rabbit femorotibial cartilage samples (n=172):  

ACLT (n=52),  

intact contralateral (n=56),  

intact control (n=64) 

MRI at 9.4 T 

MRI parameters:  

T1, T2, CWT1ρ, AdT1ρ, 

AdT2ρ, TRAFF 

Mechanical testing, 

quantitative histology (OD 

and PLM), OARSI grade  

Study II   

Equine femoral cartilage samples (n=20):  

experimental (n=14),  

control (n=6) 

MRI at 9.4 T 

MRI parameters:  

T1, T2, CWT1ρ, AdT1ρ, 

AdT2ρ, TRAFF 

Mechanical testing, 

quantitative histology (OD 

and PLM) 

Study III   

Human subjects (n=24):  

mild OA patients (n=12),  

asymptomatic volunteers (n=12) 

MRI at 3 T 

MRI parameters:  

AdT1ρ, AdT2ρ 

KL grades,  

MOAKS grades 

OD = optical density, PLM = polarized light microscopy, ACLT = anterior cruciate ligament transection, 

MOAKS = MRI OA knee score, OARSI = Osteoarthritis research society international 

5.1 Ex vivo cartilage experiments 

5.1.1 Rabbit samples 

Study I was carried out by performing unilateral anterior cruciate ligament 

transection (ACLT) surgery under general anaesthesia in the knee joints of 

skeletally mature female New Zealand White rabbits (Oryctolagus cuniculus, n = 

14, age 12 months at the time of surgery, weight 4.8 ± 0.1 kg). The Rabbit ACLT 

model is a well-established and reproducible animal model that mimics early OA 

in humans (124). Following the surgical operation, the rabbits recovered on a 

heating pad covered with a blanket until they were mobile. The animals were 

sacrificed 2 weeks (n = 8) and 8 weeks (n = 6) post-surgery. An additional 12 age-

matched (12.5 months (n = 8) and 14-month-old (n = 4)) non-operated rabbits 
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served as controls. For the controls aged 12.5 months, the knee joints were 

harvested from a single leg per animal, whereas in the controls aged 14 months, the 

knee joints were retrieved from both legs. All procedures were conducted according 

to the guidelines of the Canadian Council on Animal Care and were approved by 

the Animal Ethics Committee at the University of Calgary. 

Osteochondral samples (Fig. 7) were harvested from four compartments of the 

knee (lateral femur, medial femur, lateral tibia, and medial tibia) for all animals and 

were frozen for storage and shipment at -20°C. Prior to MRI measurements, the 

samples were thawed at room temperature, subjected to biomechanical indentation 

testing and immersed in phosphate buffered saline (PBS) to stabilize for about 1–2 

hours. 

Fig. 7. Representative rabbit femoral condyles showing the location of the indentation 

testing point (the intersection of the red-dotted lines), the MRI slice and orientation of 

the samples inside the scanner. 

5.1.2 Equine samples 

In Study II, two chondral lesions of 10 mm in diameter were surgically created on 

the medial femoral ridges in the stifle joint of Shetland ponies (Fig. 8) (n = 7, 6 

females, mean age 8.8 ± 3.5 years). Compared to the rabbit ACLT model, in which 

altered joint mechanics induce OA lesions in the joint, the induced cartilage lesions 

in the stifle joint of ponies cause post-traumatic OA to the surrounding cartilage 

tissue (125). The cartilage thickness, cellular structure, biochemical composition 

and biomechanical properties as well as OA development in the stifle joint of the 

ponies are most similar to human cartilage among other species (125, 126). Thus, 
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the rationale for developing OA models in the ponies is driven by its utility as a 

translational model for human OA (125). After 12 months of repairing the chondral 

lesions with different carrier hydrogels, the animals were sacrificed and triangular 

wedge-shaped osteochondral tissue blocks (14 samples), containing both lesions 

and the surrounding intact cartilage, were made available for this study. The 

samples were stored at -20°C. This study used the native intact cartilage 

surrounding the lesions that developed post-traumatic OA. The procedures were 

approved by the Ethics Committee of Utrecht University for Animal Experiments 

in compliance with the Institute Guidelines on the Use of Laboratory Animals. For 

control, similar osteochondral tissue plugs (6 samples) were retrieved from three 

non-operated ponies, acquired from a local slaughterhouse in the Netherlands.  

Fig. 8. Photograph of an osteochondral sample from a stifle joint showing the induced 

lesions, the locations of the biomechanical testing points, and the location of MRI slice. 

5.1.3 MRI measurements 

In studies I and II, MRI was conducted in a 9.4 T vertical bore magnet (Oxford 

Instruments Plc, Witney, UK) in combination with a 19-mm-diameter quadrature 

volume RF transceiver (RAPID Biomedical, Rimpar, Germany) and Varian VnmrJ 

3.1A console (Varian Inc, Palo Alto, CA, USA).  

In Study I, the samples were mounted on a custom-made sample holder and 

then placed inside a Teflon test tube filled with perfluoropolyether (Galden, Solvay, 

TX) to provide a 1H signal-free background. Two samples were fixed on the holder 

simultaneously in such a way that the cartilage weight-bearing surfaces were 

perpendicular to the 𝐵 , thus minimizing magic angle-related artifacts at the site of 
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mechanical testing (Fig. 7). For MRI measurements, a magnetization preparation 

block was modified to provide the following parameters: T1, T2, CWT1ρ, AdT1ρ, 

AdT2ρ and TRAFF (Fig. 6) (Table 2). CWT1ρ experiments were repeated for spin-lock 

amplitudes (𝛾𝐵  500, 600, 800, 1000 and 2000 Hz) embedded between two AHP 

pulses of +90° and -90°. The preparation block was coupled with a single slice FSE 

readout (TR = 5 s [7 s for T1], ETL = 4 [8 for T1 and CWT1ρ], TEeff = 4.8 ms, FOV 

= 18x18 mm2, matrix size = 256x128, slice thickness = 1 mm, resolution along the 

cartilage depth = 70.3 μm per pixel). The slice was positioned at the load-bearing 

central regions, covering the site of biomechanical testing (Fig. 7).  

Table 2. Parameters for MRI sequences used in Study I. 

MRI parameters Preparation parameters Pulse power Acquisition time 

(min:s) 

T1 TI = 200,500, 800, 1100, 

1400, 3000 ms 

  11:43 

T2 TE = 8.7, 12.6, 18.2, 26.4, 

38.2, 55.3, 80 ms 

 18:83 

CWT1ρ 𝑇  0, 4, 8, 16, 32, 64, 128 ms 𝛾𝐵  500, 600, 800, 

1000 and 2000 Hz 

73:6 

AdT1ρ Trains of 0, 4, 8, 12, 24, and 32 

HS1-AFP pulses, Tp = 4.5 ms 

𝛾𝐵 ,  2.5 kHz 16:17 

AdT2ρ Trains of 0, 4, 8, 12 and 24  

HS1-AFP pulses embedded  

between AHP pulse, Tp = 4.5 ms 

𝛾𝐵 ,  2.5 kHz 13:52 

TRAFF Trains of 0, 4, 8, and 16 RAFF  

Pulses, Tp = 9 ms 

𝛾𝐵 ,  625 Hz 26:83 

Tp = pulse duration, TI = inversion time, TE = echo time, 𝑇  spin-lock time, HS = hyperbolic secant 

pulses, AFP = adiabatic full passage, AHP = adiabatic half passage 

In Study II, the samples were immersed in perfluoropolyether oil (Galden HS 240, 

Solvay Solexis, Brussels, Belgium) inside a thin latex container and then placed 

inside the coil in such a way that the normal to bone-cartilage interface was always 

approximately perpendicular to the 𝐵  everywhere in the sample (Fig. 8). Locating 

the sample this way facilitated slice selection perpendicular to the main magnetic 

field, minimizing the magic angle effects. Similar to Study I, a magnetization 

preparation block was modified for T1, T2, CWT1ρ, AdT1ρ, AdT2ρ and TRAFF (Fig. 

6) (Table 3), followed by a single slice FSE readout [TR = 5 s (7 s for T1), ETL = 

6 (8 for T1 and CWT1ρ), TEeff = 4.2 ms, FOV = 19.2x19.2 mm2, matrix size = 

192x192, slice thickness = 1 mm, in-plane resolution = 100 μm per pixel]. CWT1ρ 
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was acquired with a 𝐵  and 𝐵  insensitive sequence (Fig. 6) (68). The slice was 

carefully positioned along the biomechanically tested points, ranging distally from 

the repaired lesion site (Fig. 8). 

Table 3. Parameters for MRI sequences used in Study II. 

MRI parameters Preparation parameters Pulse power (kHz) Acquisition time 

(min:s) 

T1 TI = 200,500, 800, 1100, 

1400, 3000 ms 

  17:03 

T2 TE = 8.7, 12.6, 18.2, 26.4, 

38.2, 55.3, 80 ms 

 18:82 

CWT1ρ 𝑇  0, 4, 8, 16, 32, 64, 128 ms 𝛾𝐵  0.1, 0.2, 0.3, 0.4, 

0.5, 0.6, 0.8, 1, 2  

110:30 

AdT1ρ Trains of 0, 4, 8, 12, 24, and 36 

HS1-AFP pulses, Tp = 4.5 ms 

𝛾𝐵 ,  2.5  16:18 

AdT2ρ Trains of 0, 4, 8, 12 and 24  

HS1-AFP pulses embedded  

between AHP pulse, Tp = 4.5 ms 

𝛾𝐵 ,  2.5  13:50 

TRAFF Trains of 0, 2, 4, 8, and 16 RAFF  

Pulses, Tp = 9 ms 

𝛾𝐵 ,  0.625  26:83 

Tp = pulse duration, TI = inversion time, TE = echo time, 𝑇  spin-lock time, HS = hyperbolic secant 

pulses, AFP = adiabatic full passage, AHP = adiabatic half passage 

5.1.4 Reference methods 

Biomechanical testing 

Prior to the MRI measurements, all the samples for studies I and II underwent 

biomechanical indentation testing to determine the biomechanical properties of the 

cartilage tissue. In Study I, the biomechanical testing was carried out on the apex 

(most frequently loaded position during normal motion and stance) of femoral 

condyles and the central point of the tibial plateaus (Fig. 7). In Study II, the testing 

was performed at predefined locations of the intact cartilage adjacent to the repaired 

lesions (Fig. 8). The testing points were marked on the sample for registering the 

mechanical testing location for MRI.  

First, the samples were glued to the measurement chamber at their bottom, to 

align the cartilage surface perpendicular with the face of a plane-ended indenter 

(diameter = 1 mm in Study I and 0.53 mm in Study II). Then the indenter was driven 

onto the testing locations in each sample, submerged in PBS. The validated 
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measurement protocol consisted of a step-wise stress-relaxation test (5% strain, 

ramp velocity of 100%/s, three steps with a 15-minute relaxation time after each 

step in Study I and four steps with a 10-minute relaxation time after each step in 

Study II), followed by the sinusoidal dynamic loading (frequency of 1.0 Hz and 

strain amplitude of 1%) (45, 127, 128). The equilibrium and dynamic moduli were 

determined from the measurements according to the Hayes equation with Poisson’s 

ratios of 0.1 and 0.5, respectively (44). 

Quantitative microscopy 

In studies I and II, polarized light microscopy (PLM) and digital densitometry (DD) 

were utilized to determine the collagen fibrils orientation and PG content of 

articular cartilage (127, 129-131). The samples were fixed in formalin and then 

decalcified in ethylenediaminetetraacetic to soften the bony tissues for histological 

processing. For all samples, histological sections were cut from regions covering 

the biomechanical testing locations and the MRI slice.  

For DD, 3 μm-thick sections of each sample were stained with safranin-O, 

which is a cationic dye and interacts with the negatively-charged GAG side chains 

of the proteoglycan. The optical density (absorbance) of the cationic dye, which is 

linearly proportional to the PG content (130), was assessed using a light microscope 

equipped with a monochromatic light source, a calibration set of neural density 

filters and a 12-bit CCD camera. The optical density profiles, indicative of PG 

content, from cartilage surface to cartilage-bone interface were determined.  

For PLM, 5-μm unstained sections were treated with hyaluronidase to remove 

the PGs and analyse the depth-wise collagen orientation angles using an Abrio PLM 

imaging system. Similar to DD analysis, the PLM profiles, indicative of the 

collagen fibril orientation, from cartilage surface to cartilage-bone interface 

(cartilage full-thickness) were determined. 

Histological assessment 

In Study I, all samples underwent macroscopical evaluation using the Osteoarthritis 

Research Society International (OARSI) grading system (132). Abnormalities in 

cartilage structure were assessed using scores ranging between 0 to 11, with 0 

indicating normal tissue, ≥2 indicating fissures, ≥4 indicating erosion; and ≥8 

indicating full-thickness erosion. 
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5.1.5 Data analysis 

In Study I, the samples were divided based on their age and surgical operation, 

which yielded six different groups of 2-week ACLT (ACLT-2w), 8-week ACLT 

(ACLT-8w), 2-week control (CTRL-2w), 8-week control (CTRL-8w), 2-week 

contralateral (CL-2w), and 8-week contralateral (CL-8w). In Study II, the 

specimens were divided into two groups of repaired lesions (experimental) and 

control samples. 

MRI data 

In studies I and II, the processing of MRI data was carried out using MATLAB-

based Aedes software (http://aedes.uef.fi/) and in-house written plugins in 

MATLAB (Mathworks R2018, Natick, MA). The relaxation time maps were 

calculated on a pixel-by-pixel basis using mono-exponential two-parametric fitting 

for T1, T2, CWT1ρ, AdT1ρ, and AdT2ρ. The noise floor value, estimated as the 

standard deviation of the background noise, was removed from all data points 

before fitting, to make sure two-parametric fitting would not overestimate the 

parameter values due to the incorrect baseline level. For TRAFF, the mapping was 

calculated with steady-state mono-exponential three-parametric fitting. 

In Study I, 2 mm-wide regions of interest (ROIs) covering full-thickness 

cartilage were manually drawn following the marks that corresponded to the 

histology and biomechanical testing site of the samples (Fig. 7). The ROIs were 

utilized to determine the mean relaxation time values and 95% confidence intervals 

(CI) for each MRI parameter. To analyze the zonal relaxometry, the full-thickness 

ROIs were equally divided into 50% superficial and 50% deep cartilage layers, 

which is similar to the procedures commonly used in clinical human MRI (122).  

In Study II, four full-thickness cartilage ROIs were defined at increasing 

distances from the repaired lesions and carefully matched with the histology and 

biomechanical testing locations (Fig. 8). The ROIs were used to determine the 

mean and depth-wise profiles for the MRI parameters, PG content and collagen 

fibril orientation. For the profiles, the variable number of pixels along the cartilage 

depth were all interpolated into 20 points and then normalized to 0 (being the 

cartilage surface) and 1 (being the cartilage-bone interface). 
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Statistical analysis 

In studies I and II, all statistical analyses were carried out using SPSS software 

(IBM SPSS version 24 for Study I and version 25 for Study II, Armonk, NY, USA). 

A P value of 0.05 was considered as the limit of statistical significance. 

In Study I, statistical differences in the relaxation time values, DD and PLM 

were compared between the six groups using a Linear Mixed Model (133), which 

takes into consideration the dependence between the animals and the samples. Pair-

wise comparison was performed between the same age groups, and the P values 

were adjusted using Dunn-Bonferroni corrections. The association between the 

MRI parameters and the reference parameters were examined using Spearman’s 

rank correlation analysis. The correlation analysis was performed by pooling MRI 

data and the reference parameters into three groups: ACLT, contralateral and 

control. The mean values from full-thickness ROIs of each sample were used to 

test the correlation between the MRI parameters and the elastic moduli. In addition 

to the full-thickness ROIs, the mean values from superficial and deep layers were 

utilized to analyze the correlation between the MRI parameters and the quantitative 

histology (DD and PLM). 

In Study II, the statistical difference in MRI parameters between the 

experimental and control groups were studied using an independent sample t-test. 

Differences between regions at increasing distances from the repaired lesions were 

evaluated using one-way ANOVA with the Tukey post-hoc test. For the non-

normally distributed reference data, the statistical differences between the 

experimental and control groups were tested using a non-parametric two-tailed 

Mann-Whitney U test. The regional differences were compared using the Kruskal-

Wallis test. The correlation between the MRI and the reference parameters were 

tested using Spearman’s rank correlation analysis. The analysis was performed by 

pooling the mean values of the full-thickness ROIs for correlating the MRI 

parameters with the elastic moduli, whereas the correlation between MRI and 

quantitative histology was carried out by pooling the profiles for each parameter. 

5.2 In vivo meniscus experiment 

5.2.1 Human subjects 

In Study III, a total of 24 subjects (12 females) were scanned, including 12 patients 

with mild OA (mean age = 59.1±5.9 years, mean body mass index (BMI) = 
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30.3±6.3 kg/m2) and 12 asymptomatic volunteers (mean age = 59.8±5.6 years, 

mean BMI = 24.4±2.6 kg/m2). The inclusion criteria for the patients were pre- or 

mild radiographic signs of OA (KL = 1, 2), knee pain, and fulfilling the American 

College of Rheumatology (ACR) criteria for classification of idiopathic OA (134). 

The inclusion criteria for the asymptomatic volunteers were no history of diagnosed 

OA, no history of traumatic knee injuries (sprains, fractures, or torsion in the past 

15 years), no surgical operations, and no moderate-to-severe physical symptoms 

experienced in the last six months in either knee joint.  

5.2.2 MRI measurements  

In Study III, MRI was conducted on a 3 T clinical MR scanner (Skyra, Siemens 

Healthcare, Erlangen, Germany) in combination with a 15-channel transceiver knee 

coil (QED, Mayfield Village, OH, USA). For imaging, the knee with clinical signs 

of OA was chosen in the patients, whereas for the volunteers the knee was randomly 

selected.  

The MRI protocol comprised qualitative measurements, including proton 

density (PD) turbo spin echo (TSE), 3D PD TSE fat suppressed (FS), and T1 TSE 

sequence; and quantitative measurements including AdT1ρ and AdT2ρ mapping 

sequences (AdT1ρ and AdT2ρ prepared gradient echo sequence is available for the 

Siemens platform from CMRR, University of Minnesota). The imaging parameters 

for each sequence are summarized in Table 4. The acquisition for the quantitative 

AdT1ρ and AdT2ρ was carried out with a preparation block consisting of a train of 

adiabatic pulses from HSn family, here HS4, followed by a fast low-angle shot 

(FLASH) 2D readout (Table 4). The readout comprised two single sagittal slices, 

each positioned at the center of the medial and lateral tibiofemoral compartments 

of each participant. For the AdT1ρ, the preparation block consisted of a train of 0, 

4, 8, 12, and 16 AFP pulses (pulse duration of 6 ms), whereas for AdT2ρ, the AFP 

pulses were embedded between AHP and reverse-AHP pulses (Fig. 6). The peak 

RF amplitude for both AdT1ρ and AdT2ρ was 𝛾𝐵  600 Hz. 
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Table 4. Parameters for MRI sequences used in Study III. 

Parameters FLASH* PD TSE PD 3D TSE FS T1 TSE 

TR [ms] 4000 2800 1200 650 

TE [ms] 3.36 33 26 18 

Flip angle [°] 15 150 120 150 

FOV [mm2] 180 x 180 140 x 140 160 x 160 130 x 130 

Matrix 256 x 256 384 x 384 256 x 256  320 x 320 

SL thickness [mm] 3 3 0.6 0.6 

SL [n] 2 35 176 25 

ETL 23 lines/segments 7 49 2 

Plane Sagittal Sagittal Sagittal Coronal 

Taq [min:s] 4:42** 4:09 8:48 1:56 

FLASH = fast low angle shot, PD = proton density, TSE = turbo spin echo, FS = fat suppressed, TR = 

time to repetition, TE = time to echo, FOV = field of view, SL = slice, ETL = echo train length, Taq = total 

acquisition time. 

* Read out for AdT1ρ and AdT2ρ sequences 

** Total acquisition time for AdT1ρ or AdT2ρ 

5.2.3 Data analysis 

Morphological assessment 

MR images of all participants were assessed for morphological abnormalities in 

meniscus and cartilage by an experienced musculoskeletal radiologist and scored 

using MRI OA Knee Score (MOAKS) (63). T1-weighted coronal, PD-weighted 

sagittal and PD-weighted fat-suppressed sagittal (Table 4) images were utilized to 

determine MOAKS for meniscal tear and full-thickness cartilage loss. 

The subjects were classified based on MOAKS, independent of their clinical 

status and radiographic findings, which yielded the following subgroups: (1) 

presence of meniscal tear, complex tear or partial maceration in the meniscal horns 

or body of the meniscus (tear group, MOAKS > 1), or absence of the 

aforementioned abnormalities (no tear group, MOAKS ≤ 1); (2) presence of 

tibiofemoral full-thickness cartilage lesion (full-thickness cartilage lesion group, 

MOAKS > 0) or absence of the tibiofemoral cartilage lesions (no full-thickness 

cartilage group, MOAKS = 0).  
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MRI data 

All MRI data was processed using an in-house–developed application in MATLAB 

(Mathworks R2014, Natick, MA). AdT1ρ and AdT2ρ relaxation time maps were 

calculated on a pixel-by-pixel basis using mono-exponential fitting of the signal 

intensity decay. Manual segmentation was performed on AdT1ρ and the segmented 

mask was used on the same scan session for AdT2ρ maps by an evaluator blinded 

from radiologist scores (MOAKS).  

The ROIs were defined following the meniscus border (edge) and included the 

following meniscus compartments: anterior horn lateral (AHLAT), posterior horn 

lateral (PHLAT), anterior horn medial (AHMED), and posterior horn medial 

(PHMED) (Fig. 2). The ROIs were used to determine the median values of AdT1ρ 

and AdT2ρ. The median values for each meniscus compartment were used to 

compare patients versus asymptomatic volunteers, and presence versus absence of 

meniscal tear and tibiofemoral full-thickness cartilage loss based on MOAKS. 

Statistical analysis 

All statistical analyses were performed using SPSS software (IBM SPSS version 

23, Armonk, NY, USA). A P-value of 0.05 was considered as the limit of statistical 

significance. Since no literature was found on adiabatic relaxation time values in 

meniscus, the sample size was estimated based on the CWT1ρ values (108). The 

minimal number of participants was estimated to be 10 subjects per group 

according to the Mann-Whitney U test (power = 0.80). Thus, a sample size of 12 

participants per group in Study III was considered sufficient to determine the 

significance of differences.  

Descriptive evaluation of the data revealed the non-normal distribution of the 

data. The ROIs were used to determine the median and interquartile range (IQR) 

relaxation values for AdT1ρ and AdT2ρ. The statistical differences between the 

patients versus the asymptomatic volunteers, and presence versus absence of 

meniscus and cartilage abnormalities based on MOAKS, were tested using a non-

parametric two-tailed Mann-Whitney U test. The Benjamini-Hochberg procedure 

with a false discovery rate of 5% was used to adjust the P values for multi-group 

comparison. The effect sizes were calculated between the compared groups using 

d (135): 
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 𝑑
𝑧

√𝑁
, (21) 

where z and N represent the normal approximation distribution and total sample 

size, respectively. 

5.2.4 Reproducibility analysis 

To evaluate the reproducibility of AdT1ρ and AdT2ρ, root-mean-square coefficients 

of variations (CVs) were calculated for each meniscal horn. Four additional healthy 

subjects aged between 20 and 29 were recruited for this investigation, and MRI was 

performed utilizing the same system and imaging protocols used for the other 

subjects. AdT1ρ and AdT2ρ measurements were conducted three times for each 

subject to acquire a new set of images (scan-rescan), after repositioning the knee 

before each scan. Manual segmentation of the meniscal horn was performed on 

each scan to test the variability error due to repeated measurements. 

To test intra- and inter-observer reproducibility, the segmentation was carried 

out on the additional four subjects as well as two patients and two volunteers 

randomly selected from the study participants. For intra-observer variability, the 

segmentation was repeated three times on one slice per subject by a single evaluator. 

For inter-observer variability, two evaluators, blinded from one another’s 

segmentation process, segmented the same slices. 
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6 Results 

6.1 Articular cartilage analysis in animal models of early OA and 

PTOA 

6.1.1 Reference parameters 

In Study I, collagen fibril orientation in ACLT-2w was significantly altered in 

superficial cartilage of the lateral femoral condyles (Fig. 9). PG content in ACLT-

8w was significantly reduced in both superficial and deep cartilage layers of the 

medial femoral condyles, compared with the CL-8w and CTRL-8w (Fig. 9). In 

contrast, PG content in CL-2w was significantly higher in the medial tibia 

compared to the ACLT-2w and CTRL-2w (Fig. 10). OARSI grades in ACLT-8w 

were significantly higher in the medial femoral condyles compared to the 

corresponding contralateral and control groups. The biomechanical properties were 

not significantly different between the groups. The means and CIs for OARSI and 

biomechanical properties are reported in Table 5. 

Table 5. Mean values and 95% confidence intervals (lower limit, upper limit) of 

equilibrium modulus (Eeq), dynamic modulus (Edyn), and OARSI grades for rabbit 

articular cartilage in different groups. 

Groups Femoral condyles (n = 86)  Tibias (n = 86) 

Eeq Edyn OARSI Eeq Edyn OARSI 

Lateral        

CTRL-2w 1.4 (1.2, 1.7) 5.8 (4.3, 7.2) 2.4 (0.6, 4.1)  1.1 (0.8, 1.5) 5.6 (3.6, 7.5) 2.7 (1.4, 4.0) 

CL-2w 1.5 (1.3, 1.8) 6.3 (4.8, 7.8) 1.1 (-0.6,2.9)  1.3 (1.0, 1.6) 4.8(2.9, 6.8) 1.0 (-0.2,2.2) 

ACLT-2w 1.2 (0.9, 1.4) 7.6 (6.0, 9.2) 2.0 (0.1, 3.9)  1.4 (1.0, 1.7) 7.3 (5.2, 9.4) 1.3 (0.0, 2.5) 

CTRL-8w 1.6 (1.3, 1.9) 6.9 (5.3, 8.4) 2.2 (0.3, 4.2)  1.3 (1.0, 1.7) 5.4 (3.4, 7.5) 0.7 (-0.4,1.9) 

CL-8w 1.4 (1.1, 1.7) 6.4 (4.7, 8.1) 1.8 (-0.2,3.8)  1.1 (0.7, 1.4) 4.4 (2.2, 6.7) 1.2 (-0.2,2.5) 

ACLT-8w 1.1 (0.8, 1.4) 6.3 (4.6, 8.0) 6.2 (4.1, 8.2)  1.6 (1.2, 1.9) 5.2 (3.0, 7.4) 3.3 (2.0, 4.7) 

Medial        

CTRL-2w 1.6 (1.3, 1.9) 6.2 (4.7, 7.6) 1.1 (0.2, 2.0)  0.9 (0.6, 1.2) 2.1 (1.0, 3.2) 3.0 (2.2, 3.8) 

CL-2w 1.6 (1.3, 1.9) 4.1 (2.6, 5.5) 1.3 (0.4, 2.3)  1.0 (0.7, 1.2) 2.5 (1.4, 3.5) 2.2 (1.4, 3.1) 

ACLT-2w 1.3 (1.0, 1.0) 4.5 (3.0, 6.0) 1.3 (0.3, 2.3)  1.1 (0.8, 1.4) 2.9 (1.7, 4.0) 2.3 (1.4, 3.1) 

CTRL-8w 1.7 (1.5, 2.0) 4.8 (3.0, 6.7) 1.1 (0.1, 2.1)  1.3 (1.0, 1.6) 3.4 (2.3, 4.5) 2.1 (1.2, 3.0) 

CL-8w 1.7 (1.3, 2.0) 4.8 (3.2, 6.5) 0.8 (-0.2,1.9)  1.1 (0.8, 1.5) 3.7 (2.5, 5.0) 2.2 (1.2, 3.2) 

ACLT-8w 1.4 (1.1, 1.7) 6.8 (5.2, 8.5) 3.5 (2.4, 4.6)  1.1 (0.8, 1.4) 3.6 (2.3, 4.9) 3.3(2.4, 4.3) 
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Fig. 9. Normalized mean depth-wise profiles (0% = cartilage surface, 100% = cartilage-

bone interface) of PG content and collagen orientation for rabbit articular cartilage in 

the lateral and medial femoral condyles of different groups, as determined by digital 

densitometry (DD) and polarized light microscopy (PLM), respectively. 
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Fig. 10. Normalized mean depth-wise profiles (0% = cartilage surface, 100% = cartilage-

bone interface) of PG content and collagen orientation for rabbit articular cartilage in 

the lateral and medial tibial plateaus of different groups, as determined by digital 

densitometry (DD) and polarized light microscopy (PLM), respectively. 

In Study II, the lesions significantly decreased the equilibrium and dynamic moduli 

of the surrounding regions in the experimental group, compared with the 

corresponding regions in the control group (Fig. 11). Moreover, regions 1 (closest 

to the lesions) had significantly lower equilibrium and dynamic moduli, PG content 

and collagen fiber orientation compared to regions further away from the lesions in 

the same experimental samples (Fig. 11). Though the differences were non-

significant, the profile plots showed larger differences in the PG content and 

collagen fiber orientation between the experimental and control group in regions 

near the lesions compared to regions far away from the lesions (Fig. 12).  
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Fig. 11. Boxplots representing different reference parameters at multiple locations. 

Region 1 (R1) is closest to the lesions in the experimental samples and the distance 

from the lesions increases sequentially toward region 4 (R4). Transversal lines and 

small squares inside the boxes represent the median and mean values respectively. The 

solid black diamonds are the outliers. Statistically significant differences are indicated 

with solid lines (**p<0.01) and dotted lines (*p<0.05). 

Fig. 12. Normalized mean depth-wise profiles (0 = cartilage surface, 1 = cartilage-bone 

interface) of PG content and collagen fiber orientation at increasing distances from the 

lesions area in experimental and control samples. 
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6.1.2 qMRI parameters 

In Study I, prolonged relaxation time values were generally seen in ACLT-2w and 

ACLT-8w compared to the CTRL group (Fig. 13). 

Fig. 13.  Representative MRI relaxation time maps of T1, T2, CWT1ρ (𝜸𝑩𝟏  500, 600, 800, 

1000 and 2000 Hz), AdT1ρ, AdT2ρ and TRAFF parameters from the lateral femoral condyles 

of CTRL, ACLT-2w and ACLT-8w groups.  

In full-thickness cartilage analysis, T1 and CWT1ρ (𝛾𝐵   1 and 2 kHz) were 

significantly prolonged in both ACLT-2w and ACLT-8w in the lateral femoral 

condyles, compared with the corresponding CTRL and CL-8w (Figs. 14–15). 

Furthermore, T2 and AdT1ρ were significantly longer in ACLT-2w and ACLT-8w, 

respectively, compared with the corresponding CTRL group animals. In the medial 

femur, all relaxation times except TRAFF were prolonged in ACLT-8w compared to 
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the CTRL-8w (Figs. 14–15). Moreover, T1, CWT1ρ (𝛾𝐵  1 and 2 kHz) and AdT1ρ 

were also increased in ACLT-8w compared to CL-8w. No significant differences 

were found in the tibias in any compartments. 

Fig. 14. MRI relaxation time values in full-thickness cartilage of femoral condyles. 

Transversal lines and small squares inside the boxes represent the median and mean 

values respectively (solid lines = **p<0.01, dotted lines = *p<0.05). 

Fig. 15. MRI CWT1ρ dispersion in full-thickness cartilage layers of femoral condyles. 

Transversal lines and small squares inside the boxes represent the median and mean 

values respectively (solid lines = **p<0.01, dotted lines = *p<0.05). 
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By analyzing the MRI parameters in each layer, significant differences were 

commonly seen in the superficial half of the cartilage (Figs. 16–17). In the lateral 

femur, T1, T2 and AdT1ρ were significantly increased in the superficial cartilage of 

both ACLT-2w and ACLT-8w, ALCT-2w and ACLT-8w, respectively, compared 

with the corresponding CL or CTRL group animals. In the superficial cartilage of 

the medial femur, almost all the relaxation parameters except TRAFF were prolonged 

in ACLT-8w compared to the CL-8w or CTRL-8w (Fig. 16). In the deep layer, only 

T1 was prolonged in the lateral femur in ACLT-2w compared to CTRL-2w. 

Fig. 16. MRI relaxation time values in superficial and deep cartilage layers of femoral 

condyles. Transversal lines and small squares inside the boxes represent the median 

and mean values respectively (solid lines = **p<0.01, dotted lines = *p<0.05). 
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By analyzing CWT1ρ dispersion in each layer, significant differences were found 

with higher spin-lock amplitudes (𝛾𝐵  1 and 2 kHz) (Fig. 17) in the superficial 

cartilage of ACLT group animals in both lateral and medial femoral condyles. In 

the deep cartilage, ACLT-8w was prolonged only in the lateral femur. 

Fig. 17. MRI CWT1ρ dispersion in superficial and deep cartilage layers of femoral 

condyles. Transversal lines and small squares inside the boxes represent the median 

and mean values respectively (solid lines = **p<0.01, dotted lines = *p<0.05). 
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In Study II, the overall relaxation time values of all MRI parameters were longer in 

regions near the lesions in experimental samples, compared to the regions distant 

from the lesions on the same samples and the corresponding regions in control 

specimens (Figs. 18–21). Significantly prolonged T1 and AdT1ρ were found toward 

the upper half the cartilage depth-wise profiles and in regions near the lesions (Fig. 

18). Moreover, AdT1ρ and TRAFF were significantly higher in a region furthest away 

from the lesions, compared to the corresponding region in controls (Fig. 18). 

Fig. 18. Normalized mean depth-wise profiles (0 = cartilage surface, 1 = cartilage-bone 

interface) of MRI parameters in regions at increasing distances from the lesions area in 

experimental and the corresponding regions in control samples. Black lines at the 

bottom of the plots represent significant differences between the two animal groups.  

By analyzing the mean values for full-thickness cartilage, only T1 was significantly 

increased in region 1 (closest to the lesion) compared to region 4 (furthest away 

from the lesion) (Fig. 19). 
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Fig. 19. Boxplots representing full-thickness relaxation values for the MRI parameters 

at multiple locations. Region 1 (R1) is closest to the lesions in the experimental samples 

and the distance from the lesions increases sequentially toward region 4 (R4). 

Transversal lines and small squares inside the boxes represent the median and mean 

values respectively. The solid black diamonds are the outliers. Statistically significant 

differences are indicated with dotted lines (*p<0.05). 

By assessing CWT1ρ dispersion, significant differences were observed between 

region 1 and region 4 at spin-lock amplitudes of (𝛾𝐵  100-600 Hz) (Fig. 20). 

Moreover, prolonged CWT1ρ values were found in the upper half of cartilage depth-

wise profiles of the experimental samples compared to the corresponding regions 

in control specimens (Fig. 21).  

Fig. 20. Boxplots representing full-thickness relaxation values for CWT1ρ dispersion at 

multiple regions. Region 1 (R1) is closest to the lesions in the experimental samples 

and the distance from the lesions increases sequentially toward region 4 (R4). 

Transversal lines and small squares inside the boxes represent the median and mean 

values respectively. The solid black diamonds are the outliers. Statistically significant 

differences are indicated with dotted lines (*p<0.05). 
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Fig. 21. Normalized mean depth-wise profiles (0 = cartilage surface, 1 = cartilage-bone 

interface) of CWT1ρ dispersion in regions at increasing distances from the lesions area 

in experimental and the corresponding regions in control samples. Black lines at the 

bottom of the plots represent significant differences between the two animal groups. 

6.1.3 Correlation of qMRI with reference parameters 

In Study I, a weak-to-moderate negative association was observed between all 

qMRI parameters and the equilibrium modulus in both femoral condyles and tibial 

plateaus (Table 6). For the dynamic modulus, a weak-to-moderate negative 

correlation was found with T1, CWT1ρ, AdT1ρ, AdT2ρ and TRAFF in tibial plateaus 

(Table 6). Moreover, T2, CWT1ρ, AdT1ρ and AdT2ρ were negatively associated with 

the PG content (Table 6). The highest correlation was found between T1 and 

equilibrium modulus (r = -0.573), and AdT1ρ and equilibrium modulus (r = -0.576). 

For CWT1ρ, the association with the reference parameters was more pronounced at 

higher spin-lock amplitudes (Table 6). 
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Table 6. Pearson correlation coefficient (r) of pooled full-thickness mean values for MRI, 

equilibrium modulus (Eeq), dynamic modulus (Edyn), DD (reflective of the PG content) 

and PLM (reflective of the collagen orientation). 

MRI parameters Eeq Edyn DD PLM 

Femoral condyles (n = 86)     

T1 r = -0.350* r = -0.135 r = -0.206 r = 0.075 

T2 r = -0.367* r = 0.197 r = -0.444** r = -0.084 

CWT1ρ (500 Hz) r = -0.039 r = 0.202 r = -0.390** r = -0.087 

CWT1ρ (600 Hz) r = -0.070 r = 0.118 r = -0.373** r = -0.100 

CWT1ρ (800 Hz) r = -0.154 r = 0.171 r = -0.420** r = -0.114 

CWT1ρ (1000 Hz) r = -0.308* r = 0.124 r = -0.361* r = -0.033 

CWT1ρ (2000 Hz) r = -0.368** r = 0.082 r = -0.406** r = -0.033 

AdT1ρ r = -0.452** r = -0.153 r = -0.263* r = 0.046 

AdT2ρ r = -0.373** r = 0.125 r = -0.364* r = -0.152 

TRAFF r = -0.116 r = 0.056 r = -0.116 r = 0.007 

Tibial plateaus (n = 86)     

T1 r = -0.573** r = -0.542** r = -0.015 r = -0.173 

T2 r = -0.325* r = -0.210 r = -0.057 r = -0.003 

CWT1ρ (500 Hz) r = -0.333* r = -0.238* r = -0.088 r = -0.078 

CWT1ρ (600 Hz) r = -0.260* r = -0.180 r = -0.143 r = -0.052 

CWT1ρ (800 Hz) r = -0.438** r = -0.295* r = -0.153 r = -0.046 

CWT1ρ (1000 Hz) r = -0.462** r = -0.335* r = -0.131 r = 0.025 

CWT1ρ (2000 Hz) r = -0.513** r = -0.401** r = -0.064 r = 0.116 

AdT1ρ r = -0.559** r = -0.576** r = 0.078 r = 0.215* 

AdT2ρ r = -0.380** r = -0.253* r = -0.092 r = 0.003 

TRAFF r = -0.301* r = -0.353* r = -0.013 r = -0.004 

*P < 0.05, **P < 0.01 

In Study II, the pooled MRI profiles of both experimental and control samples 

showed moderate-to-strong negative statistically significant correlations (ranging 

from -0.531 to -0.757) with all reference parameters (Table 7). T1 was strongly 

associated with both equilibrium (ρ = -0.757) and dynamic (ρ = -0.708) moduli. 

The correlation between CWT1ρ, and all the reference parameters increased toward 

the lower spin-locking amplitudes (𝛾𝐵  200-600 kHz) (Table 7). 
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Table 7. Spearman’s rank correlation coefficient (ρ) of pooled profiles for MRI, DD 

(reflective of the PG content) and PLM (reflective of the collagen orientation), and mean 

values for equilibrium modulus (Eeq) and dynamic modulus (Edyn). 

MRI parameters Eeq Edyn DD PLM 

T1 ρ = -0.757** ρ = -0.708** ρ = -0.573** ρ = -0.630** 

T2 ρ = -0.602** ρ = 0.531** ρ = -0.607** ρ = -0.642** 

CWT1ρ (100 Hz) ρ = -0.620** ρ = -0.559** ρ = -0.601** ρ = -0.692** 

CWT1ρ (200 Hz) ρ = -0.687** ρ = -0.629** ρ = -0.617** ρ = -0.711** 

CWT1ρ (300 Hz) ρ = -0.696** ρ = -0.645** ρ = -0.602** ρ = -0.698** 

CWT1ρ (400 Hz) ρ = -0.702** ρ = -0.662** ρ = -0.596** ρ = -0.682** 

CWT1ρ (500 Hz) ρ = -0.682** ρ = -0.627** ρ = -0.594** ρ = -0.682** 

CWT1ρ (600 Hz) ρ = -0.643** ρ = -0.623** ρ = -0.592** ρ = -0.665** 

CWT1ρ (800 Hz) ρ = -0.613** ρ = -0.572** ρ = -0.557** ρ = -0.632** 

CWT1ρ (1000 Hz) ρ = -0.595** ρ = -0.597** ρ = -0.538** ρ = -0.602** 

CWT1ρ (2000 Hz) ρ = -0.592** ρ = -0.561** ρ = -0.534** ρ = -0.594** 

AdT1ρ ρ = -0.608** ρ = -0.564** ρ = -0.532** ρ = -0.563** 

AdT2ρ ρ = -0.634** ρ = -0.559** ρ = -0.611** ρ = -0.685** 

TRAFF ρ = -0.733** ρ = -0.678** ρ = -0.570** ρ = -0.616** 

**P < 0.01 

6.2 Meniscus analysis in clinical OA in humans 

6.2.1 Morphological findings 

A semi-quantitative assessment of the MR images revealed that not only the 

patients but also the asymptomatic volunteers had morphological abnormalities 

such as meniscal tear (Table 8) and full-thickness cartilage lesions (Tables 9). The 

highest incidence of meniscal tear and maceration based on MOAKS were 

observed in the medial meniscal body and posterior horn (Table 8). On the other 

hand, tibiofemoral full-thickness cartilage lesions were detected in the central and 

posterior regions of the medial compartment. 
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Table 8. Total number of subjects with meniscal signal, tear and partial maceration 

based on MOAKS (in brackets, number of patients). 

MOAKS Medial compartment  Lateral compartment 

 AHMED Body PHMED  AHLAT Body PHLAT 

1 (Signal) 0 1 (0) 1 (1)  1 (1) 2 (1) 0 

2-5 (Tear) 0 5 (3) 7 (5)  3 (3) 2 (1) 3 (2) 

6 (Maceration) 0 5 (4) 2 (1)  0 0 0 

MOAKS = MRI OA Knee Score; AHMED = Anterior horn medial meniscus; PHMED = Posterior horn 

medial meniscus; AHLAT = Anterior horn lateral meniscus; PHLAT = Posterior horn lateral meniscus 

Table 9. Total number of subjects with full-thickness tibiofemoral cartilage lesions 

based on MOAKS (in brackets, number of patients). 

MOAKS Medial compartment  Lateral compartment 

 Anterior Central Posterior  Anterior Central Posterior 

MOAKS>0 1 (1) 6 (3) 2 (2)  1 (1) 1 (0) 0 

MOAKS = MRI OA Knee Score 

 

6.2.2 AdT1ρ and AdT2ρ relaxation findings 

Though non-significant, differences in the median values of AdT1ρ and AdT2ρ 

between the meniscal horns of the patients and those of asymptomatic volunteers 

reached moderate effect sizes (d = 0.40-0.46) (Table 10). The prolonged values of 

AdT1ρ and AdT2ρ are evident in the representative relaxation time map (Fig. 22). 

Table 10. Median relaxation times and interquartile range (IQR) of AdT1ρ and AdT2ρ in 

patients and asymptomatic volunteers. 

ROI Patients (n=12) Volunteers (n=12) P-value Adjusted P-value Effect size (d) 

AdT1ρ      

AHMED 35.5 (37.0–33.8) 34.0 (36.2–32.2) 0.600 0.720 0.112 

PHMED 41.0 (51.2–38.0) 37.3 (39.5–34.3) 0.037* 0.148 0.424 

AHLAT 43.5 (50.4–38.6) 40.4 (44.4–35.1) 0.242 0.414 0.247 

PHLAT 39.2 (42.7–36.2) 32.3 (35.7–29.1) 0.024* 0.144 0.460 

AdT2ρ      

AHMED 35.9 (40.2–31.8) 31.8 (35.9–30.0) 0.114 0.228 0.330 

PHMED 30.6 (38.8–26.6) 25.5 (27.9–23.8) 0.033* 0.132 0.436 

AHLAT 42.4 (47.1–35.9) 35.0 (40.7–30.1) 0.047* 0.141 0.407 

PHLAT 33.5 (39.5–30.1) 34.8 (38.5–31.5) 0.977 0.977 0.012 

*P < 0.05; AHMED = Anterior horn medial meniscus; PHMED = Posterior horn medial meniscus; AHLAT 

= Anterior horn lateral meniscus; PHLAT = Posterior horn lateral meniscus 
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Fig. 22. Representative sagittal MR image illustrating AdT1ρ (a, b) and AdT2ρ (c, d) 

relaxation time maps of the medial menisci in patients (b, d) and asymptomatic 

volunteers (a, b). Arrow pointing upwards indicates anterior horn medial meniscus and 

arrow pointing downwards indicates posterior horn medial meniscus. Prolongation of 

the relaxation times are evident in the colormaps of the patients’ posterior horn 

meniscus. 

6.2.3 Association of AdT1ρ and AdT2ρ relaxation findings with 

morphological findings 

Classifying the subjects based on MOAKS revealed that the median values of 

AdT1ρ in subjects with meniscal tears were significantly longer than in subjects 

with no tears (Table 11). On the other hand, prolonged median AdT2ρ values were 

detected in the posterior horn of the medial meniscus in subjects with full-thickness 

cartilage lesions (Table 12). 



68 

Table 11. Median relaxation times and interquartile range (IQR) of AdT1ρ and AdT2ρ in 

subjects with meniscal tear (MOAKS > 1) and absence of meniscal tear (MOAKS ≤ 1). 

ROI Tear (n=13) No tear (n=11) P-value Adjusted P-value Effect size (d) 

AdT1ρ      

AHMED 35.1 (36.1–32.2) 35.5 (36.3–33.0) 0.660 0.660 0.095 

PHMED 41.2 (55.4–38.9) 37.4 (37.9–34.2) 0.004* 0.048* 0.574 

AHLAT 45.2 (49.3–38.9) 39.0 (44.2–35.4) 0.119 0.238 0.325 

PHLAT 34.7 (39.6–32.1) 36.2 (39.7–28.2) 0.649 0.708 0.100 

AdT2ρ      

AHMED 34.8 (38.6–30.4) 33.8 (38.0–31.1) 0.776 >0.999 0.065 

PHMED 29.8 (38.1–24.9) 25.5 (28.2–23.7) 0.082 0.197 0.360 

AHLAT 40.7 (45.8–34.1) 35.6 (43.3–34.2) 0.598 0.897 0.112 

PHLAT 31.9 (35.7–29.0) 37.4 (42.9–32.9) 0.026* 0.156 0.455 

*P < 0.05; MOAKS = MRI OA Knee Score; AHMED = Anterior horn medial meniscus; PHMED = Posterior 

horn medial meniscus; AHLAT = Anterior horn lateral meniscus; PHLAT = Posterior horn lateral meniscus 

Table 12. Median relaxation times and interquartile range (IQR) of AdT1ρ and AdT2ρ in 

subjects with full-thickness tibiofemoral cartilage lesions (MOAKS > 0) and absence of 

full-thickness tibiofemoral cartilage lesions (MOAKS = 0). 

ROI Cartilage lesions 

(n=9) 

No cartilage lesions 

(n=15) 

P-value Adjusted P-value Effect size (d) 

AdT1ρ      

AHMED 37.8 (38.9–33.3) 34.7 (36.0–32.2) 0.062 0.186 0.384 

PHMED 39.6 (55.9–37.4) 37.9 (40.9–35.4) 0.340 0.510 0.201 

AHLAT 41.8 (45.2–39.1) 39.0 (49.1–37.3) 0.558 0.744 0.128 

PHLAT 39.4 (39.8–36.2) 33.2 (39.0–28.9) 0.064 0.153 0.383 

AdT2ρ      

AHMED 34.9 (38.0–31.2) 33.8 (38.6–30.4) 0.519 0.889 0.140 

PHMED 35.0 (39.5–29.9) 25.5 (28.8–23.7) 0.002* 0.024* 0.602 

AHLAT 38.1 (43.3–35.6) 40.7 (44.5–34.1) 0.804 0.964 0.055 

PHLAT 34.1 (37.5–31.9) 33.9 (39.6–29.9) 0.953 >0.999 0.018 

*P < 0.05; MOAKS = MRI OA Knee Score; AHMED = Anterior horn medial meniscus; PHMED = Posterior 

horn medial meniscus; AHLAT = Anterior horn lateral meniscus; PHLAT = Posterior horn lateral meniscus 

6.2.4 Reproducibility analysis 

Repeated measurements of AdT1ρ produced smaller percentage CVs compared to 

the AdT2ρ. For both AdT1ρ and AdT2ρ, the smallest variability between the repeated 

measurement were in the posterior horn medial meniscus, whereas the largest 
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variations were in the anterior horn of the medial meniscus. CVs for AdT1ρ and 

AdT2ρ are reported in Table 13. 

The overall CVs for intra-reader repeatability were smaller than the CVs 

obtained from the repeated measurements. The smallest variations for both AdT1ρ 

and AdT2ρ were in the posterior horn of the medial meniscus. The largest variations 

were found in the posterior horn lateral for AdT1ρ and anterior horn medial for 

AdT2ρ. 

The inter-reader variability was larger for both AdT1ρ and AdT2ρ compared to 

the CVs obtained from the intra-reader analysis. The smallest CVs for AdT1ρ and 

AdT2ρ were found in the posterior horns of the medial and the lateral menisci, 

respectively. The largest variability for AdT1ρ and AdT2ρ were in the anterior horns 

of the lateral and medial menisci, respectively. 

Table 13. Coefficient of variations (CVs) of AdT1ρ and AdT2ρ for repeated measurements, 

intra- and inter-reader reproducibility. 

Repeating parameter CVs (%) for AdT1ρ  CVs (%) for AdT2ρ 

AHMED PHMED AHLAT PHLAT  AHMED PHMED AHLAT PHLAT 

Measurements (n = 4) 4.21 1.73 2.33 3.53  8.85 4.51 5.77 6.30 

Intra-reader (n = 8) 1.33 1.22 1.43 2.00  3.19 1.06 1.79 1.22 

Inter-reader (n = 8) 4.60 2.76 7.58 4.42  10.52 3.51 7.49 3.22 

AHMED = Anterior horn medial meniscus; PHMED = Posterior horn medial meniscus; AHLAT = Anterior 

horn lateral meniscus; PHLAT = Posterior horn lateral meniscus 
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7 Discussion 

In this thesis, novel qMRI parameters were tested ex vivo in a rabbit model of early 

OA (Study I) and in an equine model of PTOA (Study II), and in vivo in human 

knee OA (Study III). Different OA models were utilized to noninvasively 

investigate the potential of the qMRI parameters in assessing the ultrastructural 

changes in articular cartilage and meniscus. Quantification of these subtle changes 

may lead to identification of early stage OA and facilitate better understanding of 

OA progression. The detailed findings of each study are discussed in the following 

sections.  

7.1 qMRI assessment of articular cartilage degeneration in animal 

models of early OA and PTOA 

In Study I, multiple qMRI relaxation time mapping, including conventional T1 and 

T2 as well as rotating frame CWT1ρ, AdT1ρ, AdT2ρ and TRAFF were used to assess 

degenerative cartilage changes 2 and 8 weeks after experimentally induced ACLT 

in a rabbit model. The main finding of this study was that T1, T2, and CWT1ρ could 

detect degenerative cartilage changes primarily in the superficial layer as early as 

2 weeks post-ACLT in the lateral femur, followed by a later stage OA, 8 weeks 

ACLT, in the medial femur as detected by T1, T2, CWT1ρ, AdT1ρ and AdT2ρ. This 

transition of OA progression from the lateral femur to the medial femur is a 

characteristic of OA development in the rabbits (136). This is in contrast to the 

usual OA progression in humans where lesions are more prevalent in the medial 

compartment (122). The reference methods confirmed the qMRI findings by 

revealing alterations in collagen orientation and reduction in PG content at 2 and 8 

weeks post-ACLT in the lateral and medial femoral condyles, respectively. 

Previous MRI studies of ACLT rabbit models reported osteoarthritic changes in 

cartilage at 3 to 12 weeks post-ACLT (21, 122, 123). In contrast to the previous 

studies where ACLT knees were compared with the corresponding contralateral 

joints, the ACLT findings of the current study are compared with both the 

corresponding contralateral and non-transected age-matched control knee joints. In 

this study, a higher PG content was found in the contralateral knee of 2 weeks ACLT 

compared to the corresponding surgical and the control knees. An ACLT operation 

changes the normal mechanical loading on the knee joint and induces an adaptive 

response in the opposite contralateral knee (137). Thus, the changes in the PG 

content of the contralateral knee may indicate the compensatory response to the 
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altered environment and suggest the confounding factor in animal models using a 

contralateral knee as controls. 

In Study II, osteochondral specimens containing surgically induced lesions as 

well as the surrounding intact articular cartilage were obtained from the stifle joint 

of ponies. The qMRI parameters (T1, T2, CWT1ρ, AdT1ρ, AdT2ρ, TRAFF) were 

utilized to evaluate PTOA development in the surrounding intact cartilage caused 

by lesions. The reference methods revealed a disrupted collagen fiber network and 

a decrease in PG content and biomechanical properties of the intact cartilage in 

regions adjacent to the lesions, which were also confirmed in the previous 

arthroscopic studies of the same specimens (128, 131). The main finding of this 

study was that T1, CWT1ρ and AdT1ρ could detect the PTOA changes in regions 

adjacent to the lesions from regions further away from the lesions. In addition to 

that, T1, CWT1ρ and AdT1ρ distinguished the degenerative changes in the 

experimental samples from control samples, which was not seen with the 

quantitative histology. Thus, qMRI parameters reflect not only the topographical 

changes due to the lesions but also the degenerative alterations. Though not 

statistically significant, similar changes were also noted with other qMRI 

parameters. Moreover, a moderate-to-strong association was found between all the 

studied qMRI relaxation and the reference parameters. 

Though native T1 has been less commonly used in the clinical assessment of 

cartilage, many studies have reported its association with different structural 

properties of cartilage (73, 138, 139). In Study I, T1 was sensitive to the 

degenerative cartilage changes as early as 2 weeks post-ACLT and subsequently 8 

weeks post-ACLT. In Study II, T1 detected PTOA changes in cartilage adjacent to 

the chondral lesions. In Study I, the changes were limited to the superficial cartilage, 

and similarly in Study II, the changes were toward the superficial half of the 

cartilage profiles. This underlines the significance of the superficial cartilage in 

early OA development, which is also emphasized in previous studies (21, 36, 37). 

Moreover, a moderate-to-strong correlation was found between T1 and cartilage 

elastic moduli in both studies I and II, which is in line with the findings of the 

previous studies (73, 140). In Study II, T1 was moderately associated with DD, 

reflective of PG content, and PLM, indicative of collagen fiber orientation. 

T2 mapping is commonly known as a biomarker reflecting the content and 

integrity of collagen fibers (15, 16, 81). In Study I, T2 was able to detect OA 

alterations at both 2 and 8 weeks post-ACLT. Previous studies have also reported 

the sensitivity of T2 with cartilage degeneration (21, 84, 105). However, in Study I, 

a weak correlation was noted between T2 and collagen fiber orientation, 
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contradicting the general knowledge about T2. The main reason could be due to 

averaging the relaxation time values, including T2 over cartilage thickness 

(superficial 50% and deep 50%), which potentially masked its association with 

depth-dependent collagen fiber orientation. This issue was addressed in Study II, 

where depth-wise T2 profiles were moderately associated with the profiles from 

collagen fiber orientation. Furthermore, T2 was moderately associated with PG 

content in studies I and II, and with biomechanical properties of cartilage in Study 

II.  

The RFR relaxation time parameters such as T1ρ, T2ρ and TRAFF utilize the spin-

locking technique to study a wide range of slow macromolecular motions, relevant 

in OA research (23, 69-71). Many studies have reported the sensitivity of RFR 

relaxation parameters to varying degrees of degeneration in cartilage (19, 21, 23, 

110, 113, 141-143). In addition to being sensitive to slow molecular motions, these 

MRI techniques were developed to tackle different technical issues such magic 

angle artifacts and SAR (70, 72, 144). 

CWT1ρ, in which a constant continuous-wave spin-lock RF pulse is applied on- 

or off-resonance, has been extensively used to study cartilage degeneration. CWT1ρ 

dispersion is the dependence of T1ρ relaxation on the amplitude of the spin-locking 

RF pulse (103). In Study I, CWT1ρ was acquired with spin-lock amplitude (𝛾𝐵  

500, 600, 800, 1000, 2000 Hz), which is prone to 𝐵  and 𝐵  field inhomogeneities, 

particularly toward low spin-lock amplitude (145). To compensate for the field 

inhomogeneities, in Study II the CWT1ρ spin-locking (𝛾𝐵  100-2000 Hz) was 

achieved with 𝐵  and 𝐵  field insensitive sequence (68). In Study I, CWT1ρ was 

more sensitive to the degenerative changes in cartilage and had relatively greater 

association with PG content and mechanical properties toward high spin-locking 

amplitudes (𝛾𝐵  1000 and 2000 Hz). In Study II, by contrast, CWT1ρ was more 

sensitive to PTOA changes in cartilage and had large correlations with the PG 

content, collagen fiber orientation and biomechanical properties toward the low 

spin-locking amplitudes (𝛾𝐵  100-500 Hz). One of the main reasons why CWT1ρ 

behaved differently in Study I could be the presence of 𝐵   and 𝐵   field 

inhomogeneities, which could potentially mask the degenerative changes in 

cartilage and explain the weak association of CWT1ρ with the reference parameters 

at the low spin-locking amplitudes (109). While increasing the spin-locking 

amplitude decreases the effect of the field inhomogeneities, it also reduces the 

relative contribution of dipolar interaction and chemical exchanges to the T1ρ 

relaxation, and it is also limited by the regulation of the SAR in the clinical settings. 

In contrast to Study I, the field inhomogeneities were compensated by the 𝐵  and 
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𝐵   field insensitive sequence in Study II, and the pronounced changes due to 

dipolar interactions and chemical exchanges could lead to the enhanced association 

of CWT1ρ with the reference parameters toward the low spin-locking amplitudes 

(18, 109). Another point to note is the similarities in the correlation coefficient of 

T2 and low spin-lock amplitude CWT1ρ with the collagen fiber orientation, which 

is consistent with the relaxation theory (equation 18) that CWT1ρ approaches T2 

with decreasing spin-lock amplitude. 

With the adiabatic RFR parameters (AdT1ρ, AdT2ρ), the spin-lock amplitude is 

modulated to extend the sensitivity of the parameters to a wide range of molecular 

processes. Recent studies have reported the sensitivity of the parameters to early 

OA changes in articular cartilage (21, 23, 113). In Study I, both AdT1ρ and AdT2ρ 

could detect cartilage degeneration at 8 weeks post-ACLT, whereas in Study II, 

only AdT1ρ was sensitive to PTOA alterations in regions near the lesions. Moreover, 

AdT1ρ was the only parameter to differentiate experimental samples from the 

controls in regions near the lesions as well as region far away from the lesions. This 

suggests that AdT1ρ may not only reflect gross changes but also minor OA changes 

in the tissues. The superior sensitivity of AdT1ρ has also been reported in previous 

studies (23, 73). In Study I, AdT1ρ and AdT2ρ had weak- (but significant) to-

moderate associations with PG content and biomechanical properties, and the 

correlation coefficients were larger for AdT1ρ thanAdT2ρ. In Study II, both AdT1ρ 

and AdT2ρ were moderately associated with PG content, collagen fiber orientation 

and biomechanical properties, consistent with the previous studies (21, 73); and the 

correlation coefficients were similar between the two parameters. 

TRAFF, in which the spin-locking is achieved by sub-adiabatic RF pulses with 

very low SAR characteristics, has been found to provide a potential biomarker for 

evaluation of articular cartilage (22, 23). In Study I, TRAFF was neither associated 

with cartilage degeneration nor with any of the reference parameters. The 𝐵  and 

𝐵  field imperfections in Study I may have played a role in masking the changes 

and effect of the low amplitude spin-lock used for acquiring TRAFF. However, in 

Study II, TRAFF differentiated experimental samples from the controls in a region 

furthest away from the lesions, which is similar to AdT1ρ. This may indicate that 

the parameter is sensitive to the minor changes in regions least affected by the 

lesions. Moreover, a strong correlation was found between TRAFF and equilibrium 

modulus. Moreover, TRAFF was moderately associated with the dynamic modulus, 

PG content, and collagen fiber orientation.  

The major limitation in both studies I and II is the long scanning time, which 

is not feasible in a clinical setting. Moreover, the RF pulse power used in the clinical 
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setting is limited to relatively low spin-lock amplitudes (𝛾𝐵  500) due to SAR 

restrictions. In studies I and II, the RF peak power used for continuous-wave (high 

amplitude CWT1ρ) and adiabatic relaxation measurements were above the clinical 

standard. To avoid the long scanning time and to comply with the clinical standard, 

the most sensitive parameter with low SAR properties is warranted for clinical 

imaging. Another limitation for both studies I and II is utilizing the samples after 

one freeze-thaw cycle, which can alter the mechanical properties of the cartilage 

(146). However, this is a standard and required procedure for sample logistics. A 

relatively small sample size for the controls (6 samples) in Study II may have 

reduced the statistical power and resulted in the asymmetric comparison with the 

experimental group (14 samples). In Study I, a limited resolution (approximately 

10 voxels) along thin cartilage thickness in the rabbit model made tri-laminar 

analysis challenging. However, the resolution was comparable with that achieved 

for humans in the clinical setting. Finally, multiparametric MRI measurements in 

studies I and II were conducted ex vivo at a high field (9.4 T), warranting validation 

of the measured parameters in vivo at clinical field strengths. 

Many qMRI parameters are prone to the magic angle effect, which describes 

the dependence of the MRI measurements on the orientation of the sample (of 

oriented structures) with respect to the main magnetic field. Previous studies have 

demonstrated the independence of T1 and AdT1ρ, and the dependence of T2, low 

spin-lock amplitude CWT1ρ, AdT2ρ and TRAFF on the orientation of the tissue 

constituents with respect to 𝐵  (17, 81, 114). The orientation-dependent parameters 

are prone to the magic-angle effect, which can lead to signal error and confound 

differentiation between normal and degenerated tissues (17, 147). To address the 

issue, the samples in both studies I and II were positioned in the scanner in order 

to have 𝐵  perpendicular to (Study I) or aligned with (Study II) the surface normal 

to the area of interest (Figs. 7–8), which significantly reduced the magic angle 

effect on the signal evolution. 

In summary, from the discussion above it seems that a multiparametric 

quantitative MRI measurement can provide a more comprehensive evaluation of 

the ultrastructural changes in articular cartilage. Though each qMRI parameter 

provided complementary information on different tissue properties, a systematic 

comparison of the qMRI parameters indicated that T1, CWT1ρ and AdT1ρ detected 

cartilage degeneration in a rabbit model of early OA as well as equine model PTOA. 

Moreover, T1 had a strong (and the highest) correlation with the biomechanical 

properties of articular cartilage and was moderately associated with the PG content 

and collagen fiber orientation. However, the T1 relaxation is field-dependent and 
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these findings are obtained utilizing an ultra-high field MRI scanner, warranting in-

vivo studies to prove the clinical translatability of the parameter. CWT1ρ 

demonstrated variable properties in two different animal models. The parameter 

was more sensitive to the degenerative alterations at higher spin-locking amplitudes 

in the early OA model, whereas in the PTOA model, it was more associated with 

the degenerative cartilage changes and structural properties at low spin-locking 

amplitudes. Thus, CWT1ρ reflected different tissue properties at varying spin-

locking amplitudes. The findings of CWT1ρ at low spin-lock amplitude (𝛾𝐵  500) 

are promising for its utility in the clinical setting. Compared to CWT1ρ, AdT1ρ had 

higher correlation with PG content and biomechanical properties in the early OA 

model, but the correlation was lower in the PTOA model. Moreover, AdT1ρ was the 

only parameter to distinguish experimental samples from controls in regions 

adjacent to the lesions as well as regions further away from the lesions, suggesting 

the sensitivity of the parameter to both minor and gross OA alterations. Thus, AdT1ρ 

could be recommended as a potential candidate for translation into the clinical 

assessment of human OA. Though T2 was unable identify PTOA changes, the 

parameter was sensitive to cartilage degeneration 2 weeks post-ACLT and 

moderately correlated to all reference parameters, including collagen fiber 

orientation in the PTOA model. Thus, T2 is not only a biomarker reflecting collagen 

fiber integrity but is also associated with early OA changes and other properties of 

cartilage such as PG content and biomechanical properties. AdT2ρ was sensitive to 

the degenerative changes 8 weeks post-ACLT and was moderately correlated to all 

reference parameters in Study II. TRAFF was sensitive to the regions least affected 

by the lesions in the PTOA model, and it was strongly associated with the 

equilibrium modulus and moderately associated with the other reference 

parameters.  

7.2 qMRI evaluation of meniscus in clinical OA in humans 

In Study III, adiabatic RFR parameters, namely AdT1ρ and AdT2ρ, were utilized to 

evaluate structural changes in the meniscus tissue of mild OA (KL = 1, 2) patients 

and asymptomatic volunteers. Though the relaxation differences between the 

patients and the volunteers did not reach statistical significance, the parameters 

were associated with morphological MOAKS findings, including meniscal tears 

and full-thickness cartilage lesions.  

Tears in the posterior horn of the medial meniscus are quite common (148). In 

line with that, based on MOAKS assessment, most of the tears were found in the 
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medial meniscus. Prolonged AdT1ρ and AdT2ρ in subjects with meniscal tears and 

full-thickness cartilage lesions, respectively, were detected in the posterior horn of 

the medial meniscus. The presence of meniscal tears and cartilage lesions in regions 

associated with prolonged AdT1ρ and AdT2ρ could be reflective of early 

degenerative alterations in the menisci matrix (77, 141, 149). The association of the 

meniscal tears with increased cartilage loss in the same compartment, particularly 

posterior horn, was also reported previously (59). 

Previous in vivo MRI studies of menisci have demonstrated the potential of 

CWT1ρ and T2 in differentiating OA patients from healthy subjects (19, 20). In the 

current study, though statistically non-significant, there was a trend for AdT1ρ and 

AdT2ρ being elevated in multiple meniscal horn of the patients compared to the 

corresponding regions in volunteers. There were statistically significant differences 

between the two cohorts but disappeared after conservatively correcting the p-

values for multiple ROI comparisons. This implies studies with large sample size 

for each group in order to demonstrate the potential of AdT1ρ and AdT2ρ in the 

clinical setting.  

Both AdT1ρ and AdT2ρ were highly reproducible, with larger repeatability 

variations in AdT2ρ compared to AdT1ρ, which is critical for biomarker validation. 

The intra-observer reproducibility in the current study (CV ≤ 3.19%) was relatively 

small compared to previously reported intra-observer variations (CV ≤ 7.43%) for 

CWT1ρ in a similar cohort study (20). The largest reproducibility variations in the 

current study were found with inter-observer analysis, which is by definition a 

subjective analysis. This implies a need for automated segmentation to compensate 

for the variability errors caused by different readers. The largest variations were 

consistently found in the anterior horn of the medial meniscus, which was not only 

a region that is more difficult to segment than the posterior horn, but is also 

comprised of the smallest ROIs, making segmentation challenging as well as 

increasing the chances of partial volume effect. 

A small sample size and the cross-sectional nature of Study III may have 

limited the statistical power and prevented a comparison between the groups to 

reach statistical significance. A potential source of uncertainty was to compare 

subjects based on their symptoms. Multiple studies, including the present study, 

reported meniscal tears in subjects without any symptoms of OA, such as knee pain 

or stiffness (78, 150, 151). Thus, a true reference standard is needed, in which 

arthroscopic and histologic data is available, to validate the association of AdT1ρ 

and AdT2ρ with meniscus tissue constituents. Moreover, quantitative relaxation 

analysis of the meniscal horns was carried out on a single 3 mm-thick slice in the 
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sagittal plane, leading to underestimation of lesions in the body of the meniscus. 

The main reason for acquiring a single slice per femoral condyle was to minimize 

the SAR and keep the total acquisition time within an acceptable range. 

To summarize, in a cohort of mild OA patients and asymptomatic volunteers, 

AdT1ρ and AdT2ρ were elevated in regions associated with meniscal tears and full-

thickness cartilage lesions, respectively. Both AdT1ρ and AdT2ρ measurements are 

highly reproducible, with AdT1ρ having less repeatability errors compared to AdT2ρ. 

7.3 Future prospects 

To translate from bench to bedside, the ultimate goal is to provide a sensitive and 

clinically feasible biomarker that is able to differentiate OA patients from healthy 

subjects. In this thesis, different experimental models support the idea that qMRI 

parameters are able to convey complementary information associated with tissue 

properties and structural alterations, which can be relevant to different OA 

pathology in clinical domain. To be more specific: (i) T1, T2, CWT1ρ and AdT1ρ 

were able to differentiate degenerative alterations and correlate to compositional 

and biomechanical properties of articular cartilage in a small animal model of early 

OA (Study I); (ii) T1, CWT1ρ and AdT1ρ distinguished degeneration in articular 

cartilage affected by near chondral lesions and were highly associated with the 

compositional and biomechanical properties of the tissues in a large animal model 

of PTOA (Study II), and (iii) AdT1ρ and AdT2ρ detected alterations in meniscus 

tissues associated with meniscal tears and full-thickness cartilage lesions in human 

OA (Study III). 

The future goal, in general, is to validate the potential of the qMRI parameters 

by considering the limitations at different stages of this thesis. In particular, the 

intention is to conduct in vivo studies with large sample sizes using T1, low spin-

lock amplitude CWT1ρ, AdT1ρ, and TRAFF in clinical studies of human OA. Though 

the clinical validation for most of the mentioned qMRI parameters have been 

performed (19, 105, 112, 113), the focus of future work will be more on multi-slice 

or 3D application of the most robust (insensitive to the external field 

inhomogeneities) version of the mentioned qMRI parameters with large sample 

sizes in the clinical realm. The main challenges in implementing the qMRI 

parameters in clinical settings would be the SAR properties of the parameters and 

acquisition time. In addition to that, factors that potentially confound the sensitivity 

of the parameters will be taken into account, such as the magic angle effect in the 

case of the low spin-lock amplitude CWT1ρ and TRAFF (17). Considering these 
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challenges, the focus of future studies would be more toward AdT1ρ, which has 

clinically acceptable SAR properties and acquisition time. 
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8 Summary and conclusions 

The main findings of this thesis can be summarized as follows: 

1. T1, T2, CWT1ρ and AdT1ρ were able to distinguish degenerative alterations and 

correlated with the compositional and biomechanical properties of articular 

cartilage in a rabbit model of early OA. 

2. T1, CWT1ρ, AdT1ρ and TRAFF distinguished degeneration in articular cartilage 

induced by near-chondral lesions and were highly associated with the 

compositional and biomechanical properties of the tissues in an equine model 

of PTOA. 

3. CWT1ρ reflected different tissue properties at varying spin-locking amplitudes. 

High spin-lock amplitude CWT1ρ was sensitive to the degenerative cartilage 

changes in the rabbit model of early OA, whereas low spin-locking amplitude 

CWT1ρ was associated with cartilage properties and structural changes in the 

equine model of PTOA.  

4. AdT1ρ and AdT2ρ detected alterations in meniscus tissues associated with 

meniscal tear and full-thickness cartilage lesions in vivo in a human OA. 
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