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Abstract 

Osteoarthritis (OA) is a very common disease, especially in the knee. It is 

characterized by the breakdown of articular cartilage but involves all parts of the 

joint. OA is usually diagnosed at a late stage when the articular cartilage has begun 

to disappear. What happens before these macroscopic alterations is to a large extent 

unknown. In this thesis the focus is on articular cartilage and meniscus and methods 

to study these tissues. 

Magnetic resonance imaging (MRI) is suitable for imaging of cartilage and 

meniscus, and quantitative imaging methods have the potential to probe the 

molecular composition and microstructure. Using such methods, we can gain new 

insight in the development of OA and the role of different structures of the knee.  

The results of this thesis show that MR relaxation times T2*, T2 and T1 are longer 

in the posterior horn of medial menisci from patients with severe medial 

compartment knee OA, compared both to the contralateral meniscus and menisci 

from deceased donors without known knee OA (Paper I). Relaxation times also 

seem to reflect more subtle changes in the meniscus as they are associated with gold 

standard histopathological scoring of degeneration characteristics (Paper II). 

gagCEST is a promising MRI method that has the potential to directly reflect the 

glycosaminoglycan (GAG) depletion within early degeneration of articular 

cartilage. However, in a phantom study in this thesis, gagCEST demonstrated a low 

sensitivity to the type of GAG most abundant in mature human articular cartilage 

(Paper III).  

An intrinsic limitation to MRI is the low spatial resolution. Even though MRI-based 

techniques may have the ability to probe the microscopic composition, other 

methods are needed to directly visualize the microstructure of the tissue. Here we 

show that synchrotron radiation (SR)-based microcomputed tomography (µCT) 

with phase contrast enhancement can resolve the collagen fibre structure of 

meniscus tissue, including fibre crimping and structural changes related to 

degeneration (Paper IV). Imaging of tissue samples without fixation or embedding 

is of interest in studies of meniscus biomechanics. 

The methods evaluated in this thesis have the potential to detect and follow tissue 

degeneration in articular cartilage and meniscus and could become valuable tools in 

future studies to increase our knowledge of disease progression in OA. 
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Populärvetenskaplig 

sammanfattning  

Artros är en väldigt vanlig ledsjukdom som ofta drabbar knäleden. Diagnosen ställs 

ofta först när ledbrosket som klär benytorna i leden börjar försvinna men mer subtila 

förändringar börjar långt innan dess. Inte bara ledbrosket utan även andra delar av 

knät är inblandade i utvecklingen av artros, t.ex menisker, ben och ligament. Den 

här avhandlingen fokuserar på ledbrosk och menisk och bildbaserade metoder för 

att studera dessa vävnader och hur de påverkas vid artros. 

Glykosaminoglykan (GAG) är en viktig beståndsdel i ledbrosk som drar åt sig vatten 

medan strikt ordnade fiber bestående av kollagen hindrar vävnaden från att svälla 

trots den stora mängden vätska. Denna egenskap ger brosket dess viktiga 

stötdämpande förmåga. I ett tidigt stadium av artros minskar mängden GAG och 

kollagennätverket börjar brytas ned vilket gör att ledbrosket kan förlora viktiga 

funktionella egenskaper. 

I varje knä finns två menisker som sitter som halvmåneformade kilar mellan lårbenet 

och skenbenet där de hjälper till att fördela trycket jämnt och avlasta ledbrosket. 

Vad som händer i menisken vid artros är inte lika väl studerat som i ledbrosk men 

skador på menisken är vanligt i samband med artros.  

Makroskopiska skador på brosk och menisk kan ses med hjälp av 

magnetkamerateknik (MR). MR är en bildtagningsmetod som inte använder sig av 

joniserande strålning (som t.ex. röntgen) och som lämpar sig väl för att undersöka 

leder. MR-bildens egenskaper är beroende av vävnadens struktur och uppbyggnad 

på en molekylär nivå och olika metoder kan användas för att mäta parametrar som 

även reflekterar vävnadens egenskaper. Några sådana metoder för användning i 

ledbrosk och menisk utvärderas i den här avhandlingen.  

I två av delarbetena utvärderades mätning av de MR-specifika parametrarna T1, T2 

och T2*, även kallade relaxationstider. Dessa parametrar förändras beroende på 

t.ex. vatteninnehåll och hur strukturerat kollagenet är i brosk och menisk. I 

utplockade menisker från patienter med långt gången artros visade sig uppmätta 

relaxationstider vara tydligt längre än i menisker från avlidna donatorer utan någon 

känd knäledsproblematik. Längre relaxationstider var också associerade med högre 

grad av nedbrytning av vävnaden, utvärderad genom så kallad histopatologi, d.v.s. 

genom att studera vävnaden i mikroskop. Dessa resultat tyder på att denna typ av 
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mätningar kan vara användbara metoder för att studera meniskens roll i 

artrosutveckling. 

GAG chemical exchange saturation transfer (gagCEST) är en MR-baserad metod 

som kan detektera förekomsten av GAG i vävnad. Den är därför av stort intresse för 

att följa förlusten av GAG som sker i ledbrosk vid ett tidigt skede av artros. I försök 

med GAG i lösning visade våra resultat att det har betydelse vilken sorts GAG man 

mäter på och att gagCEST-tekniken inte är speciellt känslig för den typ av GAG 

som dominerar i mänskligt ledbrosk. Detta är ett stort potentiellt problem för 

metoden och det är därför viktigt med fortsatta studier för att utvärdera om metodens 

känslighet för olika GAG-typer är densamma i vävnad som i lösning och om 

gagCEST-tekniken i så fall kan optimeras för att bättre detektera det GAG som finns 

i ledbrosket.  

En begränsning med MR är den låga upplösningen i bilderna. Även om kvantitativa 

parametrar innehåller information om vävnadens struktur på en mikroskopisk nivå 

är det också viktigt att kunna observera dessa strukturer mer direkt. 

Synkrotronljusbaserad mikro-datortomografi (µCT) med faskontrast är en teknik 

som kan avbilda vävnadsprover i 3D, utan att förstöra provet, och ger bilder med 

mycket hög upplösning. Synkrotronljus produceras i en synkrotronljusanläggning 

där elektroner accelereras till nära ljusets hastighet för att producera 

röntgenstrålning som bland annat kan användas för bildtagning med µCT-teknik.  

Vid bildtagning med konventionella mikroskopimetoder krävs vanligtvis att 

vävnaden fixeras i formalin och bäddas in i paraffin vilket är opraktiskt vid studier 

av vävnadens biomekaniska egenskaper, t.ex. hur den reagerar på tryck. Resultatet 

i den här avhandlingen visar för första gången att meniskvävnad och dess 

fiberstrukturer kan avbildas med god upplösning utan fixering eller inbäddning med 

hjälp av synkrotronljusbaserad µCT med faskontrast.  

Bildtagningsmetoder som de som utvärderats i den här avhandlingen kan bli till stor 

hjälp i framtida studier som verktyg för att undersöka och följa vävnadens 

nedbrytning i menisk och ledbrosk i samband med artros. 
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1 Introduction 

Pain and reduced joint function are a part of the everyday life for a lot of people 

who are suffering from osteoarthritis (OA). OA is characterized by the degradation 

of articular cartilage and can affect almost any joint in the body such as fingers, 

shoulders, hips, or knees. Of these, OA of the knee is among the most common and 

often leads to immobility and reduced physical activity. Besides a negative effect 

on the quality of life due to pain and disability, OA is also associated with a higher 

risk of cardiovascular disease (Fernandes and Valdes 2015, Wang, Bai et al. 2016, 

Nelson 2018). OA is very common, and the prevalence is likely to increase as old 

age and overweight are important risk factors.  

Physical activity may prevent development of OA and help relieve mild symptoms, 

but no cure or disease modifying drug exists. At a late stage, the only option may be 

to replace the entire knee joint with a prosthesis. A so called total knee joint 

replacement (TKR) often does not fully restore physical function and, although a 

knee prosthesis can last for 25 years or longer, it may have to be replaced eventually 

which is especially important to consider for younger patients (Evans, Walker et al. 

2019).  

OA is often said to be a wear and tear disease, but its origin and what is happening 

at early stages remains to be elucidated. Previous meniscus or ligament injury is 

known to be a risk factor for developing OA. It is thus important to consider the 

whole joint and not only the articular cartilage when studying the condition (Poole 

2012). To be able to follow the disease progression we need methods to detect 

changes both in macroscopic as well as microscopic structures of the joint tissues. 

Evaluation of OA is traditionally made using radiographs. Soft tissue like articular 

cartilage and menisci are not visible in such images but the space between the bones 

in the joint can be seen to decrease with progressing OA as the articular cartilage 

diminishes. Naturally, this method is not sensitive to early degenerative changes and 

for closer investigation of the different joint tissues it is necessary to study these 

tissues directly. 

Magnetic resonance imaging (MRI) offers high soft tissue contrast, is non-invasive 

and does not rely on ionizing radiation. It is thus a very suitable method for 

examination of joint tissues in vivo. Although its relatively low spatial resolution, 

compared to e.g., computed tomography (CT), restricts the use to visualization of 

macroscopic structures, there exists MRI techniques with the potential of probing 
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the microstructure and reveal information about the chemical environment in the 

tissue. Examples of such suggested techniques include sodium (23Na) imaging, 

glycosaminoglycan chemical exchange saturation transfer (gagCEST) and 

relaxation time mapping. These kinds of methods are still under development and 

needs to be validated against gold standard methods before they can be used in e.g. 

longitudinal studies of OA progression. Especially in the meniscus, work remains 

to establish which methods can contribute to valuable information about tissue 

degeneration. 

Using ex vivo imaging and histology we may also be able to study the tissue 

microstructure directly and in more detail. Micro computed tomography (µCT) is a 

3D imaging method suitable for tissue samples. Synchrotron radiation (SR) and 

phase contrast can further improve the method with the potential of imaging soft 

tissue in its native form, i.e. without chemical fixation, embedding or addition of 

contrast agents. This would be especially beneficial for studies of tissue 

biomechanics as it could enable imaging during loading.  

Development of quantitative and semi-quantitative imaging methods are crucial for 

further studies that increase our knowledge of this very common and serious disease 

for the prospect of developing treatment options and/or a cure in the future. In this 

thesis, methods with the potential to reflect degenerative processes in articular 

cartilage and meniscus are evaluated.  
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2 Aim 

The aim of this thesis was to investigate the potential of quantitative and semi-

quantitative imaging-based methods to evaluate OA-related tissue degeneration and 

reflect disease severity in meniscus and articular cartilage. More specifically, the 

aims were 

• to investigate if MR relaxation times can be used to discriminate between 

normal and diseased human meniscus (Paper I) 

• to relate meniscus relaxation times to degenerative stage as established 

through gold standard histopathological scoring (Paper II) 

• to investigate how gagCEST effect relates to GAG concentration for GAG 

in different forms relevant for articular cartilage (Paper III) 

• to investigate the feasibility to perform SR-based µCT with phase contrast 

enhancement in non-fixed human meniscus tissue (Paper IV)  
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3 Cartilaginous structures of the knee 

The knee is one of the joints most commonly affected by OA and all parts of the 

knee are likely involved in the disease progress (Poole 2012). For example, meniscal 

damage is associated with development of OA (Englund, Guermazi et al. 2009) and 

acute injury to ligaments has been seen to be a risk factor (Lohmander, Englund et 

al. 2007, Barenius, Ponzer et al. 2014, Gong, Pedoia et al. 2016). Also bone 

deformations and lesions, as well as synovitis, has been reported to be signs of 

disease in the knee (Baker-LePain and Lane 2012, Felson, Niu et al. 2016). In this 

thesis, the focus is on articular cartilage and meniscus. This chapter gives a brief 

overview of the function and structure of these two cartilaginous tissues.  

 

  

Figure 1 Schematic illustration of a 
knee in a sagittal plane over the 
lateral meniscus. The anterior and 
posterior horn of the meniscus 
(purple) are seen as triangular 
shapes between femur and tibia. 
The bone surfaces of the femoral 
condyle and the tibial plateau are 
covered with a layer of articular 
cartilage (light blue). 
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3.1 Articular cartilage 

The bone surfaces within a joint are covered with articular cartilage (Figure 1) which 

has the ability to withstand load and reduce friction (Fox, Bedi et al. 2009). Articular 

cartilage is an avascular tissue with a sparse number of cells and the extracellular 

matrix consists mainly of water, collagen fibres (collagen type II) and 

proteoglycans. The collagen fibres are mainly oriented radially at the transition to 

the bone while more parallel to the surface in the superficial cartilage (Speer and 

Dahners 1979).  

 

 

Proteoglycans are proteins with covalently attached chains of glycosaminoglycan 

(GAG). Negatively charged GAG has a key role in the cartilage as it attracts positive 

sodium ions which in turn leads to an increase in the osmotic pressure. The strict 

collagen network keeps the tissue from swelling which results in a tissue that can 

hold a large amount of water and is pressure resistant. Degradation of the collagen 

Figure 2 Schematic picture of aggrecan composition with CS-A and CS-C. a) Multiple chains of CS covalently 
attached to a protein core forms the proteoglycan aggrecan which links to hyaluronic acid. b) chemical structure of 
CS-A and CS-C, respectively.  
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fibres and loss of proteoglycans in the early stages of OA reduces this ability 

(Martel-Pelletier, Boileau et al. 2008). For studies of OA, methods that are sensitive 

to disruption of the collagen network and changes in collagen and proteoglycan 

concentration are thus of interest. In paper III, we investigated an MR-based 

method aiming to estimate GAG content in cartilage tissue.  

The most abundant proteoglycan in articular cartilage is aggrecan which has a very 

large number of GAG chains attached to the protein core (Figure 2a). As the name 

implies, aggrecan has the ability to form large aggregates which are trapped within 

the collagen meshwork. This is done by linkage to hyaluronic acid. The most 

common GAG in aggrecan and cartilage is known as chondroitin sulphate (CS) 

which exist mainly in the form of type A and C. CS-A and CS-C differ only in the 

location of the negatively charged sulphate group (Figure 2b) (Pomin 2014). In very 

young cartilage, the majority of the CS is of type A but with maturation and ageing, 

type C eventually dominates (Bayliss, Osborne et al. 1999). For the method 

evaluated in paper III, we investigate the importance of distinguishing between 

these two CS types. 

3.2 Meniscus 

The medial and lateral menisci are two semi-lunar shaped cartilaginous structures 

(Figure 3) wedged in between the femur and tibia on each side of the knee joint 

(Figure 1). The main function of the meniscus is to increase the contact area between 

the bones to distribute load and reduce the pressure on the articular cartilage (Fox, 

Wanivenhaus et al. 2015). We studied meniscus tissue using different imaging 

techniques in paper I, II and IV. 

Meniscus tissue consists of strictly organized collagen fibres forming thicker 

bundles that are orientated mainly in a circumferential direction (Petersen and 

Tillmann 1998). The collagen is of another type (mainly type I) than what is found 

in articular cartilage and unlike cartilage fibres, the meniscus fibres are crimped, 

which means they have a wavy shape (Aspden, Yarker et al. 1985, Wren and Carter 

1998). In paper IV, we can observe this phenomenon directly using a SR-based 

imaging technique. Crimping of collagen fibres are likely important for the 

biomechanical properties of the meniscus tissue such as withstanding tensile stress 

(Diamant, Keller et al. 1972, Michalek, Kuxhaus et al. 2018). 
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The meniscus is commonly divided 

into three zones, each constituting a 

third of the meniscus width from the 

inner thin tip to the outer border. The 

outer zone is supplied with blood and 

nerves while the inner zone is 

avascular and more similar to articular 

cartilage as it also contains more 

collagen type II (Cheung 1987, 

Folkesson, Turkiewicz et al. 2020).  

Damage to the meniscus in form of 

tears can be acute, e.g. from sport-

related injury, or degenerative 

(Poehling, Ruch et al. 1990). 

Degenerative tears are common in the 

middle-aged and elderly population, 

especially in conjunction with knee 

OA (Jerosch, Castro et al. 1996, 

Englund, Guermazi et al. 2008, 

Englund, Guermazi et al. 2009) and a 

torn meniscus may also in some cases be the first sign of incipient OA (Englund, 

Guermazi et al. 2009). The posterior horn of the medial meniscus has been reported 

to be especially prone to degeneration (Kumm, Roemer et al. 2016, Dube, Bowes et 

al. 2018). This is the reason we chose to focus on the posterior horn of patients with 

medial knee OA in paper I-II. 

With degeneration, the collagen network gets disrupted. Degenerated menisci have 

been reported to be larger in size compared to healthy menisci, indicating swelling 

of the tissue which could be related to the looser collagen structure (Jung, Lee et al. 

2010, Kestilä, Folkesson et al. 2019). The increase in water content may be the 

reason that the concentration of proteoglycan has been reported to decrease in fresh 

tissue while for dried samples, as seen in histological slices, the proteoglycan 

content actually increases (Herwig, Egner et al. 1984, Sun, Mauerhan et al. 2012). 

The measured increase in proteoglycan has been suggested to be a sign of the 

meniscus ability for regeneration (Adams, Billingham et al. 1983). However, the 

concentration of proteoglycans in meniscus tissue is much lower compared to 

articular cartilage (Önnerfjord, Khabut et al. 2012) and imaging methods related to 

the collagen structure are therefore usually the focus for meniscus research in OA. 

In paper II, we investigated the association of three quantitative MR parameters 

with meniscus degeneration. 

Figure 3 Schematic illustration of the medial and lateral 
menisci (including meniscal attachments) of a right knee seen 
from above. 



19 

4 Imaging-based methods to study 

tissue degeneration 

MRI is a widely used image modality 

for examination of joint tissues. It 

offers non-invasive 3D imaging with 

good soft tissue contrast and is 

available at most hospitals. Acquisition 

parameters can be tailored to achieve 

images of different desired contrasts, 

for example as the image in Figure 4. 

By varying certain parameters in a 

series of MR measurements and 

applying appropriate image analysis, 

MRI can also be used for quantitative 

measurements of properties that relate 

to the molecular environment of the 

tissue. Some quantitative MRI-based 

methods use standard sequences that 

are already implemented on clinical 

systems. Others require special 

hardware and/or software. Different 

quantitative MRI-based methods, described in chapter 4.1 below, are evaluated in 

paper I-III for measurements in meniscus and articular cartilage. 

An intrinsic limitation of MRI is the low spatial resolution. Histology (Chapter 5.1) 

and microscopy techniques are useful for visualization of individual structures 

within the tissue but rely on tissue preparation and staining. An alternative method 

for non-destructive 3D imaging of ex vivo tissue samples is µCT (Kestilä, Folkesson 

et al. 2019). Using a SR source and phase contrast enhancement, high resolution can 

be achieved without the use of chemical fixation and contrast agents (Pierantoni, 

Silva Barreto et al. 2021). We demonstrate this for meniscus tissue in paper IV and 

the technique is described further in chapter 4.2. 

Figure 4 Example MRI image of a knee in a sagittal 
plane centered over the lateral condyle. The image is 
acquired at 7 T using a 3D SE sequence with fat 
saturation, 32 ms TE and 1300 ms TR. 
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4.1 Quantitative MRI 

In MRI, the signal originates from the hydrogen nuclei in the tissue, mainly in water 

and fat. The hydrogen nuclei have an intrinsic magnetic moment and in a strong 

magnetic field a net magnetization will arise as they rearrange predominantly in the 

direction of the external field. This longitudinal magnetization can be manipulated 

by applying radiofrequency (RF) pulses at a specific frequency (the Larmor 

frequency) to create a time varying transverse magnetization that can be detected as 

the MR signal. After RF excitation, the system will return to its equilibrium state 

through the process known as relaxation. In this process, the MR signal decays (T2 

and T2* relaxation) and the initial magnetisation along the main magnetic field is 

restored (T1 relaxation). The time it takes for the system to relax depends on the 

molecular composition of the tissue and mapping of relaxation times, conducted 

through voxel-wise measurements of the time constants T2*, T2 and T1, is therefore 

of interest in studies of the microscopic conditions of tissue. Except for 

quantification of relaxation times, also other quantitative imaging methods are 

available. In this section, a brief overview is given on methods previously used to 

characterize meniscus and cartilage degeneration. The methods used in this thesis 

are described more in detail in chapter 4.1.1, 4.1.2 and 4.2. 

For research on articular cartilage, most MR-based methods aim to reflect the GAG 

content or macromolecular structure. Methods like delayed gadolinium enhanced 

MRI of cartilage (dGEMRIC), gagCEST, 23Na imaging and T1ρ mapping are all 

considered to relate to the GAG concentration directly or indirectly while for 

example T2 mapping, both in articular cartilage and in meniscus, is thought to 

reflect the integrity of the collagen network (Mosher, Smith et al. 2001, Menezes, 

Gray et al. 2004). We measure T2 in the meniscus in paper I-II, and it is described 

in more detail below (Chapter 4.1.1.1). 

dGEMRIC has until recently been an important method for evaluation of cartilage 

quality. It has been shown that the cartilage uptake of the ionic Gd-based contrast 

agent used in this method correlates to the degenerative stage of articular cartilage 

in vivo (Bashir, Gray et al. 1996, Trattnig, Mlynárik et al. 1999). The method is 

however time consuming and rely on intravenous injection of the contrast agent Gd-

DTPA2+. Also, due to recent safety concerns regarding the use of such linear Gd-

based contrast agents (Gulani, Calamante et al. 2017), dGEMRIC, as it was 

originally implemented, is no longer an alternative. T1 measurements are the basis 

of dGEMRIC but is of interest also in native tissue. 

T1ρ is often described as T1 in the rotating frame. It describes the decay of 

transverse magnetization (Chapter 4.1.1) during a spin-lock pulse. Measurement of 

T1ρ requires a non-standard imaging sequence and may be challenging at high field 

strength due to the high specific absorption rate (SAR) associated with the spin-lock 

pulse (Singh, Haris et al. 2014).  
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In 23Na imaging the MR signal comes from sodium instead of hydrogen which is 

otherwise the standard signal source in MRI. This method is appealing, because the 

signal intensity in sodium images is, in principle, proportional to the concentration 

of sodium in cartilage and thus also the concentration of negatively charged GAG 

(Chapter 3.1). A disadvantage of this method is however the low signal to noise 

ratio (SNR) due to lower concentration of sodium in the body (~9×10-4), and the 

lower gyromagnetic constant of sodium compared to hydrogen (Brown, Cheng et 

al. 2014). 23Na imaging also requires special hardware.  

Also a few studies have been made exploring the potential of mapping magnetic 

susceptibility (QSM) in cartilage and meniscus (Wei, Dibb et al. 2017, Wei, Gibbs 

et al. 2017, Nykänen, Rieppo et al. 2018, Nykänen, Sarin et al. 2019, Wei, Lin et al. 

2019, Zhang, Li et al. 2021) and it has been reported that the different layers in 

cartilage (Chapter 3.1) can be differentiated by the anisotropic susceptibility 

(Nykänen, Rieppo et al. 2018, Wei, Lin et al. 2019). In meniscus, the measured 

susceptibility may thus be affected by loss of fibre organisation (Wei, Dibb et al. 

2017). QSM in the knee is challenging, compared to for example the brain, due to 

the structural variety and the presence of fat (Wei, Dibb et al. 2017). 

The following sections describe in more detail the methods used in this thesis.  

4.1.1 Relaxation time mapping 

4.1.1.1 T2 and T2* 

In articular cartilage, T2 and T2* have been shown to reflect collagen content and 

organisation and has been reported to be extended in cartilage affected by OA 

(Crema, Roemer et al. 2011). In meniscus tissue, T2 and T2* has been reported to 

increase with degeneration both ex vivo and in vivo (Williams, Qian et al. 2012, 

Nebelung, Tingart et al. 2016, Eijgenraam, Bovendeert et al. 2019). In the meniscus, 

ex vivo T2 has been reported to correlate with water content, surface fraying and 

cellularity (Son, Goodman et al. 2013, Nebelung, Tingart et al. 2016) while the 

connection to GAG and collagen content is more uncertain (Son, Goodman et al. 

2013).  

T2 and T2* relaxation involves dephasing of the transverse magnetisation caused 

by local field variations originating from the dipole field surrounding each hydrogen 

nucleus (T2) and from larger fixed inhomogeneities in the main magnetic field 

(T2’). T2* includes both of these effects according to 1/T2∗  =  1/T2 +  1/T2’.  

Due to the strict collagen network in articular cartilage, and especially in meniscus 

(Chapter 3), the movement of water in the tissue is restricted which leads to short 

T2 and T2* relaxation times. In materials where the hydrogen is more free to move, 

local field variations are more likely to cancel out, resulting in slower dephasing of 

the magnetisation.  



22 

For healthy knee articular cartilage, T2 has been reported to be about 30-50 ms, 

varying with cartilage depth and location (Mosher, Smith et al. 2001, Smith, Mosher 

et al. 2001, Dunn, Lu et al. 2004, Kurkijärvi, Nissi et al. 2004). Meniscus tissue has 

been reported to have even shorter T2 relaxation times of 8-22 ms (Rauscher, Stahl 

et al. 2008, Liu, Samsonov et al. 2015, Calixto, Kumar et al. 2016, Hada, Ishijima 

et al. 2017).  

To quantify the relaxation time constant T2 or T2*, a multi-echo sequence is 

commonly used to capture the signal decay by measurements at different echo times 

(TE). The signal intensity measured at each TE will then depend on either T2* or 

T2 according to 

𝑆 ∝ 𝑆0 𝑒−𝑇𝐸/𝑇2(∗)
  

and the time constant T2(*) can be estimated by fitting an exponential curve to the 

measured signal S at different TE (Figure 5).  

The signal echoes are generated either only by the normal imaging gradients using 

a gradient echo sequence (GRE) or by 180° pulses in a spin echo sequence (SE), if 

we want the measured signal to reflect T2 rather than T2*. The fixed field 

inhomogeneities (T2’) are compensated for by the extra 180° RF pulse at TE/2 that 

refocus the magnetisation. 

TEs should be chosen so that a number of echoes are collected before the signal is 

lost. For cartilage, and especially meniscus, this may be challenging due to the short 

T2 in these tissues. To be able to collect the MR signal in the meniscus at several 

time points before it disappears, an ultrashort echo time (UTE) sequence is 

preferable (Bae, Du et al. 2010). UTE is a GRE-based sequence specifically adopted 

to be able to use extremely short TEs. We used an implementation of the UTE 

sequence in paper I-II to obtain multiecho 

images with a first TE of 0.5 ms for 

quantification of T2*. 

Most tissues have both longer and shorter 

T2 components and this may be particularly 

prominent in the meniscus where it can be 

challenging to achieve short enough TEs. 

Too long TEs may result in failure to detect 

short T2 components and hence 

overestimation of T2 (Kirsch, Kreinest et al. 

2013, Juras, Apprich et al. 2014, Liu, 

Samsonov et al. 2015). The measured value 

of T2 may thus, to some degree, be 

dependent on the chosen TEs. 

Figure 5 MR signal decay with T2*. Exponential curve 
fitted to experimental data from an ex vivo medial 
meniscus imaged at 9.4 T.  



23 

Another result of the strict organization of collagen fibres in cartilage and meniscus 

is that T2 and T2* in these tissues are subject to so called magic angles effects. This 

means that they are dependent on the orientation of the tissue relative the main 

magnetic field (Hager, Walzer et al. 2019). They appear the longest at the so-called 

magic angle at about 54.7° where the dipole field is zero and dipole-dipole 

interactions are at a minimum. This effect can be seen for example in T2 

measurements of femoral cartilage that is curved around the bone. To demonstrate 

this effect in meniscus, we measured T2* at 7T in an ex vivo bovine meniscus in 

five orientations at different angles to the main magnetic field. When the expected 

fibre direction of the meniscus was oriented at an angle close to the magic angle, 

T2* was clearly longer compared to when the meniscus was orientated with its 

fibres parallel (0) or perpendicular (90°) to the main magnetic field (Figure 6). To 

avoid bias from this effect in our measurements of T2 and T2* in human menisci, 

we did our best to position all samples in the same orientation as would have been 

the case in an in vivo examination (Paper I-II). 

 

4.1.1.2 T1 

T1 has not been as extensively studied in cartilage as T2, but has been reported to 

reflect water content (Berberat, Nissi et al. 2009). T1 has also been reported to be 

higher in articular cartilage of OA patients compared to healthy subjects although 

the difference is small (Tiderius, Olsson et al. 2003). In ex vivo meniscus, T1 has 

also been reported to increase with tissue degeneration (Nebelung, Tingart et al. 

2016), which we also explored further in paper I and II. 

The longitudinal relaxation time, T1, describes the relaxation of the magnetization 

back to the initial state of equilibrium after RF pulses are applied. In contrast to T2 

relaxation, this process involves an energy loss as the excitation energy is diffusing 

through the molecular lattice. The energy transfer is dependent on near-by spins of 

similar resonance frequency and this likelihood is increased by the presence of 

paramagnetic elements, e.g. paramagnetic contrast agents, that disturbs the local 

magnetic field.  

  

Figure 6 T2* map of bovine meniscus in three different orientations demonstrating the magic angle effect. 
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In a standard SE experiment, the signal S is dependent on TE and repetition time 

(TR) according to 

𝑆 ∝ 𝑆0𝑒−𝑇𝐸/𝑇2(1 − 𝑒−𝑇𝑅/𝑇1) 

T1 can then be estimated by fitting an exponential curve to the signal acquired at 

different TRs (keeping TE constant) in a similar way as for T2 estimation. We used 

this method in paper I-II as it is fast and implemented as a standard at the scanner 

that was used in those studies. The gold standard approach, at least at clinical 

scanners, is otherwise to use inversion recovery (IR) sequences with image 

acquisition at multiple inversion times (TI). In an IR experiment, the longitudinal 

magnetization is first flipped 180° before image acquisition at time TI. The signal 

at this time will be dependent on T1 since different components will have recovered 

to various extent due to faster or slower T1 relaxation. This method has the 

advantage of improved SNR but can be time consuming. Other methods available 

for T1 measurements include variable flip angle (Fram, Herfkens et al. 1987) or a 

Look-Locker sequence (Look and Locker 1970, Gowland and Mansfield 1993, 

Kimelman, Vu et al. 2006).  

T1 is strongly dependent on field strength. In healthy tissue, T1 has been reported 

to be about 1000 ms in cartilage at 1.5 T (Tiderius, Olsson et al. 2003) and 1740 ms 

at 9.4 T (Kurkijärvi, Nissi et al. 2004). In normal meniscus ex vivo, T1 has been 

reported to be about 630 ms at 3 T (Nebelung, Tingart et al. 2016) and we reported 

values of about 1600 ms at 9.4 T (Paper I).  

4.1.2 gagCEST 

The negatively charged GAGs has a key function in the cartilage (Chapter 3.1) and 

if we could detect changes in GAG concentration in vivo it would most likely be a 

valuable indicator of the tissue degenerative status. This chapter describes how the 

CEST technique can be used for detection of GAG.  

Hydrogen in metabolites such as GAG, will give rise to an MR signal at a distinct 

Larmor frequency, different from the frequency of water, but the MR signal from 

the metabolite would be too weak to image directly. By using the chemical exchange 

saturation transfer (CEST) technique, such low intensity sources of MR signal can 

still be detected (Guivel-Scharen, Sinnwell et al. 1998). CEST utilizes that the 

metabolite pool is connected to the water pool through so called chemical exchange 

of hydrogen atoms. Because of this exchange, RF saturation at the metabolite 

frequency will affect the MR signal measured at the water frequency. Since the 

metabolite pool is refilled with new unsaturated protons from the water pool during 

RF irradiation the saturation effect will be enhanced by the transfer to water. The 

decrease in the water signal will be proportional to the concentration of the 

metabolite. 
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Saturation can be achieved by applying a train of RF pulses with very high flip 

angle. The pulsed approach is important to reduce SAR when doing measurements 

in vivo. A too high SAR can otherwise cause increased tissue heating, beyond 

allowed levels. The design of the saturation pulse train, e.g. B1 power and duty cycle 

(length of pulses relative to the time in between) is of importance for the measured 

CEST effect (Saito, Mori et al. 2015, Peterson, Olsson et al. 2019). Saturation is 

repeated for frequency offsets in a wide range around the water frequency to form a 

so called CEST (or Z-) spectrum that displays the water signal (S) as a function of 

saturation frequency (𝜔), normalized to the unsaturated signal (S0) (Figure 7).  

 

Figure 7 Example of a simulated CEST spectrum with direct water saturation at 0 ppm. Chemical exchange with -OH 
groups give rise to the small peak at around 1 ppm from water. The unsaturated signal is used for normalization.  

The CEST technique has been applied to a lot of different compounds, both naturally 

occurring in the body and substances that are injected as a form of contrast agents. 

When targeting the GAG hydroxyl (-OH) groups, we call the method gagCEST 

(Ling, Regatte et al. 2008). The CEST method specifically targets the metabolite of 

interest and, in theory, the decrease in the measured signal is proportional to the 

metabolite concentration. Thus, gagCEST could potentially be used to measure the 

actual GAG concentration in vivo. In paper III, we therefore wished to evaluate 

how gagCEST reflect concentration of GAG relevant for human articular cartilage. 
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The gagCEST effect is commonly evaluated as the Magnetisation Transfer Ratio 

asymmetry (MTRasym): 

𝑀𝑇𝑅𝑎𝑠𝑦𝑚(Δ𝜔) =
𝑆(Δ𝜔) − 𝑆(−Δ𝜔)

𝑆0
 

Where S denotes the water signal at saturation frequency offset Δω and S0 denotes 

the unsaturated signal. MTRasym builds on the assumption that, except for the effect 

of chemical exchange, the CEST spectrum is symmetric around the water frequency 

(0 ppm) and by comparing the spectrum at either side of the water peak, the effect 

of direct water saturation can be subtracted, leaving only the CEST effect. In this 

way, we calculated an MTRasym spectrum that was averaged over a small interval 

of 0.7-1.1 ppm to cover the -OH frequency of about 0.9 ppm (Paper III).  

In practise, the CEST spectrum is not perfectly symmetric and in tissue there can be 

several sources of CEST effect, with a risk of overlapping peaks. Other ways of 

evaluating the CEST spectrum exists, for example Lorentzian fitting that has been 

tested in articular cartilage (Zaiss, Schmitt et al. 2011, Brinkhof, Nizak et al. 2018). 

The specific case of gagCEST can be particularly difficult because of the small 

frequency difference between -OH and water, especially in combination with the 

wide peaks that are a result of the short T2 of cartilage. Another disadvantage is the 

fast exchange of the hydrogen between GAG and water, that is close to the limit for 

CEST to be functional, with the risk of insufficient saturation and further broadening 

of the -OH peak (van Zijl, Jones et al. 2007). The gagCEST effect can also be 

influenced by differences in pH (Melkus, Grabau et al. 2014) and in T2 (Müller-

Lutz, Schleich et al. 2016). Since T2 may change in connection with degeneration 

and GAG loss, it is important to consider that there is a potential for bias in the 

gagCEST effect from changes in T2. The size of both the CEST effect and the 

potential T2 bias is dependent on the saturation pulse train. A saturation scheme that 

maximizes the gagCEST effect size is thus not necessarily the one that gives the 

most information about GAG concentration (Peterson, Olsson et al. 2019).  

Because of the stronger magnetization and larger chemical shift, a high field 

strength is advantageous for the magnitude of the CEST effect (Singh, Haris et al. 

2012) which is why we chose to perform our experiments on a 7 T scanner (Paper 

III). However, B0 inhomogeneity is a problem for gagCEST, especially at high field 

strengths, and leads to uncertainty in the frequency which can result in inaccurate 

MTRasym values. The Water Saturation Shift Referencing (WASSR) method (Kim, 

Gillen et al. 2009) is often used to address this issue. Measurements similar to the 

CEST acquisition are then used but with lower saturation to only affect the water 

and thus get a more exact measurement of the water frequency in each voxel. This 

can then be used to shift the CEST spectrum and improve the results.  

gagCEST has been implemented for use in both articular cartilage and intervertebral 

discs. For example, in intervertebral discs, gagCEST measurements has been 
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compared to morphological scoring as a measure of degeneration (Schleich, Müller-

Lutz et al. 2016, Schleich, Müller-Lutz et al. 2016, Wada, Togao et al. 2017, Togao, 

Hiwatashi et al. 2018) and between healthy and diseased tissue (Haneder, Apprich 

et al. 2013). In articular cartilage, comparisons have been made with The Visual 

Analogue Scale (VAS) pain score and different morphological scoring with 

promising result (Krusche-Mandl, Schmitt et al. 2012, Lee, Yang et al. 2017) and 

with varying results also to other MR-based methods such as dGEMRIC (Rehnitz, 

Kupfer et al. 2014), 23Na imaging (Schmitt, Zbýn et al. 2011, Krusche-Mandl, 

Schmitt et al. 2012), T2 (Krusche-Mandl, Schmitt et al. 2012, Wei, Lambach et al. 

2017) and T1𝜌 (Kogan, Hargreaves et al. 2017). 

Validation of the method has been done mainly with solutions of CS-A which gives 

an indisputable linear relationship between MTRasym and GAG concentration 

(Kim, Chan et al. 2011, Wada, Togao et al. 2017). gagCEST effect related to GAG 

concentration has also been tested indirectly by enzymatic degradation of GAG in 

animal cartilage (Saar, Zhang et al. 2012). However, while CS-A is the main GAG 

component in very young cartilage, CS-C is dominating in adult human articular 

cartilage (Chapter 3.1). It is therefore important that gagCEST is validated also 

specifically for CS-C (Paper III).  

4.2 SR-based µCT with phase contrast 

The MR-based methods listed above has the potential of probing the microstructure 

of the cartilage and meniscus tissue and may be important tools to follow and study 

OA progression in the knee. However, they are all limited by the low spatial 

resolution of MRI and for certain purposes, e.g. studying the effect of loading on 

collagen fibres, it may be advantageous to be able to image the fibre structure 

directly.  

Laboratory µCT offers 3D imaging of tissue samples with high resolution that can 

directly resolve the tissue microstructure. Soft tissue such as meniscus and cartilage 

attenuate X-rays to a very low degree, traditionally resulting in low contrast. Soft 

tissue contrast can be achieved by different preparation of tissue such as addition of 

a contrast agent or drying (Kestilä, Thevenot et al. 2018). Another option is using 

phase contrast enhancement, a technique where the X-ray beam is allowed to 

interfere with itself after passing through the sample. This is achieved by moving 

the detector further away from the sample and results in a diffraction pattern where 

a difference in refractive index between structures in the tissue sample will lead to 

a ringing effect that enhances edges in the image (Betz, Wegst et al. 2007).  
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In a synchrotron facility, 

electrons are accelerated almost 

to the speed of light. They are 

kept rotating in a storage ring 

using bending magnets that force 

them into a circular trajectory. 

When the electrons change path, 

radiation is emitted in the form 

of bremsstrahlung. X-rays 

produced in a synchrotron 

facility has high flux and high 

spatial coherence which is ideal 

for phase contrast imaging. 

Within the storage ring, 

additional magnets, in so-called 

wigglers and undulators, directs 

the electrons in a wavy path that 

is customized for production of 

photons of a desired energy. The 

photon beam is lead out in a 

beamline where different 

experiments can be performed, 

e.g. tomographic imaging. The TOMCAT beamline at the Swiss Light Source that 

we used in paper IV is such a facility. 

Imaging is performed by rotating the sample during irradiation so that projections 

are collected around the sample. Cross sectional images are then reconstructed, for 

example using a 3D phase retrieval algorithm such as the Paganin method (Paganin, 

Mayo et al. 2002). The resulting images will then have a contrast that is dependent 

both on absorption differences and differences in refractive index (Pierantoni, Silva 

Barreto et al. 2021). Figure 8 presents a meniscus sample imaged with this 

technique. 

4.2.1 Image analysis 

To be able to assess the information in the images and compare tissue appearance 

in the images to standard measures of tissue degeneration, it would be preferable if 

image features could be quantified. The quantitative parameters that were used for 

this purpose in paper IV are described in this section. 

Orientation analysis using a structure tensor is a method to determine fibre 

orientation in an image volume originating from material science (Krause, Hausherr 

et al. 2010). It utilizes a Sobel filter to find gradients in the images and from the 

gradient images a structure tensor and corresponding eigenvectors are calculated in 

Figure 8 Example of a phase contrast enhanced SR-based µCT 
image of a meniscus sample with an enlargement form the central 
part of the meniscus where crimped collagen fibres can be seen.  
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each voxel. The third eigenvector of the structure tensor corresponds to the fibre 

orientation (Mulat, Donias et al. 2008) and can be presented in spherical coordinates 

as the azimuth and elevation angles describing the direction within the image plane 

and through the image plane, respectively. Orientation analysis was used to map the 

azimuth and elevation angle of the collagen fibres in samples of human meniscus 

imaged using phase contrast enhanced SR-based µCT in paper IV. To only include 

fibre voxels in the analysis, a mask was calculated based on thresholding of the 

image intensity. Collagen fibres were assumed to be denser and thus give rise to 

higher image intensity than the surrounding tissue. The threshold value was set 

using Otsu’s method which minimizes the intensity variation between the two voxel 

categories, i.e., fibres and background.  

To facilitate objective comparison of imaging features between samples, it is 

preferable to be able to calculate quantitative parameters. In an attempt to quantify 

the spread in fibre orientation in our meniscus samples we calculated the full area 

at half maximum (FAHM) from 2D histograms of azimuth and elevation angle maps 

(Figure 9).  

 

Figure 9 Surface plot of a 2D histogram of azimuth (𝜙) and elevation (𝜃) angles calculated in fibre voxels within a 
0.5x0.5x0.5 mm3 VOI of a phase contrast enhanced SR-based µCT image volume of a human meniscus sample. The 
plane at half of the histogram maximum is marked out in yellow. The area of the histogram in this plane is calculated 
as the FAHM as a measure of the spread in orientation angles. 

The crimping of meniscus collagen fibres is likely related to the biomechanical 

function of the meniscus tissue and the crimping period could be an interesting 

parameter to study in relation to meniscus degeneration. The crimping pattern can 

be clearly seen in phase contrast enhanced SR-based µCT of meniscus tissue and 

we made an attempt to measure the crimping period in such images in paper IV. 

The crimping period can be estimated by analysing the frequency components of 

image profiles drawn along crimped fibres perpendicular to the alternating dark and 

light bands (Michalek, Kuxhaus et al. 2018). 
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5 Tissue samples and phantom 

construction 

5.1 Meniscus tissue samples 

The meniscus samples that we used in paper I, II and IV came from a local biobank 

at Skane University hospital that includes human samples of meniscus, articular 

cartilage, blood, and synovial fluid from knee OA patients undergoing TKR surgery 

or arthroscopy and from deceased donors without known OA. Tissue samples are 

fresh frozen and stored at -80 °C. For the purpose of paper I, and II, lateral and 

medial menisci were sampled from 10 TKR patients and 10 deceased donors (right 

knee). Five men and five women were included in each group and the subjects were 

of a large age span ranging from 18 to 77 years.  

Since the posterior horn has been observed to be especially prone to degeneration 

(Chapter 3.2), this area was of special interest. Thus, from each of the 40 menisci, 

the posterior horn, including a small part of the body (Figure 10) was cut out for 

imaging at a 9.4 T preclinical MRI scanner (Paper I-II).  

For imaging using phase contrast SR-µCT (Paper IV) a 4 mm thick vertical slice 

was cut from the remaining part of the meniscus body (not the posterior horn), only 

including menisci from donors without known OA. From 3 of the menisci, an 

additional slice was cut that was fixed in formalin and sequentially embedded in 

paraffin (Figure 10) 

After MRI, the meniscus posterior horn (and small part of the body) was fixed in 

formalin and embedded in paraffin, and slices from the imaged volume, were cut 

out to be evaluated using histopathological scoring. Vertical slices were cut out at 

two locations: the posterior horn and the body, and horizontal slices were cut out in 

one location in between (Figure 10). Histology slices were stained with 

Haematoxylin and Eosin, or Safranin-O Fast Green.  
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Figure 10 Schematic picture of the dissection of a lateral meniscus for MRI of the posterior horn and SR-based µCT of 
samples from the meniscus body, either 1: frozen in PBS or 2: fixed in formalin and embedded in paraffin. The entire 
posterior horn was imaged using MRI but one slice (its approximate location illustrated in blue) was chosen for further 
evaluation. For histopathological scoring, vertical and horizontal slices were cut out (after fixation and embedding of 
the tissue) and stained with 1: Haematoxylin and Eosin or 2: Safranin-O Fast Green. 
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For the comparison of imaging techniques with histopathological scoring, the 

vertical histology slices located closest to the volume evaluated by MRI or SR-based 

µCT was used in the respective comparison. Collagen organization is most easily 

evaluated in a horizontal plane, and therefore horizontal slices were cut in one 

location between the vertical slices. Histopathological scoring of the collagen 

organization in this location was used for comparison with imaging both in the 

posterior horn (MRI) and the body (phase contrast SR-µCT).  

Histopathological scoring was performed using Pauli score which evaluates 

meniscus degeneration based on six categories: Surface integrity at the tibial, 

femoral and inner border, respectively, collagen organization, cellularity and 

Safranin O staining intensity (reflecting proteoglycan content). The meniscus is 

scored 0-3 in each category which is summed up to form the total Pauli score 

ranging from 0 to 18 where 0 means no degeneration and 18 means severe 

degeneration (Pauli, Grogan et al. 2011, Kestilä, Folkesson et al. 2019). The 

histopathological score was considered a gold standard measure of meniscus 

degeneration and used as a reference when evaluating imaging parameters in 

relation to degenerative stage in the meniscus in paper II and IV. 

5.2 Proteoglycan phantoms 

For the purpose of evaluating gagCEST dependence on GAG concentration and type 

in paper III, we constructed phantoms with CS-A and CS-C (Chapter 3.1). 

Powdered CS was dissolved in isotonic solution of PBS in varying concentrations 

between 0 and 30 mg/ml. PBS was set to about 7.4 by addition of NaOH.  

CS can be purchased as a powder labeled either CS-A or CS-C but both will actually 

be a mixture of different GAGs. Analysis with High Performance Liquid 

Chromatography (HPLC) fluoroscopy can reveal which disaccharides are present in 

a mixture, and in what concentrations,  (Volpi, Galeotti et al. 2014). We used this 

technique to determine the concentration of CS-A in our CS phantoms.  

To also evaluate solutions with increased molecular complexity, phantoms were 

prepared with aggrecan in different concentrations. Aggrecan was extracted from 

calf articular cartilage using guanidine and purified by ultracentrifugation with 

cesium chloride. The aggrecan was freeze dried so that it could be measured and 

dissolved in PBS in the same way as for the CS phantoms. Extraction of aggrecan 

in this way is cumbersome and therefore the amount that could be extracted was 

enough only for two high concentration phantoms. 
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6 Results 

6.1 Relaxation time mapping 

In paper I, we mapped relaxation times, T2*, T2 and T1, in the posterior horn of ex 

vivo human menisci at 9.4 T. Example images of a normal and a diseased meniscus 

are presented in Figure 11e-l. T2*, T2 and T1 in the medial meniscus from deceased 

donors without known knee OA was (mean and standard deviation) 7.2 ±2.0 ms, 

11.4 ±3.8 ms and 1590 ±90 ms respectively. All three relaxation times were 

significantly longer in medial meniscus from TKR patients with medial 

compartment knee OA. In lateral menisci, irrespective if they came from donors or 

patients, relaxation times were similar to the medial donor menisci from knees 

without known OA (Figure 12).  

We also observed, although not statistically significant, a tendency towards longer 

relaxation times with increasing age among medial donor menisci. If this is in fact 

a real effect, this suggests that the posterior horn of the medial meniscus could be 

experiencing degenerative changes related to ageing also in the absence of evident 

OA.  

The histopathological scoring of the menisci presented in paper II revealed that 

also the donor menisci varied in tissue quality with a total Pauli score ranging from 

4-16 (including both medial and lateral menisci). The same range of total Pauli score 

was reported for the menisci from OA patients. There was a clear association 

between relaxation times and total Pauli score with an increase (95% CI) of 0.62 

(0.37, 0.86) ms/score for T2*, 0.83 (0.53, 1.1) ms/score for T2 and 24.7 (16.5, 32.8) 

ms/score for T1 (Figure 13).  

In paper II, comparisons of meniscus relaxation times were also made to the Pauli 

score of specific categories (Chapter 5.1). In general, 95% CIs of the mean 

difference in T2*, T2 and T1 between menisci of different Pauli score were broad 

although systematically skewed towards an increase in relaxation times with 

increasing Pauli score in all categories.  

No clear variation was seen in relaxation times with the distance from the inner 

border, i.e., between meniscus zones (Chapter 3.2). If anything, relaxation times 

were shorter in the middle zone compared to both the inner and outer zone. 
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Figure 11  Example 
images of a lateral 
normal meniscus and a 
diseased medial 
meniscus. a-b) 
histological slices 
stained with 
hematoxylin and eosin, 
c-d) histological slices 
stained with Safranin-O 
Fast Green, e-f) MRI 
images acquired with an 
UTE sequence, g-h) T2* 
maps, i-j) T2 maps and 
k-l) T1 maps. 
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Figure 12 T2*, T2 and T1 in the posterior horn of medial and lateral menisci from OA patients and deceased donors. 
The larger markers in colour represents mean value and standard deviation within each group.  
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Figure 13 MR relaxation times T2* (a), T2 (b) and T1 (c) presented as a function of total Pauli score as a measure of 
tissue quality. Lines are representing mixed effect linear regression for all menisci. The slope is statistically significant 
in all three cases.  

6.2 gagCEST 

In paper III, we saw that the gagCEST effect as evaluated by MTRasym was clearly 

associated with GAG concentration and the relationship seemed to be linear (Figure 

14). However, the size of the effect was dependent on the type of GAG. Our results 

indicated that, in a mixture of CS-A and CS-C, the effect from CS-C (if existing) is 

negligible compared to the clear effect originating from CS-A (Figure 14). 

Phantoms with GAG bound in aggrecan, extracted from young bovine cartilage, 

gave a similar gagCEST effect as the phantoms containing mainly CS-A (Figure 

14a) indicating that the GAG bound in aggrecan is not a problem for gagCEST. 
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Figure 14 MTRasym, as a measure of gagCEST effect, presented as a function of a) total GAG concentration (a 
mixture of CS-C and CS-A) and b) concentration of CS-A specifically, for the two phantom series CS-A (78% CS-A, 
15% CS-C) and CS-C/A (39% CS-A, 34% CS-C). Also, the two phantoms containing aggrecan (assumed to consist of 
mainly CS-A but exact concentration is unknown) are included in a). The lines that represent linear regression are 
aligned when only CS-A is considered as the source of gagCEST effect.  

6.3 SR-based µCT with phase contrast 

Imaging of meniscus tissue samples using SR-based µCT with phase contrast 

enhancement (Paper IV) resulted in high resolution images where the collagen fibre 

structure and crimping patterns were clearly visualized. Fixed and paraffin 

embedded samples appeared smoother and with higher contrast between fibres and 

surrounding tissue compared to the samples that was imaged thawed in PBS. The 

mean spatial resolution, however, was similar in the images: 5.55 µm for the 

paraffin embedded sample and 5.45 µm in the sample frozen in PBS. Overall, the 

image quality was satisfactory and did not substantially differ between the different 

preparation schemes. 

Images from degenerated meniscus samples were visually different compared to 

normal tissue. In general, the collagen network appeared less strict, with less visible 

crimping and larger cavities in the degenerated samples (Figure 15). 

As expected, collagen fibres were seen to be oriented mainly in a circumferential 

direction in the meniscus. In the example orientation maps in Figure 16, this 

corresponds to the horizontal direction which is reflected by azimuth and elevation 

angles close to 0, i.e., turquoise in this colour scale.  
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Figure 15 Example images in a sagittal plane of the meniscus, as indicated by the schematic picture, of two samples 
from the same meniscus, prepared with different preparation schemes: a) fixed in formalin and embedded in paraffin, 
b) frozen fresh in PBS and thawed before imaging. Crimped collagen fibres can be clearly seen in both samples.  

The FAHM of azimuth and elevation angle histograms was calculated as a potential 

measure of spread in fibre orientation and was expected to increase with collagen 

fibre disorganization. However, no clear association could be seen with tissue 

degeneration evaluated by histopathological scoring.  

The crimping pattern of collagen fibres can be seen in the images as alternating 

bright and dark bands perpendicular to the fibre direction (see for example the image 

in Figure 15a). The mean crimping period was measured to 23.8 ±3.1 µm but no 

clear association of crimping period with degeneration could be seen.  
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Figure 16 Example images from a small (0.5x0.5x0.5 mm3) VOI evaluated with the orientation analysis in the middle 
(a-d) and inner zone (e-h) of a normal meniscus. a) and e) presents images in the sagittal plane, i.e., parallel to the 
main direction of the fibres, which is seen as turquoise in the corresponding azimuth (ϕ) maps (b and f).  c) and d) 

presents images in the coronal plane, i.e., perpendicular to the main direction of the fibres, which is also seen as 
turquoise in the corresponding elevation (θ) angle orientation maps. 
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7 Discussion 

In this thesis, we have evaluated different image-based methods that could 

potentially be used for quantification of meniscus and cartilage degeneration 

associated with knee OA.  

Mapping of relaxation times, histopathological scoring and SR-based µCT were all 

conducted on the same meniscus samples. A strength with this material is that it 

includes both normal tissue from deceased donors without known OA and samples 

from OA patients as well as medial and lateral menisci from all subjects which 

enables paired comparisons.  

We report that T2, T2*, and T1 are longer in menisci from diseased compared to 

normal knee compartments (Paper I). This is in agreement with previous 

publications reporting MR relaxation times in meniscus (Williams, Qian et al. 2012, 

Nebelung, Tingart et al. 2016). In paper II, we compared relaxation times to Pauli 

scores of individual categories and found that all three relaxation times seemed to 

be associated with surface integrity and collagen organization. Nebelung et al. also 

reported that MR relaxation times correlated with histopathological scoring of 

surface and matrix integrity and of cellularity, using a variant of the Pauli score. In 

our study, only T1 showed a significant association with cellularity. However, 

relaxation times seemed to generally increase with scores in all categories in the 

Pauli scoring system and the categories are likely to be associated with each other 

since they all describe features related to degeneration.  

Due to the difference in structure between the inner and outer zones of the meniscus, 

we expected relaxation times to vary between the zones, but similar to the results of 

Williams et al. and Nebelung et al., we did not see a clear difference. There might, 

however, exist a tendency towards shorter relaxation times in the middle zone 

compared to the other zones. If so, this may be explained by an increase in relaxation 

times due to a leakage of surrounding PBS into the tissue. Since the surrounding is 

different for a meniscus in a knee, it is important that further in vivo studies are 

conducted to confirm our ex vivo results. In a study by Eijgenram et al. (Eijgenraam, 

Bovendeert et al. 2019), T2 was measured in vivo in meniscus of TKR patients 

before surgery. The results of that study suggests that at least T2 reflects 

degeneration also in vivo which is promising as such measurements could then be 

used as a marker in future longitudinal studies of the meniscus role in OA 

progression.  
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There are advantages of doing ex vivo and in vitro imaging, especially for validation 

since biochemical and histological methods can be used to establish a ground truth. 

For example, we used histopathological grading of our meniscus samples to 

determine degenerative status as a basis for comparison of MR relaxation times. 

When constructing a phantom, chemical composition and concentrations as well as 

pH can be controlled in a way that cannot be done in vivo, such as in our 

investigation of gagCEST dependence on GAG concentration in paper III. 

However, it is difficult to know how the conditions change compared to in vivo and 

how it affects the outcome of the experiment. Hence, effects detected ex vivo or in 

vitro, has to be confirmed through appropriate in vivo measurements.  

gagCEST has been implemented as a method to determine tissue quality in articular 

cartilage e.g., of the knee and wrist (Schmitt, Zbýn et al. 2011, Krusche-Mandl, 

Schmitt et al. 2012, Singh, Haris et al. 2012, Rehnitz, Kupfer et al. 2014, Schreiner, 

Zbýň et al. 2016, Kogan, Hargreaves et al. 2017, Krishnamoorthy, Nanga et al. 

2017, Lee, Yang et al. 2017, Wei, Lambach et al. 2017, Brinkhof, Nizak et al. 2021). 

Attempts to relate the gagCEST effect to GAG concentration has commonly been 

made using phantoms with CS-A. However, the main GAG component in adult 

human articular cartilage is CS-C (Bayliss, Osborne et al. 1999) and we could 

demonstrate that in phantoms including a mixture of the two CS types, little or no 

CEST effect is originating from CS-C (Paper III). Thus, in phantoms, gagCEST 

fails to detect the type of GAG that is most relevant for studies of OA.  

We did not expect the small 

difference in molecular structure 

between CS-A and CS-C (Chapter 

3.1) to have such a big influence on 

the gagCEST effect and following 

these unexpected results, an 

important question is of course how 

well the phantoms represent the 

conditions in human tissue. Aiming 

to relate gagCEST measurements to 

biochemically determined GAG 

concentrations in human articular 

cartilage, we designed an ex vivo 

experiment using human hip articular 

cartilage collected from patients 

undergoing hip replacement due to fracture. Areas of visually intact cartilage was 

marked out on the surface of 7 femoral heads and imaged while submerged in PBS 

using our gagCEST protocol as described in paper III. After MRI, the cartilage in 

the imaged areas were cut from the bone so that aggrecan could be extracted and the 

GAG content determined using Alcian blue precipitation (Björnsson 1993).  

Figure 17 MTRasym measured in ex vivo hip cartilage 
compared to GAG concentration determined using Alcian 
blue precipitation of the cartilage samples after imaging.  
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MTRasym values in these measurements did not appear to be associated with GAG 

concentration (Figure 17). One hypothesis to explain this result could be that the 

GAG content in the cartilage from these elderly hip replacement patients would be 

predominantly CS-C. Then, if gagCEST is not sensitive to CS-C, as suggested by 

the result in paper III, it could explain why these measurements resulted mainly in 

noise. However, it cannot be entirely ruled out that other difficulties, e.g. that the 

cartilage was very thin and that T2 is much shorter in cartilage compared to 

phantoms, could have influenced the result. Either way, it is a good example 

showing how challenging it can be to implement gagCEST in actual cartilage. In a 

recent paper by Brinkhof et al. (Brinkhof, Nizak et al. 2021), in vivo measurements 

of gagCEST in articular cartilage in patients before TKR surgery was compared to 

biochemically determined GAG content and the association was found to be 

moderate at best. Similar results has been reported for comparison of gagCEST to 

dGEMRIC (Rehnitz, Kupfer et al. 2014) In both studies, gagCEST still seemed to 

reflect cartilage quality. 

The MR based methods discussed so far are developed with the aim to be able to 

assess tissue quality in vivo. To be able to directly visualize the microstructure of 

the tissue, however, we are relying on ex vivo imaging methods, and it is preferable 

if these methods can be applied on tissue as close to its native form as possible to 

still be relevant for the tissue in vivo. 

Phase contrast enhanced SR-based µCT is an interesting experimental method that 

could potentially be used to further increase the knowledge of the microscopic 

structure and function of meniscus tissue. This is, to the best of our knowledge, the 

first time this method has been used with the purpose to investigate the 

microstructure of the meniscus. The advantage of this technique over other 

microscopy methods is that it is a non-destructive 3D imaging technique and that it 

may be used on non-fixated tissue, as we illustrate in paper IV. Especially 

interesting was the possibility to visualize collagen crimping in the meniscus. 

Although this is not new in the literature (Aspden, Yarker et al. 1985), it is our 

perception that this is not common knowledge among OA researchers. 

The possibility of imaging non-fixed tissue is of great interest for future studies of 

meniscus biomechanics as it enables studies of the microstructure under different 

loading conditions. To evaluate the images, quantitative measures reflecting 

degenerative changes are needed. We suggested to use FAHM of 2D histograms as 

a measure of the spread in fibre orientation angles to include both the elevation angle 

and the azimuth angle. We did not see a clear association with histopathological 

scoring which suggests the FAHM might not be a sensitive measure of tissue 

degeneration. However, the horizontal histology slices that was used for evaluation 

of collagen organisation were cut from the posterior horn and not from the body of 

the meniscus where the samples were taken for SR-based µCT imaging (Chapter 

5.1). Since meniscus degeneration is often seen to start in the posterior horn, the 

state of the collagen network might differ between these two locations. Also, the 
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sample size was limited in this initial study, and it is therefore warranted to further 

explore the potential usefulness of this parameter.  

The crimping pattern of meniscus collagen fibres has been investigated in a few 

studies using other microscopy imaging techniques. For example, Michalek et al. 

(Michalek, Kuxhaus et al. 2018) measured crimping frequency in deer menisci to 

evaluate meniscus swelling related to proteoglycan content. We used the same 

method to determine crimping period in paper IV and found the crimping period of 

our samples to be similar to the normal deer menisci. Values of about the same order 

of magnitude were also reported by Villegas et al. (Villegas and Donahue 2010) 

who measured the crimping in human meniscal attachments.  

We did not see an association of crimping period with meniscus degeneration but 

as the image profiles investigated in this study were drawn manually and at arbitrary 

locations in the menisci, the uncertainty in the measured values of the crimping 

period was probably large. There is also a possibility that degeneration is not 

actually reflected in the crimping period of the unloaded meniscus and that it may 

be a more interesting parameter to investigate in an experiment of the biomechanical 

function.  

Our meniscus measurements included samples from 10 donors and 10 OA patients. 

This limited sample size, although enough to show differences in relaxation times 

between the groups, might have added difficulty to observe more subtle differences 

and associations, for example variations with Pauli scores in specific categories. 

Even fewer samples were used in paper IV due to limitations in beam time and 

restriction in access to the synchrotron facility. A larger sample size could aid in 

getting more conclusive results. 

Another limitation is that the tissue samples were frozen. This choice was made for 

practical reasons, but the freezing process might have altered the tissue structure, 

e.g., by disruption of collagen fibres and cells (Gelber, Gonzalez et al. 2008).  

The purpose of evaluating the MR-based methods was that they could hopefully be 

used in vivo in longitudinal studies. The feasibility of in vivo imaging using these 

methods remains to be evaluated in future work.  
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8 Conclusion 

In general, the work presented in this thesis shows that imaging methods have the 

potential to reveal structural and molecular changes of cartilaginous tissues related 

to degenerative processes in knee OA, both through direct visualization using the 

SR-based µCT (Paper IV), and indirectly by measuring quantitative parameters 

(Papers I-II). Further, this thesis illustrates the importance of studying the 

biochemical prerequisites of quantitative imaging techniques before 

implementation in vivo (Paper III).  

Quantitative MRI has the ability to probe the microstructure and reflect changes on 

a molecular level. For example, we report that MR relaxation times reflect meniscus 

tissue degeneration. However, the results we have seen in our ex vivo (Paper I-II) 

and in vitro (Paper III) MRI studies remains to be confirmed also in vivo. Phase 

contrast enhanced SR-based µCT is a promising technique for future studies of 

meniscus microstructure and biomechanics (Paper IV), but further work is needed 

to establish reliable and useful quantitative measures.  

The conclusions of this thesis are listed more specifically for each method below.  

8.1 Relaxation time mapping  

In paper I and II, we report that relaxation times T1, T2 and T2* generally 

increases with the degree of degeneration as assessed through gold standard 

histopathology in ex vivo human menisci and are longer in the medial meniscus from 

medial compartment end stage knee OA patients compared both to the lateral 

meniscus of the same knee and to menisci from donors without known OA. 
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8.2 gagCEST 

The sensitivity of gagCEST vary between different types of GAGs. Even the small 

difference in chemical structure between type A and C of CS appeared to be crucial 

for the measured gagCEST effect. We discovered that in phantoms with a mixture 

of the two, no or little effect originates from CS-C, i.e., the dominating type of GAG 

in mature human articular cartilage (Paper III).  

8.3 SR-based µCT with phase contrast 

SR-based µCT with phase contrast is feasible in human meniscus samples without 

the use of tissue fixation or embedding, resulting in high resolution images where 

collagen structure, including crimping, can be clearly visualized (Paper IV). 
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9 Future work 

9.1 Relaxation time mapping of human meniscus in 

vivo  

Mapping of MR relaxation times are promising methods to noninvasively follow 

meniscus degeneration as T2*, T2 and T1 seems to reflect tissue degeneration ex 

vivo. However, quantitative parameters may also be influenced by circumstances 

other than the intended and it is therefore of great importance that estimation of 

relaxation times as markers for meniscus degeneration is further evaluated also in 

vivo.  

We have started up an in vivo study including healthy volunteers and OA patients, 

undergoing knee MRI at 7T. The imaging protocol includes morphological 

sequences and sequences for quantitative evaluation, such as a multi-TE UTE 

sequence for mapping of T2* in the meniscus, and a multi-TE SE sequence mainly 

intended for evaluating T2 in the femoral articular cartilage. For the meniscus, we 

chose to focus on T2* because of the difficulty to reach short enough TEs in the 

meniscus using SE-based sequences. This data set will enable in vivo confirmation 

of our ex vivo results, regarding the usefulness of relaxation times as a measure of 

tissue degeneration in OA. If these results prove to be as promising as our ex vivo 

results, relaxation times may be important tools for future longitudinal 

investigations of the meniscus role in OA.  

Figure 18 presents an example MR image in the knee of a healthy volunteer and 

corresponding T2* map. 
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Figure 18 a) Example sagittal UTE image of the medial side of the knee of a healthy volunteer and b) a corresponding 
T2* map in an area around the meniscus posterior horn (indicated by the yellow square in a). Bone, fat, and air, where 
the signal is very low, have been masked away  

9.2 gagCEST in human articular cartilage 

gagCEST has been reported as a promising tool for evaluation of cartilage quality 

in vivo. Validation of the method has commonly been made with phantoms 

containing CS-A while the GAG in mature human articular cartilage is mainly CS-

C. We have reported that the gagCEST effect from CS-C in phantoms is negligible 

compared to CS-A which raises concerns about what gagCEST reflects in cartilage 

tissue.  

To confirm our findings also in intact cartilage tissue it would be of interest to 

perform gagCEST measurements in articular cartilage, preferably in vivo, and 

compare to biochemically determined GAG content. Our ex vivo experiment, 

described in chapter 7, was intended for this purpose. However, in this experiment 

the cartilage layer was very thin and may have already been depleted on GAG since 

it came from elderly subjects. Future studies should also include healthy tissue as a 

reference.  

It would also be preferable if not only total GAG concentrations could be 

determined but also specific concentrations of CS-A and CS-C. Disaccharide 

analysis using HPLC fluoroscopy can be used to determine the concentration of 

specific GAG types but may be unpractical in the larger number of samples that 

would be needed for a conclusive result. Also, impurities of the samples might be a 

problem as purification procedures of small human samples may be difficult.  

It would also be of interest to see if the gagCEST method may be specifically 

adapted to better fit the conditions in the target tissue. So far, optimization has 
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primarily been based on CS-A and there is a chance that the results are not directly 

translatable to CS-C. If we want to use gagCEST in adult human articular cartilage 

it is important that the gagCEST sequence and saturation scheme is adjusted and 

optimized to fit the specific GAG composition expected in this tissue. 

9.3 Meniscus biomechanics 

The main function of the meniscus is to distribute load and reduce the pressure on 

the articular cartilage. This ability originates from the biomechanical properties of 

the meniscus that comes from the collagen fibre structure, and therefore it is of great 

interest to study the collagen fibres during loading.  

SR-based phase contrast enhanced µCT offers the possibility of high-resolution 3D 

imaging of meniscus tissue without the use of tissue fixation or embedding (Paper 

IV). A tissue loading devise, e.g., as the one used in the MRI experiment by 

Nebelung et al. (Nebelung, Dötsch et al. 2020), could potentially be incorporated in 

the imaging set-up at the synchrotron beamline to image meniscus tissue samples 

during different loading conditions. The advantage of using this technique is the 

possibility to directly visualize the collagen fibres, their crimping pattern and how 

they are affected by tissue loading. To evaluate the images, quantitative parameters 

relating to tissue degeneration and tissue biomechanics then also needs to be further 

developed and established. 

This could give us new important knowledge of how the meniscus tissue respond to 

loading in a setting that is more relevant to the in vivo case compared to earlier 

studies using microscopy techniques. To study the biomechanical functions in 

relation to meniscus degeneration could help shed some light on what happens in 

the meniscus during development of OA.  
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11 List of abbreviations 

CS chondroitin sulphate 

CEST chemical exchange saturation transfer 

CT computed tomography 

dGEMRIC delayed gadolinium enhanced MRI of cartilage 

GAG glycosaminoglycan 

gagCEST glycosaminoglycan chemical exchange saturation transfer 

GRE gradient recalled echo 

HPLC high performance liquid chromatography 

IR inversion recovery 

MR magnetic resonance 

MRI magnetic resonance imaging 

µCT  micro computed tomography 

OA osteoarthritis  

SAR specific absorption rate 

SE spin echo 

SR synchrotron radiation 

TE echo time 

TI inversion time 

TKR total knee joint replacement 

TR repetition time 

UTE ultrashort echo time 

WASSR water saturation shift referencing 

QSM quantitative susceptibility mapping 
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Knee osteoarthritis is a very common condition, but much is still unknown 
about the early stages of the disease progression. To increase knowledge, 
research tools are needed which enable studies of joint tissues. In this thesis, 

imaging-based methods are evaluated for po-
tential use in articular cartilage and meniscus to 
detect and follow degenerative changes related 
to osteoarthritis.

EMMA EINARSSON graduated as a medical 
physicist from Lund University in 2016. Since 
then, she has worked with research in the field 
of MRI, using quantitative imaging techniques 
for application in osteoarthritis. 

9
7
8
9
1
8
0

2
1
1
9
4
9

N
O

RD
IC

 S
W

A
N

 E
C

O
LA

BE
L 

30
41

 0
90

3
Pr

in
te

d 
by

 M
ed

ia
-T

ry
ck

, L
un

d 
20

22

Photo: H. V. Hughes


	Framsida.pdf
	Avhandling_EE_mars22_utan_omslag.pdf
	Spikblad_signerat.pdf
	Kappa_Einarsson_220228.pdf
	Artiklar.pdf

	Baksida.pdf
	Tom sida
	Tom sida
	Tom sida



