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Abstract 

Osteoarthritis (OA) is a degenerative joint disease that affects the entire knee joint, 

afflicting approximately 13% of the Canadian population. The meniscus plays a key role in load 

bearing and stability of the knee joint, and its functionality is compromised throughout OA 

progression. Currently there does not exist a way to study the relationship between meniscal 

tissue degeneration and mechanical properties in vivo, but Quantitative Magnetization Transfer 

Magnetic Resonance Imaging (qMT MRI) is a quantitative MRI technique which may be a good 

candidate for this application. This is because qMT models soft tissues in a comparable way to 

how tissues are modeled mechanically, and qMT is dependent on water/macromolecule 

interactions similar to meniscal tissue functionality. The aim of this project is to assess whether 

qMT metrics – bound-pool fraction (f), magnetization exchange rate (k), and relaxation times of 

the free and bound pools (T1f, T2f, and T2b) – accurately predict experimentally-derived 

mechanical properties – aggregate modulus (Ha) and permeability (kp) – of excised meniscal 

samples. 

Six human cadaver knee specimens were imaged using qMT MRI techniques in order to 

obtain imaging metrics of the menisci. Subsequent to imaging, 59 core meniscal samples were 

tested using a stress relaxation approach in a confined compression testing configuration in order 

to obtain Ha and kp of the samples as measures of mechanical properties. A Spearman‟s rho 

correlation was then performed on the mechanical properties and the imaging metrics of the core 

samples of the menisci to determine how well the imaging metrics predict the mechanical 

properties. 

One correlation, albeit weak, was found between mechanical properties and qMT metrics 

(Ha and T2b); however, this may be due to homogeneity in meniscal health of the specimens 

limiting the ability for correlations to be detected. Moderate to strong negative correlations 

between T1 relaxation time and f, and k were found. These relationships should be further 

explored as T1 is an often neglected imaging metric, and qMT in the meniscus is quite 

unexplored. T1 was found to have a moderate correlation with T2. 

These results reinforce that qMT is viable to use in the meniscus, but that further work 

needs to be done in order to determine if it can be used as a non-invasive method of assessing 

meniscal tissue mechanical properties.  
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1.0 Introduction 

The meniscus is an important cartilaginous tissue of the knee. It plays a role in both load 

bearing and stability [1, 2] and up to 80% of knee loads pass through the meniscus in certain 

conditions [2]. It is susceptible to degeneration in diseases such as osteoarthritis (OA), where its 

functionality is compromised.  

OA is a degenerative joint disease that affects the entire knee joint, afflicting 

approximately 13% of the Canadian population [3]. People suffering from OA experience joint 

pain, stiffness, and mobility deficit and currently there is no cure.  

While the entire joint is affected by knee OA, this study focuses on the meniscus which 

becomes damaged in the OA disease process.  Both damage to the meniscus [4-9] and 

meniscectomies [8, 10-12] are known mechanical risk factors for OA. The meniscus is 

commonly treated in knee arthroscopy surgery, with almost 5000 procedures performed in 

Saskatchewan alone in the „15-„16 fiscal year [13]. With OA progression, mechanical integrity 

of the meniscus decreases. However, there currently is not a way to study the relationship 

between tissue degeneration and mechanical properties in vivo.  

The most common way to model the meniscus and its mechanical properties is as a 

biphasic material, where the soft tissue is considered to be a porous solid matrix with fluid inside 

of it [14]. A major part of the functionality of the meniscus is to resist compressive forces. The 

mechanical properties of the tissue can be broken down into how the solid matrix helps resist 

compression from its geometry and composition, and how fluid flow through the pores causes 

drag to counteract compression as well. 

Imaging techniques are commonly used to assess OA. The primary method of diagnosing 

OA clinically is via x-ray, which is relatively inexpensive. However, OA assessment using x-ray 

is limited in that it cannot directly assess changes in soft tissues, such as the meniscus. Magnetic 

resonance imaging (MRI) provides soft tissue contrast without exposing patients to radiation. It 

is relatively expensive though, so it is not routinely used clinically for OA, but is becoming a 

common tool in OA research. In addition to standard MRI techniques which provide us with 

pictures of the knee tissues, there are quantitative magnetic resonance imaging (qMRI) 

techniques which provide numerical values.  These numerical values are related to proton 
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behaviour in a magnetic field, but have been linked to soft tissue health and, in a more limited 

manner, mechanical properties. qMRI techniques have been shown to be useful in OA research 

for both articular cartilage and the meniscus [15-17]. 

qMRI techniques have been implemented to explore the relationship between qMRI 

parameters and mechanical properties of soft tissues with the hope of finding imaging 

biomarkers for tissue mechanical properties. Most of these studies have been done on cartilage 

[15-31]. This is underexplored in the meniscus with only two such studies [18, 32], and only one 

of them being on human tissue [32]. 

 

Figure 1.1 - Mechanical and qMT models of the meniscus are very similar. Mechanically, the meniscus is 

modeled as having a porous solid phase with a fluid phase within it. For qMT, there is a two-pool model which consists of 
a bound pool of protons (solid phase) and a free pool (fluid phase). 

Quantitative magnetization transfer (qMT) is a qMRI technique that may be useful in 

studying meniscal degeneration and mechanical properties.  The way qMT models the tissue is 

very similar to how we are modeling it mechanically (Figure 1.1); it treats the tissue as having a 

bound pool of protons attached to macromolecules (solid phase), and a free pool of protons 

associated with the fluid in the tissue (fluid phase), and probes the interactions between these two 

pools. Further, macromolecule content in the meniscus decreases with OA progression [33, 34] 

and water content is vital for normal tissue function due to its role in the tissue‟s osmotic 

swelling [35].  Since both qMT MRI and mechanical function are dependent on 

water/macromolecule interactions, I hypothesize that these parameters will provide an imaging 

biomarker for mechanical properties of the meniscus. The aim of this project is to validate qMT 

as a non-invasive method of assessing meniscal tissue mechanical properties, a measure of 

tissue function.  
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2.0 Background 

In this chapter, I review both healthy (2.1) and osteoarthritic (2.2) knee anatomy in order 

to understand the disease and its impact. I then review imaging options for the knee (2.3) to show 

the techniques previously implemented before showing how the technique I used – qMT MRI – 

is the only one that can assess the bound protons of the tissue which may provide measures more 

closely related to tissue mechanical properties. Finally, I explore mechanical testing options for 

assessing the mechanical properties of the meniscus (2.4). 

2.1 Healthy Anatomy 

In this study, we are focusing on the meniscus in the human knee joint as it is an 

important soft tissue for normal joint function which becomes compromised in the OA disease 

process. All of the experimentation in this thesis was done on human cadaver knees, but a basic 

understanding of healthy anatomy of the knee joint is important for putting this work into 

context. Here is an overview of the knee anatomy as a whole, as well as some additional 

attention to the articular cartilage and the meniscus. 

2.1.1 General Knee Anatomy 

The knee joint consists of two joints: the tibiofemoral joint, and the patellofemoral joint 

which facilitate flexion and extension motion, as well as some internal and external rotation. 

Many soft tissues are necessary for facilitating proper function of the knee (Figure 2.1). The knee 

joint has anterior and posterior cruciate ligaments, as well as lateral and medial collateral 

ligaments, which guide movement and provide stability. The joint capsule is lined with a 

synovial membrane, and filled with synovial fluid, which is responsible for delivery of nutrients 

to the primarily avascular soft tissues of the joint. Two soft tissues of particular importance for 

knee joint functionality in OA research and for this study are articular cartilage and meniscus. 
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Figure 2.1 - Healthy Knee Anatomy with the Meniscus Highlighted [36] 

2.1.2 The Meniscus 

The meniscus is a cartilaginous soft tissue in the knee that is attached to the top of the 

tibial plateau, as shown in colour in Figure 2.1. The meniscus has lateral and medial halves, 

which are crescent shaped (Figure 2.2, Axial Cross-Section) and exhibit increasing thickness in 

the radially outward direction (Figure 2.2, Radial Cross-Section). The grey zone in the axial 

cross-section represents the more vascular region of the meniscus, while the white zone is 

predominantly avascular. The ability of the meniscus to heal is directly related to the 

vascularization of the tissue, meaning the radially outer portion of the meniscus has the highest 

capacity for healing [37]. The meniscus has an important role in both load bearing and stability 

[1, 2], and up to 80% of loading of the knee passes through the meniscus in certain conditions 

[2]. The meniscus is susceptible to injury, and commonly treated in knee arthroscopy surgery, 

with almost 5000 procedures performed in Saskatchewan in the ‟15-‟16 fiscal year [13]. 
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Figure 2.2 - The Meniscus (Courtesy of Emily McWalter) 

The macromolecules and water content of the meniscus are crucial for the tissue‟s 

mechanical function [35]. Menisci are composed of approximately 60-70% water, 15-25% 

collagen (mostly type I), and 1-2% proteoglycans (PG‟s) (Table 2.1). Collagen fibres helps soft 

tissues resist both tensile and shear forces, while PG‟s repel each other due to their negative 

charges, which plays a role in resisting compression [35]. Proteoglycans also require counterions 

to maintain electroneutrality, which causes the ion concentration to be greater inside the tissue 

than its surroundings. This leads to osmotic pressure [35] which also contributes to compression 

resistance. The collagen is primarily oriented in the circumferential direction (Figure 2.2) which 

enables the tissue to resist hoop stresses enacted on it from axial loading, while the radially 

oriented tie fibres resist radial stresses and prevent the tissue from separating along 

circumferential lines (Figure 2.3).  

Table 2.1 - Composition of Articular Cartilage and the Meniscus [35] 

 

Component Cartilage Meniscus

Water 68-85% 60-70%

Collagen 10-20% 15-25%

Proteglycan 5-10% 1-2%
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Figure 2.3 - Hoop Stresses and Radial Stresses in the Meniscus from Joint Forces 

There are a few mechanical properties of the meniscus which are of interest in this study, 

including the aggregate modulus (Ha), and permeability (kp). Ha is a biphasic analog to the 

elastic modulus, but it only considers the solid phase‟s resistance to compression. kp is a measure 

of the ability of a fluid to flow through a material. A soft tissue with a low permeability – like the 

meniscus – will experience high drag forces when fluid flows through it. These drag forces are 

integral in the tissue‟s resistive quality to dynamic compressive forces.  

2.1.3 Articular Cartilage 

Articular cartilage covers the articulating surfaces of the knee including femoral 

condyles, the tibial plateau, and the patella. This is a smooth soft tissue that facilitates the 

movement of the joint while being responsible for load bearing of the knee joint. Articular 

cartilage is composed of approximately 68-85% water, 10-20% collagen (mostly type II), and 5-

10% PG‟s [35]. There has been a considerable amount of work done on cartilage in this field, 

while work on the meniscus is limited. Since articular cartilage is similar to the meniscus in 

terms of composition and function, it is useful to study for research on the meniscus. 

2.2 Osteoarthritis of the Knee 

In this section I explore the relevant characteristics of OA so we can understand the effect 

it has on the healthy anatomy, as well as the impact it has on society.  

2.2.1 Disease Characteristics 

Throughout the OA process, many different tissues experience alteration. These include 

the meniscus, articular cartilage, bone, synovial membrane, ligaments, and muscles. 
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 The meniscus is a key soft-tissue in the degenerative process of OA.  Not only does the 

meniscus degenerate with OA [6], but meniscal damage can also lead to OA, as meniscal lesions 

have been found in 70% of early OA knees [38], and meniscus damage has been associated with 

the risk of cartilage loss [39]. Additionally, medial meniscus extrusion has been shown to predict 

radiographic knee OA [40]. The meniscus experiences a decrease in volume, and substance loss 

with OA progression [41], along with tears and lesions. PG and collagen content are also known 

to decrease in the degenerative process [33, 34].  

During disease progression, thinning and cracking of articular cartilage occurs, and in 

extreme cases the cartilage wears down enough to expose the underlying bone (Figure 2.4). Early 

radiographic OA has been shown to be associated with lower cartilage volume [42], and OA 

severity has been linked with histological degeneration, including PG and collagen [43-45]. 

Collagen stiffness decreases along with an increase in tissue permeability [46], while total water 

content in OA cartilage has also been shown to increase by approximately 9% from normal 

cartilage [47]. 

 

Figure 2.4 – Severely Osteoarthritic Knee [48] 

With OA progression, there is often inflammation of the synovial membrane [49], as well 

as formation of bony protrusions called osteophytes in the subchondral bone [50]. The exact 

cause of osteophyte formation is unknown, however it may be that there is an association 

between presence of osteophytes and pain. This is presently under contention though, as there are 

studies that claim there is a correlation [51], and those that claim its absence [52]. 
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2.2.2 Disease Impact on Mechanical Properties 

A few tests have been done on the human meniscus to compare the mechanical properties 

between healthy and OA tissue. The general trend is that mechanical properties change with OA 

progression, reducing the ability of meniscus to transmit loads. Compressive moduli such as the 

equilibrium compressive modulus (Eeq) and instantaneous compressive modulus have been found 

to be lower in more osteoarthritic human menisci obtained as surgical waste from total knee 

arthroplasty procedures [53]. A decrease in compressive moduli has been shown to be associated 

with an increase in water content as well, with some cases showing a decrease in PG and 

collagen content [32]. Similar findings to the human studies have been found in animal OA 

models, with stiffness moduli decreasing with modeled OA progression in lapine knees along 

with decreased PG content [54-56].  

Since there are so few related studies on the meniscus, we need to look to research on 

articular cartilage for clues as to how we might expect the meniscus to behave, as they are very 

similar tissues in terms of content, although organization differs. In articular cartilage, 

mechanical testing done on healthy and OA populations have shown distinctions between the 

group mechanical properties. In a review paper on changes in human cartilage with OA, a 

decrease in stiffness in tension, compression, and shear loading is prominent in OA cases 

compared to healthy [44]. These changes are accompanied with the deterioration of the collagen-

proteoglycan solid network [44], indicating the relevance of macromolecules in tissue 

mechanical properties. Separately, a study found that OA severity had a strong negative 

correlation with cartilage elastic modulus [43]. Ovine OA models have previously been used to 

show that the dynamic shear modulus (G*) is strongly correlated with collagen content [57]. 

2.2.3 Risk Factors for Osteoarthritis 

There are several known risk factors for OA, including body mass index [3-5, 7, 8], age 

[4], sex [4, 7], ACL reconstruction [8], damage to the menisci [4-9], and meniscectomies [8, 10-

12].  

The fact that damage to the meniscus and meniscectomies are risk factors for OA 

demonstrates its importance in the disease. It has been shown that 10-20 years after being 

diagnosed with meniscus or ACL tears, 50% of individuals will have OA with related pain and 

functional issues [9]. Additionally, meniscectomies lead to increases in cartilage-to-cartilage 
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contact area, as well as contact pressure in both cartilage and the meniscus [10]. It has also been 

shown that about 38% of patients that undergo arthroscopic partial medial meniscectomies either 

develop or advance in radiographic signs of OA [12]. 

2.2.4 Disease Impact on Society 

OA of the knee is very costly to society, estimated to contribute to about $10 billion in 

direct health care costs, as well as approximately $17 billion in indirect costs annually [3]. 

People with OA experience pain and mobility issues, and currently there is no known cure. It is a 

serious problem for the Canadian workforce as well, with ~30% of workers having difficulty 

working due to OA [3]. A common intervention for OA is total knee arthroplasty (TKA), with 

degenerative arthritis being responsible for ~98% of all TKAs in Canada [58]. This is a last 

resort for patients who have already gone through the painful process of OA, when the joint is 

severely degenerated. There were over 61,000 TKA surgeries done in 2014-15, which was an 

increase of approximately 20% from 2009-10 [58]. 

2.3 Imaging 

In this section I look at imaging options for the knee, including x-ray and MRI. I explore 

OA research findings using these techniques and build up to the quantitative MRI technique 

called Quantitative Magnetization Transfer (qMT), which this study employs. 

2.3.1 X-ray 

The primary imaging method for diagnosing OA clinically is via x-ray, which is 

relatively inexpensive. X-ray is useful in that it can provide morphological assessment of the 

bones in the knee joint (Figure 2.5). Here we can compare a normal knee to an osteoarthritic 

knee and clearly see joint space narrowing as well as some osteophytes, which are both 

characteristics of OA. Joint space narrowing indirectly assesses the cartilage and meniscus that 

fills the space between the bones, and some of the loss in joint space can be attributed to 

meniscal extrusion. This demonstrates that although x-ray cannot directly assess all of the soft 

tissues of the knee joint, radiographic images can still be used to evaluate some features of OA 

severity, highlighting its clinical usefulness.  
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Figure 2.5 - X-rays of Normal (left) and Osteoarthritic (right) Knees. Modified from [59] 

 The Kellgren-Lawrence grading scheme is a semi-quantitative scoring system which 

grades radiographic images on a scale of 0-4 in terms of OA severity [60]; it is often used in OA 

research studies to classify the severity of the disease. The scale is based on osteophyte 

formation, joint-space-narrowing, and altered shape of bone ends [60]. This grading scheme is 

useful for assessment of OA severity. However, it does not detect changes in the knee related to 

OA that happen before gross morphological changes.  

2.3.2 Magnetic Resonance Imaging 

MRI is a useful imaging technique for assessing OA due to the soft tissue contrast it 

provides. With MRI, water (hydrogen protons, specifically) in the body is being measured, thus 

soft tissues – which are primarily composed of water – are visible. For example, the meniscus is 

composed of 60-70% water [35]. Below in Figure 2.6, the magnetization of a group of protons in 

MRI is represented. In MRI, protons in the soft tissue (i.e. water) are placed in a strong 

permanent magnetic field (B0) which causes them to align with this magnetic fields (M0) (Figure 

2.6-A). A radiofrequency (RF) pulse is applied at hydrogen‟s resonance frequency which has its 

own magnetism (B1) that “excites” the protons and tilts their magnetic fields (Meff) towards the 

transverse plane at flip angle α (Figure 2.6-B). When the RF pulse is no longer applied, the Meff 

“relaxes” back towards alignment with the B0 field (Figure 2.6-C). This relaxation induces a 

current in the RF receive coils due to the magnetic flux. This process is repeated many times 

over the desired field of view. An image can be created by taking the spatial frequency data 
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acquired by the receive coil (k-space data) and converting it to image space using an inverse 

Fourier Transform. 

 

 

Figure 2.6 - Basic MRI Physics of a Group of Protons. A: The magnetic field of a group of protons (M0) aligns with the 

permanent magnetic field of the MRI scanner (B0). B: M0 is subjected to a radio frequency (RF) pulse at the resonance 

frequency of a proton, causing the effective magnetic field of the protons (Meff) to tilt toward the transverse plane at flip 

angle α. C: When the RF pulse is no longer applied, Meff relaxes back to be in line with B0. This induces a measurable 
current in the RF receiver coil. Images can be constructed from the RF coil signals resulting from multiple RF pulses. 

By using various sequences of RF pulses, many different forms of contrast in the images 

can be created. Specific sequences that create strong contrasts between soft tissues are used for 

morphological assessment (2.3.2.1), while varying contrasts can be used to create quantitative 

maps of the tissues used in quantitative MRI (2.3.2.2). 

2.3.2.1 Morphological Assessment of Osteoarthritis using Magnetic Resonance Imaging 

Because of MRI‟s superior soft tissue contrast, it can enable morphological assessment of 

the various soft tissues of the knee joint (Figure 2.7). There are several semi-quantitative scoring 

systems available to evaluate images for OA severity. These scoring systems, such as MRI OA 

Knee Score (MOAKS), Boston-Leeds OA Knee Score (BLOKS), and Whole Organ MR Score 

(WORMS) base their scores off of morphological qualities such as osteophytes presence, size of 

bone marrow lesions and cysts, articular cartilage thickness, size and quantity of osteophytes, 

synovitis, extrusion, and morphological qualities in the meniscus such as tears [61-63]. These 

images may be more telling than standard radiography, but they lack the ability to detect early 

changes in the tissue before gross-morphological (i.e. structural) alterations. 
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Figure 2.7 - MRI Image of a Knee in the Sagittal Plane [64] 

2.3.2.2 Quantitative Magnetic Resonance Imaging 

In addition to standard MRI techniques, there are quantitative magnetic resonance 

imaging (qMRI) techniques that provide different information than morphologic images – they 

provide numerical values related to proton magnetic behaviour, which can yield useful 

information about tissue health and mechanical properties. This is valuable as it provides a 

metric that is not subjective, and not based on morphology, which is important because OA 

characteristics are present before morphological changes occur. 

Several qMRI techniques are used to study musculoskeletal soft tissues such as cartilage 

and menisci. Some qMRI metrics implemented in OA research include cartilage thickness [65, 

66]; T1 [19], T2 [65, 66], T2* [18], T1ρ [66], and T1gd [67] relaxation times; gadolinium 

concentration [68]; and sodium content [69, 70]. T1 relaxation time is the amount of time it takes 

for the protons magnetic field to relax back to M0 in the longitudinal direction (i.e. along the B0 

direction) after the removal of the RF pulse. T2 relaxation time is similar to T1, except that it 

accounts for relaxation in the transverse direction. Below in Figure 2.8 is an example of a qMRI 

colour map of a human meniscus, where the T2 relaxation time is measured. T2* is similar to T2, 

although it includes the effects from the magnetic field inhomogeneities, and therefore is always 

shorter than T2. T1ρ refers to a specific technique where the magnetization is subjected to a 

second RF pulse parallel to Meff after the initial one, preventing phase decay, termed „spin lock‟. 

T1ρ is the time it takes for the protons to decay after the “spin lock” pulse is released. In delayed 

gadolinium enhanced MRI of cartilage (dGEMRIC), T1 is used in combination with gadolinium 
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(T1gd). Gadolinium is a negatively charged intravenous MRI contrast agent which distributes 

inversely to the negatively charged glycosaminoglycans (GAGs) [68], which are the side-chains 

of proteoglycans. Sodium MRI is similar to conventional MRI, except it targets sodium atoms in 

the body rather than hydrogen. In order to do this, a special coil tuned to the Larmor frequency of 

sodium is required and therefore is not used often.  

 

Figure 2.8 – Examples of qDESS T2 maps of the meniscus in the sagittal (A), reconstructed axial (B), and coronal (C) 
planes.  

The above described qMRI techniques have been implemented in several studies on 

cartilage and the meniscus in an attempt to correlate with biological materials with varying 

success (Table 2.2). The correlations found in these studies can be classified as very weak 

(correlation coefficient = 0 – 0.19), weak (0.2 – 0.39), moderate (0.4 – 0.59), strong (0.6 – 0.79), 

or very strong (0.8 – 1). To date, T1 relaxation times have displayed primarily weak correlations 

[27]. T2 relaxation times have been used extensively in the literature with a wide range of 

correlation strengths across various metrics. T2 relaxation times have had very strong correlations 

with collagen organization [71], correlations ranging from moderate to very strong with water 

[32, 72, 73], and very weak to moderate with proteoglycans [32, 74, 75]. Higher cartilage T2 

relaxation times were present in ACL-injury patients 2-4 years post-meniscal repair (at high-risk 

for OA) compared to those with intact menisci [76]. T2 has also been able to distinguish between 

healthy and osteoarthritic knee cartilage [77]. T2* values have been shown to have weak 

correlations with water content [78], and found to be lower in healthy meniscal tissue in 

comparison to degenerate tissue [79]. Using UTE-T2*, a variation of T2* with a short echo-time, it 

was found that there were significant elevations of its values in menisci of ACL injured subjects 
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without clinical evidence of meniscal deficiency [79], which shows that UTE-T2* can be useful 

for subclinical meniscal degeneration assessment. T1ρ has shown strong correlations with water 

content in the meniscus [32]. T1ρ was generally found to be less sensitive to PG content in the 

menisci than in cartilage [17, 32, 74, 75, 80], which is likely due to the considerably lower PG 

content in the meniscus. T1gd can be used to infer the location of PG‟s [27, 81]. dGEMRIC has 

been also shown to correlate with collagen and proteoglycan content in cartilage [15]. Lower 

signal in sodium MRI has been correlated with a decrease in PG [82]. 

Table 2.2 - Key qMRI Correlations with Biological Materials 

qMRI Metric 
Biological 
Material 

Correlation Strength 

Very Weak Weak Moderate Strong Very Strong 

T1 
Proteoglycans   [27]       

Water           

T1ρ 
Proteoglycans   [32, 74]   [75] [17, 80] 

Water       [32]   

T2 

Collagen 
Organization 

        [71] 

Water     [32] [72] [73] 

Proteoglycans [32] [74] [75]     

T2* Water   [78]    

T1gd Proteoglycans     [27] [81] 

Gadolinium 
Concentration 

Proteoglycans    [27]   

Sodium Proteoglycans      [82] 

 

2.3.2.2.1 Quantitative Magnetic Resonance Imaging and Mechanical Properties 

Below in Table 2.3 is a summary of studies that examined relationships between qMRI 

metrics and mechanical properties of soft tissues. This table shows that there is a wide range of 

test configurations as well as metrics that have been explored, and a notable variation in 

correlation strengths.
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Table 2.3 - Studies relating qMRI Parameters to Mechanical Properties 

Study Tissue Tissue  Mech. Test Mech. Properties 
qMRI 

Parameters 
Key Relationship 

[21] Cartilage Human Indentation Stiffness T1gd Stiffness-T1gd (rs=|0.72-0.97|) 

[22] Cartilage Human Indentation Eeq, Relaxation Time 
T1gd, T2, 

ADC 
T1gd-Eeq (rs=0.81) 

[83] Cartilage Human Indentation E0 T1ρ - 

[24] Cartilage Human UC Eeq, Edyn T1gd, T1, T2 

T2-Eeq (rs=-0.27) 
T1gd-Eeq (rs=0.57) 
T1gd-Edyn (rs=0.5) 

[Gd-DTPA]-Eeq (rs=-0.49) 
[Gd-DTPA]-Edyn (rs=-0.47) 

[15] Cartilage Human UC Eeq, Edyn T1gd, T2 

T2-Eeq @1.5T (rs=-0.4) 
T2-Edyn @ 1.5T (rs=-0.45) 
T1gd-Eeq @ 9.4T (rs=0.43) 
T1gd-Edyn @ 9.4T (rs=0.42) 

[25] Cartilage Human UC Eeq, Edyn T1gd, T2 

T2-Eeq @1.5T (rs=-0.4) 
T2-Edyn @ 1.5T (rs=-0.46) 
[Gd-DTPA]-Eeq (rs=-0.86) 
[Gd-DTPA]-Edyn (rs=-0.64) 
[Gd-DTPA]-Ha (rs=-0.74) 

[19] Cartilage 
Human 
Bovine 

UC Eeq, Edyn T1gd, T1, T2 
T2-Eeq (rs=-0.71) (Human) 
T2-Edyn (rs=0.88) (Bovine) 

[28] Cartilage Human Indentation Eeq, Edyn 
T1, T1gd, T2, 
T1ρ, MTR 

T2-Eeq (rs=-0.65) 

[29] Cartilage Human UC Eeq ADC - 

[30] Cartilage Human Indentation Stiffness T1gd Stiffness-T1gd (rs=0.9) 

[31] Cartilage Human Indentation 
Peak force, Peak Edyn, 

Energy Dissipation, Phase 
Angle 

T1ρ Phase Angle-T1ρ (rs=0.91) 

[26] Cartilage Bovine UC Eeq, Edyn, Ha T2, T1gd 
T2-Eeq (rs=-0.33) 
T2-Ha (rs=-0.34) 

[16] Cartilage Bovine Indentation Eeq, Thickness T2 - 

[17] Cartilage Bovine CC Ha, kp T1ρ 
T1ρ-Ha (rs=|0.91|) 
T1ρ-kp (rs=|0.93|) 

[20] Cartilage Porcine Indentation Viscosity, Relaxation Time ADC 
Viscosity-ADC (rs=|0.87|) 

Relaxation Time-ADC (rs=|0.83|) 

[84] Cartilage Engineered UC Eeq, Edyn FCD 
Eeq-FCD (rs=|0.9|) 

Edyn-FCD (rs=|0.84-0.95|) 

[85] Cartilage Engineered UC Eeq T1, T2 
Eeq-T1 (rs=-0.76) 
Eeq-T2 (rs=0.58) 

[18] Cartilage Ovine Tensile Tensile Failure Load T2, T2* 

Increase in T2* in torn menisci. 
Torn and repaired menisci had 

longer T2 and lower force to 
failure in tension tests. 

[78] IVD Human Indentation 
Residual Stress and Excised 

Strain 
T2* 

Residual Stress-T2* (rs=0.35) 
Excised Strain-T2* (rs=0.41) 

[86] IVD Human CC Ha, kp, Swelling Pressure T1ρ Swelling Pressure- T1ρ (rs=0.59) 

[87] IVD Bovine CC Ha, kp T1, T2, MTR 
kp-T1 (rs=0.75) 
kp-T2 (rs=0.78) 

[32] Meniscus Human UC, TS Eeq, Edyn, G* T2, T1ρ 

T1ρ-Eeq (rs=-0.58) 
T1ρ-Edyn (rs=-0.62) 
T1ρ-G* (rs=-0.57) 
T2-Eeq (rs=-0.5) 

T2-Edyn (rs=-0.57) 
T2-G* (rs=-0.48) 

[18] Meniscus Ovine Tensile Tensile Failure Load T2, T2* 

T2* increases in torn menisci. 
Longer T2 in torn and repaired 

menisci with lower force to 
failure in tension tests. 

Legend: 
Eeq = Equilibrium Compressive Modulus 
Edyn = Dynamic Compressive Modulus 
Ha = Aggregate Modulus 
kp = Permeability 
G* = Dynamic Shear Modulus 
dGEMRIC = Delayed Gadolinium Enhance Magnetic Resonance Imaging 
of Cartilage 

E0 = Initial Elastic Modulus MTR = Magnetization Transfer Ratio 
UC = Unconfined Compression 
CC = Confined Compression 
TS = Torsional Shear 
ADC = Apparent Diffusion Constant 
IVD = Intervertebral Disc 
FCD = Fixed Charge Density 
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Most of the studies that have examined relationships between qMRI metrics and 

mechanical properties of soft tissues have been on cartilage. T2 relaxation times have been shown 

to have weak to strong negative correlations with the equilibrium compressive modulus (Eeq) in 

human tissue [15, 19, 24, 25, 28]. The same correlations were weak to moderate in bovine tissue 

[19, 26]. Similar correlations with the dynamic compressive modulus (Edyn) have been shown in 

several of the same studies [19, 24, 25, 28].  This is consistent with expectations based on the 

previously established association of T2 with the macromolecules of the tissue. T1ρ has also been 

very strongly correlated with Ha and kp [17]. dGEMRIC techniques have been implemented 

with some conflicting results. T1gd has been shown to have weak to very strong positive 

correlations with tissue compressive resisting properties in humans such as Eeq [15, 22, 24], and 

Edyn [24]. The concentration of the contrast agent in dGEMRIC in the tissue correlates strongly 

to very strongly negatively with Eeq, and Ha [26], which is expected as it negatively correlates 

with proteoglycan content. 

Compared to articular cartilage, there have been few studies on the relationships between 

qMRI metrics and properties of the meniscus, and only two have involved mechanical properties 

[18, 32]. It has been shown that there was a significant increase and greater variability in T2* 

values in the anterior regional menisci of ewes that have had their menisci surgically torn 

compared to those that had not [18]. Eight months post operation, torn and repaired menisci had 

longer T2 values and tended to require lower biomechanical force to cause failure in tension tests 

compared to menisci that were not operated on [18]. Another study explored T1ρ and T2 times 

and their association with human meniscus degeneration. They found that T1ρ and T2, had 

moderate inverse relationships with mechanical properties Eeq, Edyn, and G* assessed using an 

unconfined compression approach, as well as moderate and inverse correlations with collagen 

per wet mass, and moderate correlations with water content [32].  

These studies indicate that qMRI shows great promise as a structural, functional and 

disease imaging biomarker, but further investigation is required, and currently the meniscus is 

underexplored. Part of the reason behind this is that the meniscus is difficult to image, with short 

relaxation times due to the bound macromolecules of the tissue. Some conventional qMRI 

techniques may not be suitable for the meniscus because of limited sampling before the MR 

signal decays. Since macromolecules play a large role in the mechanical properties of the 
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meniscus, they may be important to study to understand how the meniscus and its mechanical 

properties change with OA. This is the reason that we have chosen to work with quantitative 

magnetization transfer MRI – a technique that can provide assessments of the bound protons 

of the tissue. 

2.3.2.3 Quantitative Magnetization Transfer Magnetic Resonance Imaging (qMT MRI) 

qMT MRI is a technique that assesses interactions between hydrogen protons associated 

with macromolecules and protons associated with the free water in the tissue. This provides an 

indirect measure of macromolecular content [88] that other qMRI techniques cannot because of 

very short relaxation times associated with bound protons (on the order of microseconds). The 

magnetization transfer (MT) effect can be modeled as a two-pool system as shown in Figure 2.9. 

The free pool consists of the water protons of the tissue with a net magnetization M0F, and 

protons bound to macromolecules of the tissue with a net magnetization M0B.  

 

Figure 2.9 - This is a two pool qMT model which contains the protons in the water of the tissue (free pool) and the protons 

bound to the macromolecules (bound pool). The magnetization of protons in the free pool and bound pool are denoted by 

M0f and M0b respectively. Using off-resonance frequency RF pulses, the bound pool becomes saturated with magnetism, 

represented by the shaded portion of the pool. Due to the constant exchange of protons between the pools denoted by the 

magnetization exchange rate (k), the free pool will obtain excited protons, and lose protons aligned with the permanent 
magnetic field of the scanner, for a decrease in net magnetization. Modified from [88] 

 

The bound pool can be selectively excited using off-resonance RF pulses. This is because 

the liquid pool is primarily susceptible to excitation from RF pulses near the resonance 

frequency, while the bound pool can be targeted for excitation at a wider frequency range than 

k 

M0F 

1/T1f 

Free Pool 

M0B 

1/T1b 

Bound Pool 
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the liquid pool (Figure 2.10) [88]. When the bound pool is saturated with excited protons – 

denoted by the shaded portion of the pool in Figure 2.9 – magnetization exchange between the 

pools causes an increase in excited protons in the free pool, thereby decreasing its net 

magnetization [88]. The MR images capture the magnetization of the free pool, which has been 

affected by the saturated protons of the bound pool. The relaxation rate of each pool, denoted by 

1/T1f and 1/T1b respectively, are measures of the rates at which each pool reverts back to its 

normal longitudinal magnetization under the influence of the B0 field after the RF pulses are no 

longer applied. 

 

Figure 2.10 - Absorption susceptibility of the liquid and macromolecular pools of soft tissues [88]. 

 

The relaxation of the free pool can be interpreted to obtain information on the bound pool 

[88]. This is done by acquiring data at several off-resonance frequencies and multiple MT flip 

angles (MT flip angle is a term referring to the power of the RF pulses, opposed to flip angle α 

which is in regards to the proton‟s magnetization tilt into the transverse plane) to obtain images 

with varying MT weighting. These images are then used together to fit a mathematical model 

from which qMT parameters are obtained [89]. The key parameters found using qMT MRI are 

the magnetization exchange rate between the bound and free pools (k), the bound-pool fraction 

(f), and both the longitudinal and transverse relaxation times of the bound pool (T1b and T2b). In 

any sequence where magnetization transfer occurs, the Magnetization Transfer Ratio (MTR) can 
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also be calculated, which is a comparison of the signal in images with and without MT weighting 

[88]. 

There has already been some qMT research done on soft tissues. It has been shown that 

the qMT parameter k is sensitive to Alzheimer‟s Disease – another degenerative soft tissue 

disease from which macromolecules can be used as biomarkers [90] – showing significantly 

reduced values in Alzheimer‟s Disease patients [91]. qMT metrics have been compared to 

structural content of cartilage and found that f had a moderate correlation with proteoglycan 

content, while both k showed a moderate correlation with collagen [92]. It has also been found 

that k was significantly lower in patellar cartilage of OA patients compared to healthy, while T2b 

was significantly higher [93]. Overall, these results have shown that qMT metrics are sensitive to 

macromolecular content and can distinguish between OA and healthy groups, making qMT a 

promising tool for assessing changes in soft tissue during early OA. To date, no study has related 

qMT to mechanical properties of soft tissues. 

There has only been one qMT study done on the meniscus, and it was by collaborators at 

McGill University [89, 94]. This study successfully obtained qMT results in the meniscus and 

provided proof of concept that the meniscus demonstrates the MT effect and qMT parameters 

can be assessed for the meniscus. The qMT values from this study can be viewed in Table 2.4 

below. It can be seen how much shorter T2b times are than the other relaxation times, which is 

why this parameter needs to be determined using special techniques such as qMT.  

Table 2.4 - qMT Values from Simard's Study 

 

If there is a correlation found between the qMT parameters and mechanical properties of 

the meniscus and macromolecular content, it would yield an imaging biomarker for meniscal 

function. Biomarkers using qMT parameters would be particularly useful as they would be 

Tissue (n = 4) f (%) k (s-1) T1 (ms) T1f (ms) T2b (μs)

Lateral Meniscus 21.86 ± 2.51 2.26 ± 0.59 698.6 ± 120 783.1 ± 177.3 5.74 ± 0.74

Medial Meniscus 26.76 ± 2.82 2.67 ± 0.64 611.6 ± 85.9 661.0 ± 166.6 5.50 ± 0.95

Both Menisci 23.36 ± 2.41 2.38 ± 0.35 663.9 ± 90.9 736.2 ± 156.0 5.65 ± 0.81

Tibial Cartilage 16.24 ± 1.23 2.87 ± 0.58 763.0 ± 128.9 815.8 ± 189.5 4.97 ± 0.42

Femoral Cartilage 15.47 ± 0.68 3.11 ± 0.78 805.1 ± 128.9 881.5 ± 191.3 5.37 ± 0.36

Patellar Cartilage 12.99 ± 0.68 2.82 ± 0.64 904.5 ± 143.9 977.4 ± 225.5 5.56 ± 0.20

Whole Cartilage 15.19 ± 0.61 3.00 ± 0.69 813.3 ± 117.2 882.8 ± 186.2 5.30 ± 0.17
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associated with macromolecules of the tissue, providing a more direct link to tissue functionality 

and how it deteriorates with disease progression. Being able to monitor functional changes would 

enable the assessment of the efficacies of OA treatment strategies by evaluating their effect on 

the tissue‟s function over time. 

2.4 Mechanical Testing of Soft Tissues 

Mechanical testing of the meniscus is necessary in this project in order to see if qMT can 

be used to non-invasively assess mechanical properties of the tissue. When mechanically testing 

articular cartilage and meniscus, it is common to model them according to Mow‟s Biphasic 

Theory [14]. Similar to qMT, Mow‟s theory treats the tissue as having two phases: a solid porous 

phase, which is filled with a fluid phase. This is an important consideration to make, as there is a 

dynamic effect to take account of during testing where the fluid flows through the tissue, as well 

as exudes out of the slightly permeable solid phase, resulting in a resistive drag force. In this 

section I touch on the two main mechanical tests done on biological soft-tissues: creep and 

stress-relaxation testing, outlining why we have chosen the latter. Afterwards, I review the three 

testing configurations: indentation, unconfined compression, and confined compression testing, 

reasoning out why we have chosen the confined compression option. 

2.4.1 Creep Testing 

 

Figure 2.11 - Creep Testing 

Creep testing is a force-controlled test (Figure 2.11), where the tissue is compressed with 

a defined load. This loading is maintained while fluid exudes out of the tissue, enabling further 
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compression until an equilibrium displacement is reached. The data from these tests can be fit to 

mathematical models to obtain physical parameters of the tissues being tested [95-97]. 

Implementing creep testing is somewhat challenging as it is not trivial maintaining a 

constant force on a sample. The load would be constantly changing as the fluid exudes out of the 

tissue, so the controller would have to update the actuator position to maintain the desired load. 

Continually updating the actuator position would introduce risks with damaging the sample, 

particularly because we only had access to an electrically controlled system which does not 

provide position control as fine as a hydraulic system would. 

2.4.2 Stress-relaxation Testing 

 

Figure 2.12 - Stress-Relaxation Testing 

Stress-relaxation testing uses a position controlled test, where the tissue is compressed 

and held at a strain level (Figure 2.12). While held in place, the fluid exudes out reducing the 

stress in the tissue until an internal equilibrium stress is reached. Similar to creep testing, the data 

from a stress-relaxation test can be fit to mathematical models to obtain mechanical properties of 

the tissues being tested and it is often implemented in the relevant literature [19, 24, 32, 96, 98-

105].  

I opted to implement stress-relaxation over creep testing for simplicity and safety. It is 

simple because the actuator moves to a position and holds it there in place, compared to creep 

where the actuator would have to constantly adjust to be at the correct force level. It is safer 

because during creep testing it is possible for samples to be overloaded and damaged if the 
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actuator were to compress it too far during adjustments. For our system, if the actuator is off by 

0.01mm from the target position, a warning will be given, which gives me confidence in the 

accuracy of the test. 

2.4.3 Indentation Testing 

 

Figure 2.13 - Indentation Testing 

Indentation testing involves pressing on the surface of an intact tissue with an indenter 

(Figure 2.13). Indentation testing is advantageous in that it involves testing on a tissue that is 

intact, opposed to core samples. It also has a fairly simple sample preparation process, as the 

tissue is left intact. Conversely, testing the tissue intact means that the boundary conditions for 

the test are rather complex and it is difficult to represent this mathematically, opposed to 

confined compression testing where there is a rigid cylinder surrounding the core sample 

defining the boundary. I have not found any studies addressing how far away from the indenter 

deformation would occur, and how this would affect the boundary conditions. Additionally, the 

indenter is required to be normal to the tissue surface during testing, which can be challenging to 

ensure without a specialized system or sample mounting device. It is another common method 

used to determine mechanical properties of soft-tissues [22, 31, 46, 95, 106]. 
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2.4.4 Unconfined Compression Testing 

 

Figure 2.14 - Unconfined Compression Testing 

Unconfined compression testing involves the testing of cylindrical core samples from the 

tissue. The sample sits on a flat testing platform and is compressed from above, while being 

allowed to expand outwards laterally (Figure 2.14). Unconfined compression testing has a 

relatively simple set-up, and is fairly easy to model mathematically due to the simple boundary 

conditions. It is also widely implemented in the literature [24, 32, 95, 101, 103, 107], so there is 

ample data to compare to. The main drawback of unconfined compression testing is that it is not 

an accurate representation of an in-situ tissue, as any core sample would have its lateral 

expansion resisted by surrounding tissue if it were still intact. I have chosen not to implement 

unconfined compression testing because of this reason. 
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2.4.5 Confined Compression Testing 

 

Figure 2.15 - Confined Compression Testing 

Confined compression testing is similar to unconfined compression testing, except that 

the cylindrical samples are tested in a confining chamber (Figure 2.15). The cylindrical chamber 

has solid walls, preventing lateral expansion. The tissue sits on a porous platen which facilitates 

the fluid flow during compression. The main attractive quality of confined compression testing is 

that it is somewhat of a compromise between the other two testing methods; it is more 

representative of an in-situ environment than unconfined compression testing, while being easier 

to implement than indentation testing. Similar to unconfined compression, there is a significant 

amount of relevant literature to explore [96-100, 102, 104, 105, 107-109]. This is the mechanical 

testing method that I chose to implement in this study due to the positives mentioned above. 

2.4.6 Data Models 

The data obtained from confined compression testing had to be fit to a mathematical 

model in order to obtain physical meaning from them. Most of the models in the literature base 

their model off of Mow‟s biphasic theory [14], usually with some changes. The models explored 

for this project will be described in detail in the Methodology section. 

2.5 Hypotheses 

With tissues of varying health, I expect to see differences in tissue functionality being 

reflected in the mechanical properties of the meniscus, as well as the qMT metrics. With more 
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degenerated tissues, there will be lower Ha values as the solid matrix will be less able to resist 

compression. This should be accompanied by an increase in kp, as fluid flow will be less 

restricted by the further degenerated solid matrix. Since f describes the proportion of protons 

bound to macromolecules, I expect it to decrease with tissue degeneration because the solid 

matrix will be progressively damaged and the percentage of water content has been shown to 

increase with damage [47, 110]. Magnetization exchange (k) is both chemical and dipolar in 

nature and it is difficult to suggest and test how this parameter might change with tissue 

degeneration. T2 relaxation times have been found to be significantly higher in OA cartilage 

samples compared to healthy samples [27, 111, 112]. T1 relaxation times have both been shown 

to increase [27] and decrease [113] with degeneration, making it difficult to predict how this 

metric will behave, but it is possible T1 is driven by similar macromolecules as T2, so it could be 

they respond similarly. T1f, T2f, and T2b relaxation times are likely to respond to degeneration 

similarly to T1 and T2. Because of the above reasoning, I hypothesize the correlation signs shown 

in Table 2.5. 

Table 2.5 - Correlation Prediction 

 

 

2.6 Summary 

OA of the knee is a degenerative joint disease that is prominent in Canada. Currently 

there is no cure for the disease, and treatment options for those afflicted by it are limited. 

Independent Variable Dependent Variable Predicted Correlation Sign

Ha kp -

Ha f +

Ha k ?

Ha T1f -

Ha T2f -

Ha T2b -

kp f -

kp k ?

kp T1f +

kp T2f +

kp T2b +
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The meniscus is a soft-tissue that is important in the OA process, and comparable to 

articular cartilage in terms of composition. However, there has been comparatively little work 

investigating the potential of qMRI parameters as biomarkers for OA in the meniscus.  

 qMT is an MRI technique that has shown promise in having correlations with tissue 

macromolecules and hydration. It is the only qMRI technique that can properly assess bound 

protons of the meniscus as others are hindered by short relaxation times associated with the 

macromolecules of the tissue. Because macromolecule relative content and interactions with 

water are closely related to tissue mechanical properties, the measures closely related to 

macromolecules could be linked with tissue mechanical properties. Unlike other qMRI methods, 

qMT models the meniscus in a similar way to how I am modeling it mechanically (biphasic) 

which should give it a strong link to mechanical properties. This study investigates the potential 

of qMT parameters as biomarkers for meniscus functionality by relating qMT scan parameters to 

mechanical properties found via confined compression stress relaxation tests. 

If there is a correlation found between the parameters and mechanical properties of the 

meniscus, it would yield an imaging biomarker for meniscal function. This has the potential to 

improve our understanding how tissue function deteriorates with disease progression. 

Importantly, being able to monitor mechanical properties of the meniscus non-invasively over 

time could help with the development and objective evaluation of OA treatment strategies. 

2.7 Research Question & Objective 

 This study can be described in one research question: can qMT be implemented as a non-

invasive method of assessing meniscal mechanical properties? To address this question, the 

objective of this research is to assess whether qMT metrics (e.g., f, k, T1b, and T2b) accurately 

predict experimentally-derived mechanical properties (e.g., Ha and kp) of excised meniscal 

samples.  
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3.0 Methodology 

Figure 3.1 below represents the methodology pipeline for this project for each of the six 

cadaver knees. The aim of this project was to determine if qMT can be used to predict 

mechanical properties of the meniscus. In order to do this, for every knee I needed to obtain qMT 

parameters for each core sample, and perform a correlation with the mechanical properties.  

 

 

Figure 3.1 - Project Pipeline 

This process began by acquiring a series of MRI scans on intact cadaver knee joints to 

obtain qMT parameter maps of menisci (3.1). These images were subsequently segmented to 

give the meniscus masks necessary for determining sample specific parameter values and for 

registration purposes (3.4.2). After scanning, the knees were dissected to provide access to the 

meniscus (3.2.1.1). Small cylindrical core samples were then procured from the tissue (3.2.1.2), 

which provided both the samples and the meniscus with the samples removed from it. The 

samples themselves went through mechanical testing in order to obtain their mechanical 

properties (3.2.3, and 3.3). The remaining menisci were photographed at many different angles 

and packaged software was used to create a point cloud of the tissue (3.4.1). This point cloud 

was then registered with the qMT parameter maps (3.4.3). After registration, relationships 
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between qMT parameters and mechanical properties were assessed using a Spearman‟s rho 

analysis (3.5). 

3.0.1 Specimens 

 In this study, meniscus samples were procured from 6 cadaver knees (Science Care, Inc., 

Phoenix, AZ) for testing. Of the knees tested, 3 were male and 3 female, 3 were left knees and 3 

were right, while the mean age was 70.3 ± 9.3 years. The knees had no history of injury or 

surgery. 

3.1 MRI Scans and Image Processing 

All MRI scans were carried out on a 3T system (MAGNETOM Skyra, Siemens 

Healthcare, Erlangen, Germany).  Scans were acquired to carry out qMT and T2 relaxation time 

mapping. 

To acquire the required scans for qMT parameter mapping a custom sequence was 

required. A PhD student from our group (Lumeng Cui) developed the sequence using a product 

GRE sequence as its basis in vendor specific software (IDEA, Siemens Healthcare, Erlangen, 

Germany). This allowed us to acquire images with MT contrast; specifically we were able to 

modify the duration of the MT pulse, modify the MT flip angle (also known as “power”, and 

different from flip angle α), and modify the frequency offset. The MR imaging protocol involved 

a series of scans:  

1. Scans for T1 relaxation time mapping: 4 scans were acquired with 4 different flip angles (α  = 

5°, 10°, 20°, and 30°) using a Spoiled Gradient Recalled Echo (SPGR) sequence, with FOV 

= 160x160mm
2
, Repetition Time and Echo Time (TR/TE) = 26/3.22ms, a 256 x 256 matrix, 

and 0.625mm x 0.625mm x 3mm voxel size at 3.0T. 

2. MT scans: 10 scans were acquired with 2 different MT flip angles (142° and 426°) and 5 

offsets (433Hz, 1087Hz, 2732Hz, 6862Hz, and 17235Hz), with FOV = 160x160mm
2
, TR/TE 

= 48/3ms, a constant flip angle α = 10°, a 256 x 256 matrix, and 0.625mm x 0.625mm x 3mm 

voxel size at 3.0T. The low and high MT flip angles were performed alternately to avoid 

exceeding Specific Absorption Rate (SAR) limitations. Scans without MT pulse were done at 

the beginning, middle, and end of the experiment to monitor the potential drift in the data due 

to scanner heating. The scan protocol can be seen in Error! Reference source not found. in 

ppendix A – qMT Sequence. 
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3. Scans for B1 mapping: 2 scans we acquired with 2 different flip angles (α  = 60°, and 120°) 

using an SPGR sequence, with FOV = 160x160mm
2
, TR/TE = 6000/3.58ms, a 256 x 256 

matrix, and 0.625mm x 0.625mm x 3mm voxel size at 3.0T.  

4. Scans for T2 mapping:  One custom multi-echo steady state sequence (MEDESS) [114] was 

used with FOV = 160x160mm
2
, TR = 17.85ms, four echo times of TE = 3.03, 6.92, 8.88, 

12.72ms, ΔTE = 2ms, a constant flip angle α = 30°, a 256 x 256 matrix, and 0.625mm x 

0.625mm x 3mm voxel size at 3.0T.  

 

Image Processing 

The T1 relaxation maps were obtained using a variable flip angle technique called Driven 

Equilibrium Single Pulse Observation of T1 (DESPOT1) [115]. In this technique, T1 is 

determined from a series of SPGR images using multiple flip angles with a constant TR. The 

following signal model is used: 

      

    
 

      

    
              

         
  

  
  

where SISPGR = Signal Intensity, α = Flip Angle, and Mleq = Factor proportional to the 

equilibrium longitudinal magnetization. Plotting SISPGR/sinα versus SISPGR/tanα allows T1 to be 

calculated from the slope of this line as: 

    
  

         
 

qMT parameter maps (k, f, T1f, T2f and T2b) were modeled using methods reported 

previously [89]. Briefly, data from the ten MT contrast images were fit to both Super-Lorentzian 

and Gaussian line shapes (Figure 3.2).  Most often Super-Lorentzian line shapes are used; 

however, in some cases Gaussian line shapes may be more appropriate for the macromolecules 

of the bound pool [116, 117]. Therefore, both analyses were done and the results from both 

models were assessed. The equations for both line shapes can be seen in Appendix G – qMT 
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Line Shapes. I assumed T1b = 1s, as this is commonly done to provide a more robust fitting to the 

other qMT parameters and has been shown to have negligible effect on the model [118]. 

 

Figure 3.2 – Comparison of Super-Lorentzian and Gaussian Line Shape Fits on Specimen K01. The upper set of data on 
each figure has MT Flip Angle = 126°, while the lower set of data has MT Flip Angle = 426°. 

With T1 maps acquired and T1b set to 1 second, the remaining qMT parameters T1f, T2f, 

T2b, k, and f were obtained by fitting data to the two pool model [89] using custom software 

(Matlab, MathWorks, Natick, MA) written by a PhD student in our group (Lumeng Cui). 

In order to obtain the Magnetization Transfer Ratio (MTR), the image with the greatest 

MT effect (MT flip angle of 426° and an MT frequency offset of 433 Hz) was used along with 

the MT-off image. MTR is defined for each voxel as: 

     
       

  
, 

where M0 = the voxel‟s signal without magnetization saturation, and Msat = the voxel‟s MT-

weighted signal [88]. 

B1 maps were obtained to correct for any errors in the flip angle in the qMT parameter 

fitting process. The B1 field refers to the magnetic field introduced by the applied radio 

frequency pulses in the scanner. These values have inhomogeneities in their fields which needed 

to be quantified. In order to account for B1 field inhomogeneities, a standard double angle 

technique [119] was implemented to obtain an adjustment factor for each individual voxel. 

The T2 relaxation time maps were created by using the MEDESS technique [114]. In this 

technique, each TR yields two echoes before (S
+
) and two echoes after (S

-
) an effective spoiler 
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gradient.  The TR is then repeated with an offset of    . The two TRs are run alternately, to 

yield eight images with differing contrast (four S
+
 and four S

-
). T2 relaxation times can be 

estimated using S
+
 and S

-
 pairs (for example: pulses 1 and 8 together) with the following model: 

   
       (         )

   (
    

    
)

 

3.2 Mechanical Testing 

 For mechanical testing, considerations had to be made for how the samples were 

procured (3.2.1), how the tests were configured (3.2.2), and how the tests were carried out 

(3.2.3). 

3.2.1 Sample Procurement 

 The sample procurement can be broken down into the initial dissection where the menisci 

were exposed and the sample preparation where the core samples were prepared. 

3.2.1.1 Dissection 

 In order to procure samples from the specimens, I dissected the knee joint thereby 

exposing the meniscus. Dissection occurred the morning after the qMT scans were performed, 

with the knee joint being stored in the fridge at 4°C overnight. The first step was to locate the 

patella. The surrounding tissue was then resected in order to expose and remove the patella. 

Next, the femur and tibia were separated. To do this, muscles and ligaments connecting them had 

to be severed. After the femur and tibia were separated, the menisci were exposed. The meniscal 

attachments to the tibial plateau were retained. 
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3.2.1.2 Sample Preparation 

 

Figure 3.3 - Bovine Menisci with Core Samples Removed 

A 4mm biopsy punch was used to procure samples from the menisci. When doing this, 

the punch was kept as normal to the tibial plateau as possible, and pushed through the entire 

meniscus. It is notable that the meniscus is thicker near the horns, and more difficult to punch all 

the way through. The sample usually adhered to the interior of the biopsy punch, and therefore a 

thin probe was often inserted into the punch from the back end to push it out. A dissected bovine 

stifle joint with core samples removed from the menisci can be seen above in Figure 3.3. 

 

Figure 3.4 - Bovine Meniscus Core Sample (Uncut) 

When samples were procured, they were longer than required for testing (Figure 3.4). 

Each sample was cut down to approximately 2mm using a custom-made core sample cutter. 

There are four slots on the core sample cutter for razor blades. For the 2mm cut to be relatively 
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accurate, all four blades were placed in the slots. An ideal cut would take the sample from the 

middle of the core, while removing the angled surface layer. After putting the sample in the 4mm 

groove (Figure 3.5A), I placed razor blades into the outer two spots of the rig in a downward 

position, possibly cutting off the ends of the sample (Figure 3.5B). To line up the cuts 

accordingly, the middle two razor blades were put in their slots in the vertical position. The 

blades were then lowered to a position which enabled a visual assessment of the line-up of the 

cut (Figure 3.5C). When the tissue was aligned as desired, the razor blades were guided down 

into their slots to make the cut (Figure 3.5D). The part of the tissue between the middle blades 

was the sample to be tested. Each sample was placed into a vial with a 1X PBS solution 

containing protease inhibitors 5mM ethylenediaminetetraacetic acid and 5mM Benzamidine HCl 

[19], which are important for slowing down tissue degeneration. We expected 1X PBS to be 

appropriate as samples are not expected to have excessive swelling at this concentration [120]. 

Samples were stored in the fridge at 4°C to allow them time to equilibrate before mechanical 

testing. 

 

Figure 3.5 - Cutting a Meniscus Core Sample with the Core Sample Cutter: A) Sample in Position; B) Outer Blades 
Down; C) Inner Blades Vertical; D) Sample Cut 
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3.2.2 Apparatus 

The components that make up the testing apparatus include the confined compression rig 

and the Zwick materials testing machine (Zwick Z010, Zwick Roell Group, Ulm, Germany) 

(Figure 3.6). 

 

Figure 3.6 - Apparatus 

3.2.2.1 Confined Compression Rig 

 

Figure 3.7 - Confined Compression Testing Configuration 

For a confined compression test, it was necessary that core samples of soft tissue could be 

compressed in the axial direction but that they were prevented from expanding out laterally. To 
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achieve this, samples were tested in a confined compression chamber, designed by a member of 

our group (Josef Beug). The chamber is cylindrical, with the walls made of stainless steel that 

prevent lateral extrusion of the tissue. The bottom of the chamber is a porous platen that supports 

the sample, but also facilitates fluid flow. This platen was carefully selected by a member of our 

group (Dr. Emily McWalter) to ensure fluid flowed was not restricted through it. The tissue was 

compressed from above by an indenter that is also made of stainless steel and attached to the 

load cell. During testing fluid flow would mostly be restricted to pass through the porous platen. 

A representation of this setup can be seen above in Figure 3.7. 

The confining chamber sits on stilts above a reservoir, and this setup was encased in an 

acrylic tube. The acrylic tube was sealed with an O-ring at the base so that it can be filled with a 

1X PBS solution to keep the tissue hydrated during testing. The base secures onto an X-Y table, 

which allows for fine horizontal adjustments in order to align the indenter with the confined 

compression chamber. The actual confined compression rig setup can be seen in Figure 3.8. 

 

Figure 3.8 - Confined Compression Rig: A) Without 1X PBS; B) With 1X PBS 

3.2.2.2 Zwick Materials Testing Machine 

The Zwick materials testing machine along with packaged software (testxpertII, Zwick 

Roell, Ulm, Germany) was used for displacement-controlled testing. I equipped it with a 10 N 

load cell with an error of up to ± 1% at the lowest forces within the measurement range, and a 

custom made indenter for testing. When used for position control, the actuator is directed by a 

controller that has an error of ± 0.01mm.  Before tests could be carried out, the indenter had to be 

properly configured.  
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3.2.2.3 Indenter Alignment 

Before mechanical testing could be done, the indenter had to be properly aligned with the 

confining chamber. It was important that the indenter did not touch the confining walls during 

testing, as the resulting friction would skew the force data. In order to do this, the actuator was 

first lowered to a few millimeters above the confining chamber using manual controls. The 

indenter was then aligned with the confining chamber hole as best as possible by hand using the 

x-y table.  

A custom-made „testxpertII‟ sequence was implemented to lower the indenter very 

slowly (10mm/min). If a force greater than 0.01N was detected by the load cell, then the indenter 

was automatically retracted and the x-y table was adjusted. If the indenter could travel into the 

chamber without a force greater than 0.003N, then the indenter was considered properly aligned.  

3.2.2.4 Indenter Zeroing 

After the indenter was properly aligned, it had to be configured properly so that when it 

was at the bottom of the confining chamber, the tool separation was set to 0mm. To do this, a 

custom-made „testxpertII‟ sequence was implemented to lower the indenter until a force of 0.1N 

was detected, upon which the actuator will retract to the starting position of the test. This was 

done 3 times into the confining chamber void of fluid, and the data for each test was exported to 

excel. The tool separation vs. force data was analyzed to determine the tool separation at which 

the indenter contacted the bottom of the confining chamber. This measure was averaged over the 

3 tests to determine the zeroing point to properly configure the Zwick. 

3.2.3 Confined-Compression Testing 

In order for the samples to be properly tested, I first needed to know the specimen heights 

before stress-relaxation testing. 

3.2.3.1 Sample Height Measurement 

After being left in the fridge overnight to reach equilibrium, the samples were taken out 

one at a time for height measurements. The sample being measured was removed from its vial, 

and dabbed on a paper towel before being placed in the confining chamber. Samples that needed 

to be forced into place likely swelled a lot in the 1X PBS solution. These samples were deemed 

to be too large for testing, and were discarded.  
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A custom-made sequence in „testxpertII‟ was developed to perform sample height 

measurements. The actuator of the Zwick was lowered onto the sample, compressing it until the 

load cell detects 0.01N of force, after which the sample was unloaded.  This procedure was done 

3 times, and each set of data was exported to excel. The force-displacement data was analyzed 

similarly to it was for indenter zeroing. The „Tool Separation‟ read out value that corresponds 

with the increase in force is the sample height. The average of the 3 measures of sample height 

was the one used. After the height measurements were made, the sample was put back into the 

fridge with the exception of first sample being tested. 

3.2.3.2 Stress-Relaxation Testing 

After the sample height was determined, stress-relaxation testing was carried out. Before 

being tested each sample was left out for approximately 90 minutes to be certain that it was at 

room temperature. The confining chamber was filled with the 1X PBS solution in order to keep 

the tissue hydrated during testing (Figure 3.8B). A custom „testxpertII‟ program was made to 

control the stress-relaxation testing. Before initiating the sequence, the indenter was lowered to a 

tool separation of 5mm and the force readout was zeroed. From there, the indenter was lowered 

to a tool separation of the sample height, and the test was started. The tissue was compressed to 

10% of its original height at strain rate of 50%/min and held for 2000s. Next it was compressed 

to 15% of its original height at a strain rate of 0.3%/min and held for 2000s. The data was 

sampled at 1Hz, and the 15% strain data was analyzed for curve fitting. Fifteen percent was 

chosen for the stress-relaxation curve because initial testing with bovine samples gave the most 

robust data for fitting, and it is close to 11.6% axial strain which was found to be physiologically 

normal for porcine menisci at 200% body weight [121].Ten percent was chosen for preloading 

because the 5% strain increase to 15% was found to be a sufficient amount to provide a 

pronounced stress-relaxation effect. The stress-relaxation period was set 2000s because it is 

approximately that of the Bursac‟s stress-relaxation period, which I ultimately ended up using 

(details to follow in section 3.3).  

3.3 Curve Fitting 

The data obtained from confined compression testing had to be fit to a mathematical 

model in order to obtain estimates of the mechanical properties. Most of the models in the 

literature are based on Mow‟s biphasic theory [14]. Below are the models that were considered 
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for use in this study. Other models that were investigated can be seen in Appendix B – Other 

Models for Curve Fitting. 

3.3.1 Seitz Model [104] 

The Seitz model is a poroelastic, biphasic model for soft tissue samples undergoing 

confined compression testing. It takes one-dimensional fluid flow into consideration, and its 

origins lie in Mow‟s biphasic theory, although in a simplified manner. 

          
 (

 
  

)
 
     

 

Where   = stress in the tissue,    = equilibrium stress at a given strain-level,    = 

strain-level for stress-relaxation,    = aggregate modulus,     = original specimen height, 

   = tissue permeability, and   = test time. 

Fits for this model were achieved using the curve-fitting application in Matlab (Matlab, 

MathWorks, Natick, USA). R
2
 values for these fits were fairly high (~0.97) but a quick visual 

assessment indicated that the model did not fit well at the start or finish of the curve (Figure 3.9).  

 

Figure 3.9 - Seitz Model Fit on Bovine Meniscus Tissue 

This model has the advantages of including both Ha, and kp, which are useful tissue 

properties for describing both the static and dynamic compressive behaviors of soft tissues. 

However, this model is limited in that it does not include the strain rate applied to the tissue 

sample. The applied strain rate is an important parameter, as the stress-relaxation period is 

dependent on how long the strain is applied, and this affects the curve shape. This was the first 

model I explored, but it became clear that it is not the right one to use as it does not fit the data 

well enough.  
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3.3.2 Bursac Model [108] 

Similar to the Seitz model, the Bursac model is a poroelastic, biphasic model for the 

confined compression of soft tissue samples. This model is a bit more complex than the Seitz 

model though, and may better reflect the physical response of the soft tissue samples. 
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Where   ̇ = applied strain rate, and    = time period during which the tissue is 

compressed. 

This is the model that I implement in this study. Fits for this model were achieved using a 

custom-made Matlab script that optimized the fit based on minimizing sum of squares. The fit 

found using this script was much better than any fit found using the Seitz model, achieving very 

high R
2
 values of 0.9849 ± 0.0149 (mean ± standard deviation) with a median of 0.9902, a 

minimum R
2
 of 0.9469 and a maximum of 0.9991 for a range of 0.0522 during the precision 

study. This model includes both Ha and kp as the Seitz model does, but it also includes the 

applied strain rate.  

While I have achieved good fits with this model, it was not simple to get to this point. 

Initially, I had been performing tests with an applied strain rate of 50%/min, which is similar to 

what can be seen in most stress-relaxation tests in the literature. However, the best fits I could 

get with this strain rate had R
2
 values in the 0.87 range, and visually they did not look 

appropriate. Eventually I decided to implement a much lower strain rate of 0.3%/min which was 

what was implemented in Bursac‟s study, which led to the results shown here (Figure 3.10). 
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Figure 3.10 – A Typical Bursac Model Fit on Bovine Meniscus Tissue 

 

Additionally, I had to consider the number of terms in the summation term to include. In 

order to decide this, I performed curve fitting on all of the samples using the model from n=1 up 

to n=25 terms. Most samples converged by n=20 terms, where the R
2
 value remains the same 

beyond this point when considering 3 decimal points of precision, and all of them did by 25 

terms. I chose to go with 25 terms, which is also what was used in Bursac‟s study. A more in-

depth discussion on this can be seen in Appendix D – Bursac Model‟s Sensitivity to Parameter n. 

Due to the high R
2
 values of 0.9849 ± 0.0149 for this fitting method using this model, in 

this study any samples that have an R
2
 less than 0.9 will be excluded from the study. 

3.3.3 Andrews Model [98] 

Rather than originating from biphasic theory, the Andrews model seems to be a model 

that was fabricated to fit the data. 

     ∑   
 

 
  

 

   

 

where    = Maxwell spring constants, and    = stress-relaxation times. 

Fits for this model (Figure 3.11) were achieved using Matlab‟s curve fitting application 

with a Levenberg-Marquardt optimization algorithm. While it is apparent that the fit is nearly 
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perfect (R
2
~0.99), it is not obvious what the model parameters mean physically. Also, this model 

has only been used by one group which limits cross-referencing capabilities of results. 

 

Figure 3.11 – Andrews Model Fit on Bovine Meniscus Tissue 

 

3.4 Image Processing 

After obtaining mechanical testing outcomes, I needed to see if there was a correlation 

between qMT metrics and the mechanical testing outcomes. To do this, I needed to know which 

qMT values in the parameter maps correspond to the samples tested. In other words, I needed to 

know where within the qMT maps the samples would be located. In order to do this, I wanted a 

point cloud of the meniscus with samples removed, which could then be registered over the qMT 

maps to find the sample locations. 

3.4.1 Point Cloud Generation 

In order to obtain a point cloud of the menisci, I used dedicated packaged software 

(Agisoft Photoscan, Agisoft LLC, St. Petersburg, Russia). This software works by processing a 

number of photos of an object taken from different angles, and recognizing common reference 

points between the images. It can then construct a point cloud of the object.  

In order to create a good point cloud of the menisci, several things had to be done to help 

the software recognize common reference points between images. Talcum powder was gently 

applied to the surface of the menisci and surrounding tissue to help reduce shine so that it would 

not interfere with the common point recognition. For similar reasons, the lighting in the room 

had to be somewhat even without any harsh direct lighting. Distinct markings were made on the 

potting to help the imaging software with recognizing common points between images for point 
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cloud production. I typically wrote letters with a point beside them surrounding the joint 

indicating the sides of the knee, along with random markings (Figure 3.12).  It is also important 

to note that the images were taken in a room with objects in the background. I placed a one 

25.4mm wide calibration block in the frame to allow scaling of the model later in the process. 

 

Figure 3.12 - Potted Human Knee (Censored) Prepared for Point Cloud Generation 

The photo-taking process was done immediately after sample procurement. It consisted 

of taking approximately 100 photos using a standard digital camera from various different angles 

and distances from the object, while generally keeping the whole knee joint in frame. 

These photos were then uploaded into software, which created a dense point cloud of the 

object. This dense point cloud could then be turned into a textured 3D model (Figure 3.13). Since 

the model is textured, I was able to manually delete the points of the mesh that were associated 

with the holes where the samples were removed. This is important for determining the sample 

locations after registration. 
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Figure 3.13 – 3D Model of a Dissected Bovine Knee 

After the samples were removed from the model, I uploaded the model into packaged 

solid modeling software (Geomagic, Geomagic, Morrisville, USA) for scaling. Since the 

calibration block was 25.4mm wide, I could scale the model to the appropriate size. Once scaled, 

I deleted everything in the model that was not the top surface of the menisci (Figure 3.14). Each 

meniscus was saved as its own .stl file to be registered individually. 

 

Figure 3.14 - Scaled and Cropped 3D Models of Bovine Menisci 
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3.4.2 Image Segmentation 

 

Figure 3.15 - A Single Slice of a Meniscus Mask Overlaid on a Parameter Map 

After obtaining the point cloud, a few different segmentation masks were needed to 

perform registration. First, packaged image processing software (Analyze 10.0, Mayo Clinic, 

Rochester, USA) was used to segment and create a mask of both menisci. This mask was 

overlaid on parameter maps in order to get parameter values for the menisci (Figure 3.15). 

Additionally, segmentations of only the bottom and top surfaces of the menisci were created 

(Figure 3.16). The top surface mask of the meniscus was also exported as a .stl and scaled to its 

appropriate physical size in Geomagic for registration purposes. 

 

Figure 3.16 - Segmentations of the Bottom (left) and Top (right) Surfaces of the Menisci 



45 

 

 

3.4.3 Point Cloud Registration 

Next, the top surface mask .stl and the Agisoft model were read into Matlab (Matlab 

R2017b, MathWorks, Natick, Ma) and viewed at the same time to compare their orientations 

(Figure 3.17). I separated the .stl files such that I was only manipulating their vertices, which 

effectively acted as point clouds. The point clouds were expected to have entirely different 

positions, but it was desired to have their orientations be similar to help the registration process. 

If their orientations were too different, I would take the Agisoft model back into Geomagic and 

rotate it until it was similar enough like shown in the figure below. It was important to rotate the 

Agisoft model and not the segmented model from Analyze, as the Analyze model has a physical 

location that is in line with the parameter maps which I wanted to stay the same. 

 

Figure 3.17 - Meniscus Point Clouds Viewed Together in Matlab - Analyze Point Cloud (Blue), Agisoft Point Cloud (Red) 

Once orientations were similar enough, I would upload the Agisoft model into modeling 

software (Fusion 360, Autodesk, San Rafael, USA). I created cylinder models to pass through the 

sample hole locations to represent the samples that were removed from the meniscus (Figure 

3.18). I did this for every sample and each model was exported as its own .stl file, which could 

then be read into Matlab as a point cloud. 
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Figure 3.18 - Cylinder Model in Fusion 360 

Using an Iterative Closest Points function [122, 123] in Matlab developed by a member 

of our group (Dr. James Johnston), the Agisoft point cloud was then registered to the Analyze 

point cloud. The translation and rotation that was applied to the Agisoft point cloud through the 

registration process was then applied to the sample cylinder point cloud to find out where the 

sample cylinder intersects with the Analyze point cloud (Figure 3.19).  

 

Figure 3.19 - Point Cloud Registration Results - Agisoft Point Cloud (Red), Analyze Point Cloud (Blue), Cylinder Point 
Cloud (Green) 
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This took into consideration the cylinder and the meniscus surface (Figure 3.20 – a), and 

isolated the intersection of the two (Figure 3.20 – b). However, this did not yield where it would 

be located throughout the depth of the meniscus. In order to find that, I wrote a custom function 

in Matlab that took this intersection in the same space as the bottom surface of the meniscus 

(Figure 3.20 – c), and extended it down toward the bottom meniscus surface segmentation that I 

made previously to define the sample boundaries within the meniscus. It then was filled in to 

define the punch out of the sample (Figure 3.20 – d). To define the core sample, the middle three 

rows of voxels below the sloped portion of the sample were taken (Figure 3.20 – e). Some 

samples were too short and were only able to provide one or two rows of voxels. This process 

was done slice by slice until I had a full mask for the sample of the meniscus. 

 

Figure 3.20 – Locating Core Sample Locations in MR Images. a) The cylinder and the meniscus surfaces are placed in the 

same imaging space in order to find their intersection as shown in b). c) The intersection previously found is put in the 

same space as the bottom meniscus surface segmentations. These boundaries are implemented to define the punch sample 

as shown in d) which is further reduced to the core sample shown in e) by taking up to three of the middle voxel rows 
below the slanted meniscus surface. An example core sample within its respective meniscus is shown in f). 

 

3.5 Precision Study 

 Before beginning the main study, a precision study was done on the mechanical testing 

protocol for this project, including the confined compression testing and curve fitting necessary 

to obtain the aggregate modulus and permeability of the samples. This study was performed on 
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14 samples from 3 bovine stifle joints in order to find root-mean-square coefficient of variation 

(CVRMS) for each parameter. Each sample was tested 2 times, and was given time overnight after 

each test to re-equilibrate in 1X phosphate buffered saline (PBS) containing protease inhibitors 

5mM ethylenediaminetetraacetic acid and 5mM Benzamidine HCl [19] before being tested 

again. 

The coefficient of variation for sample i is calculated as: 

    
   

 ̅ 
     

where     is the standard deviation of the measured parameter for sample i after repeated 

measures, and  ̅  is the mean value [124]. 

 The root-mean-square coefficient of variation is: 

      √∑   
 

 

   

   

where m is the total number of samples tested [124]. CVRMS values were found to be 

10.47% and 7.25% for Ha and kp respectively. These results can be seen tabulated in Table 3.1 

below. 
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Table 3.1 - Precision Study Results 

 

3.6 Association Analysis 

Spearman‟s rho correlations were implemented to determine how well qMT metrics were 

associated with the mechanical properties using packaged software (SPSS, IBM Corp., Armonk, 

NY). I did not use a Pearson product-moment correlation because it would assume a normal 

distribution and homoscedasticity while a Spearman‟s rho correlation makes no such 

assumptions. Since this is the first study of the associations between qMT and mechanical 

properties, I did not have the necessary data to test the assumptions; thus, I chose the Spearman‟s 

rho correlation. The metrics correlated using Spearman‟s rho can be grouped into the categories: 

Mechanical Properties (Ha, kp), qMT Parameters (T1f, T2f, T2b, f, k), and Other Parameters (T1, 

T2, MTR) (Table 3.2). The primary correlations I was interested in were between mechanical 

properties and qMT parameters, while all of the other correlations were secondary outcomes. A 

correlation was determined to be significant if it had a p-value less than 0.05. The correlations 

found in this study adhered to the following classification scheme: very weak (correlation 

coefficient = 0 – 0.19), weak (0.2 – 0.39), moderate (0.4 – 0.59), strong (0.6 – 0.79), or very 

strong (0.8 – 1). Each individual sample was considered its own individual measurement even 

though many samples were taken from the same menisci. This is an appropriate assumption 

because there is expected to be plenty of variation within each individual meniscus [32]. 

Ha (%) kp (%)

1 0 Lateral 7.68 2.09

2 0 Lateral 2.68 4.88

3 0 Lateral 0.12 2.40

4 0 Medial 11.41 7.06

5 1 Lateral 9.36 7.56

6 1 Lateral 5.35 4.13

7 1 Lateral 1.54 11.14

8 1 Medial 6.24 6.50

9 1 Medial 2.99 3.68

10 2 Lateral 3.64 10.36

11 2 Lateral 2.43 12.94

12 2 Medial 29.68 10.23

13 2 Medial 15.90 0.66

14 2 Medial 4.20 4.29

10.47 7.25

Sample Knee Meniscus

CV%

CVrms
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Table 3.2 - Metrics Analyzed using a Spearman's rho Analysis 

  

Independent Variables Dependent Variables Independent Variables Dependent Variables

Mechanical Properties Other Parameters

Mechanical Properties Mechanical Properties

qMT Parameters Other Parameters

qMT Parameters qMT Parameters

Other Parameters Other Parameters

Primary Correlations Secondary Correlations

Mechanical Properties qMT Parameters

Mechanical Properties: Ha, kp  || qMT Parameters: T1f, T2f, T2b, f, k || Other Parameters: T1, T2, MTR
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4.0 Results 

In total, 59 samples were used in the final analysis. From the 6 cadaver knees, 106 

meniscus samples were procured. Out of the 106 samples, 32 were excluded from the study from 

either being damaged during procurement or being misshapen and unable to fill out the confined 

compression chamber. Eight more samples were excluded for swelling too much to fit in the 

testing chamber. From the 66 remaining samples, 5 were excluded for having an R
2
 value below 

0.9 for the stress-relaxation data curve fitting, and 2 more were excluded for being outside of the 

segmented region of the image. Below I go into detail on the mechanical testing and imaging 

parameter results, followed by the correlations found in this study. 

4.1 Mechanical Testing Results 

The mean Ha for the samples was 22.64 ± 19.65kPa, while the mean kp was 1.03E-13 ± 

1.42E-13m
4
/Ns (Table 4.1). There is a large range of values for Ha, with a difference of 

100.93kPa between the largest and smallest values. The model curve fitting R
2
 values for the 59 

samples were 0.9815 ± 0.0213 (mean ± standard deviation). The median curve fit can be seen in 

Figure 4.1. More curve fitting results can be seen in Appendix C – Curve Fitting Results. 

Table 4.1 - Summary of Mechanical Parameters 

 

Ha (kPa) kp * 1015 (m4/Ns)

mean 22.64 103.48

std 19.65 142.47

max 102.19 702.90

min 1.26 7.40

range 100.93 695.50
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Figure 4.1 – Median Curve Fit Example for a Specimen at 15% Strain 

 

4.2 Imaging Parameter Results 

The qMT analysis of all samples was done with both a Super-Lorentzian line shape, and a 

Gaussian line shape. Using a Super-Lorentzian line shape yielded mean values for T1f of 577.01 

± 110.90ms, T2f of 6.95 ± 3.22ms, T2b of 5.47 ± 0.91μs, f of 29.22 ± 5.38%, and k of 2.93 ± 0.77s
-

1 
(Table 4.2). Using a Gaussian line shape returned mean values for T1f of 598.11 ± 104.32ms, T2f 

of 5.73 ± 2.48ms, T2b of 16.10 ± 1.47μs, f of 23.53 ± 4.25%, and k of  3.03 ± 1.19s
-1

.  

 

Table 4.2 - Summary of qMT Parameters for both Super-Lorentzian and Gaussian Line Shapes 

 

T1f (ms) T2f (ms) T2b (μs) f (%) k (1/s)

mean 577.01 6.95 5.47 29.22 2.93

std 110.90 3.22 0.91 5.38 0.77

max 967.17 16.89 7.45 41.13 5.81

min 351.14 1.83 2.96 14.97 1.27

range 616.03 15.06 4.49 26.16 4.54

mean 598.11 5.73 16.10 23.53 3.03

std 104.32 2.48 1.47 4.25 1.19

max 968.34 14.66 19.38 33.40 7.77

min 372.49 1.67 12.27 13.34 1.18

range 595.86 12.99 7.11 20.06 6.59

Super 

Lorentzian

Gaussian
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The mean T1 relaxation time was 666.35 ± 74.45ms and the mean T2 relaxation time was 

14.82 ± 2.46ms (Table 9). The mean MTR was 76.80 ± 4.69% (Table 9). Below in Figure 4.2 are 

some qMT parameter maps of the medial meniscus of specimen K02 that are good 

representations of the data outlined in Table 4.2 for the Gaussian line shape model, and more 

qMT parameter maps for each knee can be found in Appendix F – qMT Maps of Each Knee. 

 

Table 4.3 - Summary of Other qMRI Parameters 

 

 

 

Figure 4.2 - qMT Parameter Maps (Gaussian line shape) of the lateral meniscus of specimen K02 viewed in the sagittal 
direction. An example of the size of a core sample within the meniscus is shown in white outline. 

T1 (ms) T2 (ms) MTR (%)

mean 666.35 14.82 76.80

std 74.45 2.46 4.69

max 842.63 22.52 87.76

min 482.06 8.44 63.70

range 360.57 14.07 24.06
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4.3 Correlations 

The image registration using the Iterative Closest Points function was fairly successful, as 

measured by the shape match error. For every point in the data set, the distance between that 

point and the closest point in the model set was calculated, and the shape match error is the 

average of those distances. For all 12 of the registrations, there is an average shape match error 

of 0.676 ± 0.056mm. 

Spearman‟s rho correlation analyses were done for both Super-Lorentzian (Table 4.4) and 

Gaussian line shapes (Table 4.5). I found that Ha and kp have a strong negative correlation (rs=-

0.686, p <0.01) but there was only one significant correlation between mechanical properties and 

any imaging metrics, which was between Ha and T2b (rs=-0.336, p<0.01) when using a Super-

Lorentzian line shape. T1 relaxation time did show significant correlations with qMT metrics, 

notably with f (rs=-0.757, p<0.01) only when using a Super-Lorentzian line shape, and k (rs=-

0.542, p<0.01) when using a Gaussian line shape. 

Table 4.4 - Spearman's rho Correlation Table (Super-Lorentzian Line Shape). The only correlation between mechanical 
properties and qMT parameters is highlighted in yellow. 

 

Ha kp T1 T2 T1f T2f T2b f k MTR

Correlation Coefficient -.686** 0.001 0.133 -0.037 -0.204 -0.336** 0.063 0.183 0.206

Sig. (2-tailed) p < 0.001 0.995 0.314 0.783 0.12 0.009 0.633 0.165 0.118

Correlation Coefficient -.686** -0.027 0.007 0.029 0.202 0.206 -0.073 -0.206 -0.236

Sig. (2-tailed) p < 0.001 0.841 0.959 0.825 0.126 0.117 0.582 0.117 0.072

Correlation Coefficient 0.001 -0.027 .456** .979** .705** 0.196 -.757** -.406** .427**

Sig. (2-tailed) 0.995 0.841 p < 0.001 p < 0.001 p < 0.001 0.137 p < 0.001 0.001 0.004

Correlation Coefficient 0.133 0.007 .456** .463** .551** .285* -.447** -0.1 -.483**

Sig. (2-tailed) 0.314 0.959 p < 0.001 p < 0.001 p < 0.001 0.029 p < 0.01 0.453 p < 0.01

Correlation Coefficient -0.037 0.029 .979** .463** .697** 0.225 -.833** -.476** -.405**

Sig. (2-tailed) 0.783 0.825 p < 0.001 p < 0.001 p < 0.001 0.086 p < 0.001 p < 0.001 0.001

Correlation Coefficient -0.204 0.202 .705** .551** .697** .484** -.489** -0.022 -.863**

Sig. (2-tailed) 0.12 0.126 p < 0.001 p < 0.001 p < 0.001 p < 0.001 0.008 0.869 p < 0.001

Correlation Coefficient -0.336** 0.206 0.196 .285* 0.225 .484** -0.146 0.028 -.494**

Sig. (2-tailed) 0.009 0.117 0.137 0.029 0.086 0 0.271 0.833 0

Correlation Coefficient 0.063 -0.073 -.757** -.447** -.833** -.489** -0.146 .621** 0.195

Sig. (2-tailed) 0.633 0.582 p < 0.001 p < 0.001 p < 0.001 0.008 0.271 p < 0.001 0.138

Correlation Coefficient 0.183 -0.206 -.406** -0.1 -.476** -0.022 0.028 .621** -0.137

Sig. (2-tailed) 0.165 0.117 0.001 0.453 p < 0.001 0.869 0.833 p < 0.001 0.299

Correlation Coefficient 0.206 -0.236 .427** -.483** -.405** -.863** -.494** 0.195 -0.137

Sig. (2-tailed) 0.118 0.072 0.004 p < 0.001 0.001 p < 0.001 p < 0.001 0.138 0.299

Super Lorentzian Line Shape

Ha

kp

T1

T2

T1f

T2f

T2b

f

k

MTR

* Correlation is significant at the 0.05 level (2-tailed). Moderate (0.4-0.59) Strong (0.6-0.79) Very Strong (0.8-1)

** Correlation is significant at the 0.01 level (2-tailed). Correlation Legend Very Weak (0-0.19) Weak (0.2-0.39)



55 

 

Table 4.5 - Spearman's rho Correlation Table (Gaussian Line Shape) 

 

Scatter plots provide better visual representation of the correlations found from the 

Spearman‟s rho correlation analysis (Figure 4.3 to Figure 4.6). In Figure 4.3, permeability‟s 

negative correlation with the aggregate modulus is illustrated. The spread of permeability values 

was quite noticeable when aggregate modulus was on the low end. Since T2b correlated with Ha 

for a Super-Lorentzian line shape is the only correlation found between mechanical properties 

and imaging parameters, I have shown the scatter plots for both line shapes in Figure 4.4 for 

comparison. In Figure 4.5 are scatter plots showing how imaging parameters correlate with 

permeability. There are no obvious correlations visible from the scatter plots, but it is particularly 

notable how much data clustering there is. T1 relaxation time had some of the strongest 

correlations in this study, and these correlations are represented by scatter plots in Figure 4.6. T1 

relaxation times‟ correlations are particularly noticeable with f and k. Correlation scatter plots 

between Ha and qMT parameters, as well as T2 relaxation time correlations can be seen in 

Appendix E – Additional Correlations Scatter Plots.  

 

Ha kp T1 T2 T1f T2f T2b f k MTR

Correlation Coefficient -.686** 0.004 0.133 -0.007 -0.182 -0.221 0.151 0.142 0.206

Sig. (2-tailed) p < 0.001 0.978 0.314 0.96 0.168 0.093 0.253 0.282 0.118

Correlation Coefficient -.686** -0.003 0.007 0.003 0.195 0.185 -0.165 -0.075 -0.236

Sig. (2-tailed) p < 0.001 0.98 0.959 0.98 0.138 0.16 0.213 0.571 0.072

Correlation Coefficient 0.004 -0.003 .456** .903** .715** .317* -.535** -.542** -.374**

Sig. (2-tailed) 0.978 0.98 p < 0.001 p < 0.001 p < 0.001 0.015 p < 0.001 p < 0.001 0.004

Correlation Coefficient 0.133 0.007 .456** .458** .572** .369** -0.256 -.302* -.483**

Sig. (2-tailed) 0.314 0.959 p < 0.001 p < 0.001 p < 0.001 0.004 0.051 0.02 p < 0.001

Correlation Coefficient -0.007 0.003 .903** .458** .730** .295* -.681** -.701** -.387**

Sig. (2-tailed) 0.96 0.98 p < 0.001 p < 0.001 p < 0.001 0.024 p < 0.001 p < 0.001 0.002

Correlation Coefficient -0.182 0.195 .715** .572** .730** .511** -.343** -.397** -.830**

Sig. (2-tailed) 0.168 0.138 p < 0.001 p < 0.001 p < 0.001 p < 0.001 0.008 0.002 p < 0.001

Correlation Coefficient -0.221 0.185 .317* .369** .295* .511** -0.123 -0.206 -.425**

Sig. (2-tailed) 0.093 0.16 0.015 0.004 0.024 p < 0.001 0.353 0.117 0.001

Correlation Coefficient 0.151 -0.165 -.535** -0.256 -.681** -.343** -0.123 .665** 0.045

Sig. (2-tailed) 0.253 0.213 p < 0.001 0.051 p < 0.001 0.008 0.353 p < 0.001 0.736

Correlation Coefficient 0.142 -0.075 -.542** -.302* -.701** -.397** -0.206 .665** 0.16

Sig. (2-tailed) 0.282 0.571 p < 0.001 0.02 p < 0.001 0.002 0.117 p < 0.001 0.227

Correlation Coefficient 0.206 -0.236 -.374** -.483** -.387** -.830** -.425** 0.045 0.16

Sig. (2-tailed) 0.118 0.072 0.004 p < 0.001 0.002 p < 0.001 0.001 0.736 0.227

T2b

MTR

k

f

Gaussian Line Shape

T2

T1f

T2f

Ha

kp

T1

Very Strong (0.8-1)

** Correlation is significant at the 0.01 level (2-tailed).

* Correlation is significant at the 0.05 level (2-tailed). Moderate (0.4-0.59) Strong (0.6-0.79)

Weak (0.2-0.39)Very Weak (0-0.19)Correlation Legend
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Figure 4.3 – Permeability Correlation with Aggregate Modulus 

 

 

Figure 4.4 - T2b Correlation with Aggregate Modulus 
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Figure 4.5 - Imaging Metrics Predicting Permeability (Gaussian Line Shape) 
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Figure 4.6 - T1 Correlating with qMT Parameters for both Line Shapes 
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5.0 Discussion 

In this section I am going to focus on five points of discussion. The focus of this study 

was on the potential correlations between meniscal mechanical properties and qMT parameters, 

but only one correlation was found and the reasons for this will be addressed first (5.1). While 

more key relationships were not uncovered, there were other correlations I did find between 

imaging metrics which I discuss next (5.2). I will then discuss the difficulties involved with 

mechanical testing of the meniscus (5.3), and Super-Lorentzian versus Gaussian line shapes in 

qMT models (5.4). Finally, I will compare qMT values between cartilage and the meniscus in the 

literature (5.5) before moving on to strengths and limitations of this study (5.6). 

5.1 Why did we not Capture More Correlations between Mechanical Properties and 

qMT Parameters? 

In the background section, I explained that I expected correlations between the 

mechanical properties of the meniscus and qMT parameters, but only one correlation was found 

between Ha and T2b (rs=-0.336, p<0.01) when using a Super-Lorentzian line shape. I expected to 

find these correlations because both qMT and mechanical function are dependent on 

water/macromolecule interactions, and qMT models the tissue as a biphasic material, similar to 

how I model the mechanical testing data. Why did we not find more of these correlations? 

For the most part, the results trended in the way I expected. The mechanical properties 

behaved as I anticipated, with Ha having a significant and strongly negative correlation with kp 

from a Spearman‟s rho analysis (rs=-0.686). The thought process here is that as the tissue gets 

weaker, its capability to resist compression should be reduced (Ha) and fluid flow through the 

tissue should become less resisted (kp). I also predicted that with tissue degeneration, f would 

decrease, and relaxation times would increase in general. All of the correlations indicate that this 

could be what is happening. It could be that these correlations exist, but they were not found in 

this particular study. 

If more of these correlations exist but I am not capturing them, it may be because of a 

narrow range of health for specimens tested. Viewing the scatter plots in the results section 

(Figure 4.3 to Figure 4.6), it should be noted how “clumped” the data appear. Looking at some of 

the results more closely, it can be seen how the range of values is quite small. T2 relaxation time 

for example was found to be 14.82 ± 2.46ms. This is a small standard deviation which is an 
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indication that the samples were quite similar. Without a wider range of values between 

specimens, it is difficult to find correlations. But, it is also possible that the correlations do not 

exist. In order to determine this, further similar studies would need to be done with a sample set 

that has a wide range of health between specimens. 

Investigating the literature to see how standard deviations for T2 compare to the current 

results, even in the most similar study the standard deviations are much higher [32]. In that study 

they took core samples from the meniscus and compared T2 relaxation times for them regionally 

and even among the same regions the standard deviations ranged from approximately 3 to 8ms. 

If the samples were compared across all regions the standard deviation would likely be even 

higher. There are other studies that analyze T2 times regionally in menisci which have some 

standard deviations similar to those reported here (ranging from 0.95 to 2.08ms) [125] and some 

higher than those reported here (ranging from 1.45 to 4.51ms) [126]. These values are not ideal 

comparisons to the current study as they measure entire meniscus regions instead of core 

samples, and I would expect the standard deviations of regions to be lower than specimens as 

outlier values get averaged out in larger regions. 

Voxel size is another consideration to make when attempting to find correlations. Our 

sample sizes were 4mm in diameter, but our slice thickness was 3mm which introduces the 

possibility of the partial-voluming effect, where a voxel would represent both inside and outside 

the region-of-interest. Almost every sample was across two image slices, which is 6mm 

compared to the 4mm sample diameter. This means that some partial voluming was occurring, 

which could have hindered our ability to find correlations.  

5.2 qMRI Correlations 

 T1 relaxation times had significant correlations with every qMT metric, including a 

strongly negative correlation with f using a Super-Lorentzian line shape. While I did not work 

with degenerated or diseased specimens, it is useful to think about how metrics behave in 

degeneration to make sense of the correlations present in this study. T1 relaxation times have 

previously been shown to increase in cartilage with tissue degeneration [27]. The more 

degenerated a tissue is, the lower f should be, therefore a negative correlation with T1 is intuitive. 

It is interesting that T1 correlated better with qMT metrics than T2, considering T1 is an often 

neglected parameter in the musculoskeletal literature while T2 is quite commonly implemented. 
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T2 had some correlations with qMT metrics, most notably a moderate negative correlation with f 

when using a Super-Lorentzian line shape. 

 T1 and T2 were found to have a moderately positive correlation. These two metrics being 

positively correlated could be because they are influenced by the same macromolecules. In one 

study, T1 and T2 correlated very strongly in the human meniscus ex vivo [127], while in another 

study, T1 was found to have a moderate correlation with T2 in human patellar cartilage, but this 

relationship did not exist in bovine or porcine specimens [19]. In a study involving rabbit 

intervertebral discs, there was no significant relationship between T1 and T2 [128]. It was also 

found that T1ρ and T2 were very strongly correlated in the human meniscus [32], which is another 

indication that correlations between qMRI parameters do occur, and that some parameters may 

be influenced by certain macromolecules more than others. This is particularly important when 

considering how qMRI metrics may behave differently in some tissues than others, as different 

tissues have different macromolecular compositions. Additionally, in degenerative processes 

some macromolecules may be affected more greatly than others, which could be why some 

imaging metrics are sensitive to degeneration while others are not. This correlation should be 

further explored as it is not completely understood and could vary between species. 

5.3 Challenges Involving Mechanical Testing the Meniscus 

This project is a good demonstration of how difficult mechanical testing the meniscus is. 

It is challenging to know the optimum approach as there are many different techniques for every 

step of the whole process and little consistency throughout the literature. Testing procedures in 

the literature implement either stress relaxation [32, 96, 98, 99, 104, 108] or creep [83, 95, 96] 

testing methodologies for confined compression [96, 98, 99, 104, 108], unconfined compression 

[24, 32, 95], or indentation setups [22, 31, 83, 95]. For stress relaxation, there are different strain 

levels which samples are tested at, as well as different applied strain rates when compressing the 

samples (Table 5.1). Core samples can be procured in a variety of ways and from varying 

locations within the menisci. These samples can be a range of sizes in terms of diameter, 

thickness and procurement location along the depth which affects the mechanical testing force 

magnitudes.  Further, they are stored in different enzyme inhibitor solutions which can affect 

how degenerated the tissues become. There are also many different mechanical properties that a 

study can choose to measure which are often model dependent. Preloading is something some 



62 

 

studies do to deal with potential residual stresses in the samples [98, 99], while others – 

including the current study – do not [32, 53, 96, 108]. 

Table 5.1 - Various testing parameters used in the literature for stress-relaxation tests. Strain rates reported as %/min, 
normalized for a sample height of 2mm. 

Study Year Tissue %/min Strain Levels (%) 
Core Diameter 

(mm) 

Seitz [104] 2013 Meniscus 100.000 10, 15, 20 4.6 

Son [32] 2013 Meniscus 6.000 5, 10, 15, 20 4 

Ateshian [99] 1997 Cartilage 0.750 10, 20, 30, 40, 50 6.35 

Perie [107] 2005 Intervertebral Discs 0.600 5, 10, 15, 20 5 

Bursac [108] 1999 Cartilage 0.345 3,6, 9, 12, 15 4.5 

Current 2020 Meniscus 0.300 15 4 

 

Data modeling is an extremely difficult part of this process that does not seem to be 

appropriately discussed in the literature. While many models for determining Ha and kp originate 

from the same source [14], almost every researcher went with their own simplified versions of it 

[96, 99, 104, 107-109] as the original is difficult to model due to its complexity and large number 

of terms. Having such a wide variety of models makes it difficult to know if results are 

comparable, and in the case of this project it was challenging getting the models to fit our data. 

Many studies gloss over how difficult this is and do not go into detail on what they had to do to 

make this work. I tested many different bovine specimens using varying testing parameters, 

models, and curve fitting methods before I had one I was satisfied with. I tested samples of 4mm 

and 6mm in diameter, at strains ranging from 5% to 30% with a wide range of strain rates, and 

varying stress relaxation times. I found that the most sensitive variables were the strain rates and 

strain levels, and carefully adjusting these led to very high quality fits with an average R-Square 

of 0.98.  

The applied strain rate in this study is slower than any of the similar tests in the literature, 

with most being over twice as fast. I found that the applied strain rate influences the shape of the 

curve of the mechanical testing data, meaning it is important to have an appropriate strain rate 

for the model used. The strain rate used is not as important as how the data fits the model. If the 

desired outcomes are obtained and can be compared to outcomes from other studies, it should not 

matter specifically how they were obtained.  
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There is limited literature on mechanical testing of the meniscus. When it is narrowed 

down to human menisci with Ha and kp outcomes, the comparisons are reduced to only a few 

studies, most of which used different methodologies. The mechanical testing outcomes are 

compared for the medial meniscus in Table 5.2. Compared to the literature, our Ha values are 

much smaller. However, the studies that implemented creep testing had considerably higher 

values than those that used stress relaxation. My permeability values are quite a bit higher than 

those in the literature in general, which could be due to tissue health differences, or the 

differences in mechanical testing models and procedures. 

Table 5.2 - Mechanical Testing Outcomes in the Literature for Human Medial Menisci. Medial Menisci were compared as 
that is all that was tested for each study. 

Medial Meniscus Mechanical Testing Outcomes 

Study Year Setup Methodology Ha (kPa) kp * 1015 (m4/Ns) R-Square 

Seitz 
[104] 

2013 
Confined 

Compression 
Stress 

Relaxation 
64.00 3.93 0.73 

Sweigart 
[129] 

2004 Indentation Creep 120 1.78 Unknown 

Joshi 
[130] 

1995 
Confined 

Compression 
Creep 230 1.99 Unknown 

Hacker 
[131] 

1992 
Confined 

Compression 
Creep 230 0.88 Unknown 

Current 2020 
Confined 

Compression 
Stress 

Relaxation 
20.84 110.48 0.98 

 

When compared closely to the only other study that used stress relaxation [104], some 

key differences are found in the testing approaches. My applied strain rate for compressing the 

sample was 0.3%/min, while in that study they used an applied strain rate of 100%/min, which is 

over 300 times faster. Since the model used in this study does not account for applied strain rate, 

this could be an important factor in the testing outcomes. Higher strain rates cause higher peak 

forces which alter the shapes of the relaxation curves and ultimately altering the magnitudes of 

the mechanical properties. Samples were also tested at strain levels of 10, 15, and 20% compared 

to the current study which only tested at 15%. This should not make a difference though, as I 

only compared their 15% results to ours, and between strain levels they gave 90 minutes for the 

sample to fully relax which is even more than the 2000 seconds (33.3 minutes) I gave ours after 

the initial loading to 10%. This study does not explicitly report the force values of their tests, but 

from inspecting the figures it can be approximated that our relaxed force values are under half of 
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theirs, which explains the differences in Ha. Differences in forces could also be attributed to 

many things such as differences in specimen storage in terms of temperature and storage solution 

composition, length of time allowed tissues were allowed to be unfrozen before testing, location 

of sample procurement, size of the individual samples, and general tissue health. My kp values 

are also quite larger than in this paper. The CVRMS values obtained from our precision study were 

10.55% and 8.36% for Ha and kp respectively, which do not explain the differences in our 

findings alone. The differences in methodologies could be a source of variation between our 

results, in particular the completely different strain rates used and how their model does not 

account for this testing parameter.  

In the precision study we tested bovine menisci, and the resulting Ha values were much 

closer to the literature (Table 5.3).  Seeing a large range of Ha values here, even though the 

number of studies is low, indicates that this metric is quite variable in the literature in general, 

meaning that our values found are not necessarily invalidated by being different. The 

permeability values I found are much larger than those in the literature here as well, meaning 

either our model under-estimates this metric, or it is generally over-estimated in the literature.  

Table 5.3 - Aggregate Modulus and Permeability for Bovine Meniscus in the Literature 

Study Year Ha (kPa) kp*1015 (m4/Ns) 

Joshi [130] 1995 13 3.18 

Proctor [132] 1989 41 0.81 

Sweigart [129] 2004 14 5.57 

Danso [133] 2018 252 - 

Current 2020 30 81.8 

 

 Ultimately, our mechanical testing outcomes are quite different from the literature, but 

there is such a variety in how these studies are done that comparison is difficult. A standard 

approach to how this testing is done is much needed in this field. I suggest the model I used from 

Bursac‟s study, as I have proven it can have very good fits to experimental data, strain rate is 

taken into consideration, and the parameters have physical meaning, compared to some models 

which determine arbitrary coefficients. 
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5.4 Super-Lorentzian or Gaussian? 

In this study, both Super-Lorentzian and Gaussian line shapes were used during qMT 

modeling. It has been previously suggested to fit both line shapes [88], but most studies use 

Super-Lorentzian and do not implement Gaussian [89, 92]. Previously in one study there were 

conflicting results on which line shape is better. They found that a Super-Lorentzian line shape 

had better results for their in-vitro specimens, while a Gaussian line shape was better for their in-

vivo specimens [116]. 

Table 5.4 - Fit Quality Comparison: Super-Lorentzian versus Gaussian Line Shapes 

 

We found that the Gaussian line shape had better fits, but only marginally (Table 5.4). A 

Super-Lorentzian line shape yielded quite different T2b results than Gaussian, and had different 

correlations, which means these modeling techniques could be useful in different ways. Because 

these line shapes have not been thoroughly compared in the literature, it is unknown as to how 

sensitive each metric is to the fit quality. Both line shapes appear to be appropriate, but it is not 

clear which is better. Below in Figure 5.1 is a visual representation of both line shape fits side-

by-side. Probing differences in results due to curve fitting is beyond the scope of this thesis; 

future work in this area is discussed in section 6.1. 

Specimen Super-Lorentzian Gaussian

K01 0.8602 0.8790

K02 0.8410 0.8569

K03 0.9134 0.9332

K04 0.9232 0.9412

K05 0.8874 0.9012

K06 0.9006 0.9208

Mean 0.8876 0.9054

Fit Quality (Normalized RMS)
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Figure 5.1 - Comparison of Super-Lorentzian and Gaussian Line Shape Fits on Specimen K01 

 

5.5 Comparing qMT Measures in Cartilage and the Meniscus 

The MT effect can be demonstrated with signal suppression on images acquired with MT. 

Looking at Figure 5.2 below, it can be seen that signal varies greatly with offset frequency, 

which shows signal suppression is occurring. This demonstrates the MT effect in the meniscus. 

This has been shown previously [134], and in Simard‟s study the MT effect was demonstrated 

and qMT measures were obtained [89]. However this is something that has not been thoroughly 

explored and this study further demonstrates that qMT studies are viable in the meniscus. 

 

Figure 5.2 - MT Effect of Specimen K01 Shown with a Gaussian Line Shape Fit 
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Comparing f and k values of the current study to the only other qMT study on the 

meniscus shows strong similarities [89] (Table 5.5). The biggest difference is in T2b when using a 

Gaussian line shape, which is approximately three times as long in this study as in Simard‟s. It is 

unclear as to why there is such a large discrepancy in T2b between line shapes.  

Table 5.5 - qMT Values in Cartilage and the Meniscus 

qMT Values in Cartilage and Meniscus 

 

Cartilage Meniscus 

Sritanyaratana [93] Stikov 
[92] 

Simard 
[89] 

Simard 
[89] 

Current 

(Asymptomatic) (OA) Super-Lorentzian Gaussian 

f (%) 12.46 12.8 25* 15.19 23.36 29.22 23.53 

k (s-1) 7.22 6.13 1.8* 3 2.38 2.93 3.03 

T2b (μs) 6.49 6.8 - 5.3 5.65 5.47 16.1 

T1f (ms) - - - 882.8 736.2 577.01 598.11 

*Values not directly reported and were estimated from figures. 

 

It is useful to compare qMT measure between cartilage and the meniscus as they are 

similar soft tissues. As can be seen in Table 5.5, f is typically larger in the meniscus. This 

indicates that cartilage has a higher percentage water composition than the meniscus, which is 

consistent with what was previously discussed (Table 2.1) [35]. k is a metric that is a bit less 

consistent in cartilage with some values being larger, some smaller, and some in the same range 

as those measured in the meniscus. This is an indication that we need more data on this metric to 

get a sense for how it behaves in these soft tissues. T2b is another metric that needs to be further 

assessed to find trends in these tissues. At 16.1μs in the current study, T2b while using a Gaussian 

line shape is considerably larger than in any of the previous measures with the second closest 

being 6.8 μs in OA cartilage [93]. It may be that this difference is due to the line shape used, as 

Simard used a Super-Lorentzian line shape and had similar values to ours. T1f does not yet have 

enough measures available in the literature to find any trends.  

5.6 Strengths and Limitations 

The primary strength of this study is that it implemented an MRI technique which models 

soft tissues in the same way that they are physically modeled. Since they both model soft tissues 

as being biphasic, qMT provides metrics related to macromolecules of the tissue which are 
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responsible for tissue functionality. This is the first study to correlate qMT parameters to 

mechanical properties in the meniscus, and the second study to correlate qMRI parameters with 

meniscal mechanical properties. Since the meniscus is a key soft tissue in the OA process, it is 

important that this relationship be further explored. The second strength of this study was that it 

used a novel approach in its image registration process, starting with the point cloud generation 

techniques. This approach is time effective and provides highly detailed point cloud models 

which led to high quality registration with low shape match errors (considering the qMRI 

resolution limitations). The third strength is the data modeling implemented in this study, which 

had very robust fits and outputs that theoretically have physical meaning directly related to tissue 

functionality.  

The primary limitation of this study is that the cadaver specimens were too homogeneous. 

If there was a wider range of tissue health in terms of age and level of disease then I might have 

found more correlations. I only worked with 6 cadaver knees that had no history of knee surgery 

or disease, but if I had utilized more or if I had used trypsin to degrade tissues selectively, it is 

possible I could have had better variation.  

Another limitation of this study is from qMRI image resolution limiting image 

registration capabilities. This is a common challenge in OA research, as there is no simple way to 

approach this problem. The metric that indicates the quality of registration is the shape match 

error, which ended up being very close to the in-plane image resolution. Also, If the image 

resolution was better, the shape match error would likely have been lower. Manual segmentation 

of the menisci is another source of error that compounds with this one. A study measuring 

interobserver reproducibility in manual segmentation of the meniscus found that the root mean 

square interobserver reproducibility error was 5.4% for medial meniscus volume [135]. 

Segmentation capabilities are limited by the image resolution, but there is a trade-off because 

increasing the resolution will decrease the signal to noise ratio, and there needs to be enough 

signal within the voxel in order to adequately fit the qMRI parameters.   

Sample locations in the images are a concern as well, even beyond image registration 

challenges. When the samples were procured from the menisci by hand, they were intended to be 

taken from the soft tissue at a direction normal to the tibial plateau. This is an assumption that 

was made when defining the sample locations in the menisci after registration, so if the samples 



69 

 

procured were not perpendicular to the tibial surface then there would be a mismatch in the 

sample location in the images and the physical menisci. To mitigate this source of error, the 

samples themselves were 4mm in diameter, but the samples in the images were made to be only 

3mm in diameter which allows for some variance in sample procurement angle. Additionally, the 

3D modeled cylinders that represent the samples and were created in Fusion360 were lined up 

with the holes in the meniscus surface models by hand, as well as those holes being cut by hand. 

There is human error involved in this process which is difficult to quantify. 

 The partial-voluming effect is another limitation to consider. Each sample was 4mm 

thick, and spanned two image slices which are 3mm thick each. This means that a 4mm diameter 

sample is being represented over 6mm, and some of the information for those voxels has to come 

from outside the region-of-interest. This could have limited our ability to find correlations. 

Preloading of meniscal samples before mechanical testing was not implemented in this 

study. It is possible that residual stresses exist in core samples from being cut which could 

increase the variability of the data of the mechanical tests. I did not implement preloading to 

avoid damaging the samples from unnecessary loading. There are many studies that implement 

preloading [98, 99], and many which do not [32, 53, 96, 108], and it is something that should be 

considered for future studies. 

  



70 

 

6.0 Conclusions 

The aim of this study was to assess whether qMT metrics (e.g., f, k, T1f, T2f, and T2b) 

accurately predict experimentally-derived mechanical properties (e.g., Ha and kp) of excised 

meniscal samples. This assessment yielded one weak correlation between the mechanical 

properties and qMT metrics (Ha and T2b using a Super-Lorentzian line shape); however, more 

may exist and were not detected because the specimens were too similar and did not provide a 

range of tissue health for correlations to be derived from. Or, it is possible that more of these 

correlations do not exist and qMT cannot be used for assessing mechanical properties.  

There are a number of useful findings resulting from this research. The correlations found 

between T1 and other imaging metrics is an interesting finding as it is something not commonly 

found in the literature and this could indicate that T1 is an important metric for the meniscus. It 

was also shown that that there is a qMT effect in the meniscus, reinforcing what was found by 

Simard [94]. Additionally, this study has provided a large amount of qMT data which can be 

used for context in future studies.  

6.1 Future Work 

Due to the nature of qMT modeling soft tissues in the same way they are physically 

modeled, there are strong possibilities that this imaging technique could provide insight into 

tissue functionality at all stages of degeneration. My recommendation is to have more studies 

similar to the current study with the meniscus, but with an emphasis on having a wider range of 

specimen health. Additionally, it would be valuable to study the relationship between qMT 

metrics and cartilage mechanical properties. While cartilage is similar to the meniscus, the 

macromolecular composition differs and qMRI metrics have had different correlations in both 

tissues. There is a large body of literature on cartilage and qMRI to work off of and any studies 

of this type would have other studies to compare results to, providing insight into the bigger 

picture. It is also still unclear as to which line shape is more appropriate to use – Super-

Lorentzian or Gaussian. It is important to investigate which line shape is better, and to determine 

how sensitive measures are to the fit quality.  Both accuracy and repeatability should be 

considered and this might require a study that employs spectroscopy or a synchrotron to better 

characterize the macromolecules present. 
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In similar future studies, larger core sample sizes should be considered. Larger regions of 

interest would have more voxels within them and would be less susceptible to influence from 

outlier values. Selectively degenerating samples using trypsin could be a method to introduce 

variability in tissue degeneration to help find correlations. Additionally, the Andrews model 

explored in this study could be worth investigating further even if the parameters in it are not 

directly related to specific tissue properties, as the model fit the data almost perfectly and the 

parameters can be compared between samples. 
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Appendix A – qMT Sequence 

Table A.1 - qMT Sequence (Table Created by Lumeng Cui) 

 

  

Sequence

0 - Localizer

1 - GRE_Fatsat

No. MTC Flip angle 

2.1 OFF 30°

2.2 OFF 5°

2.3 OFF 10°

2.4 OFF 20°

No. MTC MT duration MT flip angle MT frequency offset

3.1 OFF 10.24 ms N/A N/A

3.2 ON 10.24 ms 142° 433 Hz

3.3 ON 10.24 ms 426° 433 Hz

3.4 ON 10.24 ms 142° 1087 Hz

3.5 ON 10.24 ms 426° 1087 Hz

3.6 ON 10.24 ms 142° 2732 Hz

3.7 OFF 10.24 ms N/A N/A

3.8 ON 10.24 ms 426° 2732 Hz

3.9 ON 10.24 ms 142° 6862 Hz

3.10 ON 10.24 ms 426° 6862 Hz

3.11 ON 10.24 ms 142° 17235 Hz

3.12 ON 10.24 ms 426° 17235 Hz

3.13 OFF 10.24 ms N/A N/A

No. MTC Flip angle 

4.1 OFF 30°

4.2 OFF 5°

4.3 OFF 10°

4.4 OFF 20°

No. MTC Flip angle 

5.1 OFF 60°

5.2 OFF 120°

No. MTC TR TEs ΔTE

6.1 OFF 17.85 ms 3.03, 6.92, 8.88, 12.72 ms 2 ms

2 - T1 map (qMT) Start

3 - qMT

4 - T1 map (qMT) End

5 - B1 map (qMT)

6 - T2 map (MEDESS)
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Appendix B – Other Models for Curve Fitting 

The models in section 3.4 were the ones that were seriously considered for use in this 

study, but below are other models that were investigated. 

B.1 Ateshian Model [99] 

 The Ateshian model is one that is rooted in Mow‟s biphasic theory. 

        (
    

     
)  (    ) 

Where     = zero-strain aggregate modulus,   = tissue stretch, and   = non-linear 

stiffening coefficient. 

The Ateshian model includes measures of tissue stiffness, but is lacking in a permeability 

parameter, with perhaps   being the closest thing related to it. It also does not include the applied 

strain rate. These key parameters being missing eliminated this model from consideration. 

B.2 Kwan Model [109] 

 This model also has its roots in Mow‟s biphasic theory, but it focuses on large 

strain values in excess of 40%. 

                (
        

      
) 

This model is notably missing both the applied strain rate and permeability parameters, 

and was therefore not used. I had also decided to go with lower strain tests which ruled out this 

model. 

B.3 Périé Model [107] 

 The Périé model is a more in depth version of the Ateshian model, taking 

permeability into consideration. 
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Where    = zero-strain permeability,   
  = tissue‟s solid-volume fraction, and   = 

permeability coefficient. 

The down-side of this approach is that it also neglects to implement the applied strain 

rate, but also that it requires measures of porosity, which would be difficult to measure. 

B.4 Chin Model [96] 

 The Chin model has its origins in Mow‟s biphasic theory as well, but it is unclear 

as to what all of the terms in it represent. 

          
 

 
   

   
  

 

    
 

                 

Where the author gave no indication as to what    represents, and    = mechanical 

diffusivity. 

This model neglects the applied strain rate as well, but it is also very difficult to get a 

proper fit using it. 

B.5 Viscoelastic Models 

 Viscoelastic models include the Maxwell model, Kelvin-Voigt model, and SLS 

model. I was unable to get a fit using any of these models, and it is likely that they are over-

simplifying what is physically occurring in stress-relaxation tests. 
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Appendix C – Curve Fitting Results 

In this appendix I am showing the curve fits with the highest and lowest R-square values, 

as well as one curve fit from each meniscus. The curve fits shown should give the reader a good 

sense of the quality of curve fits for all of the data. 

Highest and Lowest R-Square Fits: 

 

Figure C.1 - Highest and Lowest R-Square Fits 
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Other fits: 

 

Figure C.2 - Example Curve Fits for Knees 1-3 
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Figure C.3 - Example Curve Fits for Knees 4-6 
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Appendix D – Bursac Model’s Sensitivity to Parameter n 

      ̇   
   ̇  

 

    
∑

 
 
  
    

 
        

  

  

 

   

 

   
  
 

      
 

The Bursac model shown above was implemented to model the experimental data in this 

study. It has a summation term, when n = 1 to infinity. This needed to be simplified to be useful 

in modeling the data. I modeled practice experimental data that was performed on bovine 

specimens where I sum up from n = 1 to increasing values until convergence was reached. I 

determined convergence when the R Square value did not change with increasing n with a 

precision of up to 4 decimal points. I have shown three example tests below and it can be seen 

that all of the R Square values converge by 25 terms. Some tests would show convergence 

sooner than others, but none needed more than 25 terms to converge. 25 terms was also the 

amount used in Bursac‟s study [108]. 

 

Table D.1 - Bursac Model n Sensitivity Example 1 (Note: A fit was not achieved for n=19 in this test.) 

 

 

n Sample Date Tested Material h0 (mm) diameter (mm) Ha (kPa) kp R Square (n) R Square (n) - R Square (n-1) Computation Time (s)

1 BL4 14-Jun-18 Bovine Meniscus 2.56 4 33.166 2.48E-14 0.8293 - 2.04

2 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.594 2.16E-14 0.9447 0.1154 10.39

3 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.167 2.09E-14 0.9718 0.0271 9.09

4 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.03 2.07E-14 0.9811 0.0093 17.97

5 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.047 2.08E-14 0.985 0.0039 20.74

6 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.036 2.08E-14 0.987 0.002 24.86

7 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.111 2.10E-14 0.988 0.001 26.9

8 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.943 2.06E-14 0.9889 0.0009 34.79

9 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.064 2.09E-14 0.9892 0.0003 34.38

10 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.062 2.09E-14 0.9894 0.0002 37.17

11 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.061 2.09E-14 0.9896 0.0002 42.13

12 BL4 14-Jun-18 Bovine Meniscus 2.56 4 31.101 2.10E-14 0.9897 1E-04 44.56

13 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.936 2.06E-14 0.99 0.0003 52.51

14 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.936 2.06E-14 0.9901 1E-04 56.33

15 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.935 2.06E-14 0.9901 0 58.18

16 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.935 2.06E-14 0.9902 1E-04 63.74

17 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.935 2.06E-14 0.9902 0 67.45

18 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.935 2.06E-14 0.9902 0 70.41

19 BL4 14-Jun-18 Bovine Meniscus 2.56 4 - - - #VALUE! -

20 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9902 #VALUE! 76.97

21 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9903 1E-04 80.13

22 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9903 0 80.49

23 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9903 0 84.05

24 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9903 0 87.34

25 BL4 14-Jun-18 Bovine Meniscus 2.56 4 30.934 2.06E-14 0.9903 0 92.28
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Table D.2 - Bursac Model n Sensitivity Example 2 

 

 

Table D.3 - Bursac Model n Sensitivity Example 3 

 

 

  

n Sample Date Tested Material h0 (mm) diameter (mm) Ha (kPa) kp R Square (n) R Square (n) - R Square (n-1) Computation Time (s)

1 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.828 2.03E-13 0.942 - 2.69

2 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.855 2.03E-13 0.9468 0.0048 2.18

3 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.861 2.22E-13 0.9472 0.0004 2.71

4 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.863 2.23E-13 0.9472 0 3.17

5 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.864 2.23E-13 0.9471 -1E-04 5.92

6 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.865 2.24E-13 0.9471 0 4.06

7 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.865 2.24E-13 0.9471 0 4.5

8 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.865 2.24E-13 0.947 -0.0001 4.91

9 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 5.95

10 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 9.83

11 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 6.41

12 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 7.18

13 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 7.6

14 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 7.74

15 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 13.12

16 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 8.16

17 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 8.56

18 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 8.87

19 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 9.26

20 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.947 0 16.44

21 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.9469 -1E-04 9.79

22 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.9469 0 9.78

23 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.9469 0 10.13

24 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.9469 0 17.62

25 B2M2 8-Jul-18 Bovine Meniscus 2.84 4 13.866 2.24E-13 0.9469 0 17.88

n Sample Date Tested Material h0 (mm) diameter (mm) Ha (kPa) kp R Square (n) R Square (n) - R Square (n-1) Computation Time (s)

1 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 34.434 4.18E-14 0.946 - 1.72

2 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.558 4.51E-14 0.9893 0.0433 2.64

3 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.61 4.60E-14 0.9961 0.0068 3.23

4 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.627 4.63E-14 0.9979 0.0018 3.81

5 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.642 4.65E-14 0.9985 0.0006 4.64

6 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.639 4.65E-14 0.9988 0.0003 5.34

7 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.648 4.66E-14 0.9989 1E-04 6.04

8 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.658 4.67E-14 0.9989 0 7.18

9 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.657 4.67E-14 0.999 1E-04 8.54

10 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.657 4.67E-14 0.999 0 8.13

11 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.657 4.67E-14 0.999 0 8.87

12 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.656 4.67E-14 0.999 0 9.63

13 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.656 4.67E-14 0.999 0 10.36

14 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.656 4.67E-14 0.999 0 11.12

15 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.656 4.67E-14 0.999 0 11.28

16 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.656 4.67E-14 0.999 0 11.63

17 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 12.05

18 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 12.01

19 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 13.03

20 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 12.24

21 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 13.36

22 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 14.41

23 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 15.28

24 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 14.4

25 B1L3 5-Jul-18 Bovine Meniscus 2.89 4 35.666 4.68E-14 0.999 0 13.45
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Appendix E – Additional Correlation Scatter Plots 

 

Figure E.1 - qMT Metrics Predicting Aggregate Modulus 
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Figure E.2 - T2 Correlating with qMT Parameters 
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Appendix F – qMT Maps of Each Knee 

 

Figure F.1 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Lateral Meniscus of specimen K01 viewed in the 
sagittal direction. 

 

Figure F.2 - qMT Parameter Maps (Gaussian Line Shape) of the Lateral Meniscus of Specimen K01 viewed in the sagittal 

direction. 
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Figure F.3 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Lateral Meniscus of specimen K02 viewed in the 
sagittal direction. 

 

Figure F.4 - qMT Parameter Maps (Gaussian Line Shape) of the Lateral Meniscus of specimen K02 viewed in the sagittal 
direction. 
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Figure F.5 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Medial Meniscus of specimen K03 

viewed in the sagittal direction. 

 

Figure F.6 - qMT Parameter Maps (Gaussian Line Shape) of the Medial Meniscus of specimen K03 viewed in 

the sagittal direction. 
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Figure F.7 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Medial Meniscus of specimen K04 viewed in the 
sagittal direction. 

 

Figure F.8 - qMT Parameter Maps (Gaussian Line Shape) of the Medial Meniscus of specimen K04 viewed in the sagittal 
direction. 
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Figure F.9 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Lateral Meniscus of specimen K05 viewed in the 
sagittal direction. 

 

Figure F.10 - qMT Parameter Maps (Gaussian Line Shape) of the Lateral Meniscus of specimen K05 viewed in 
the sagittal direction. 
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Figure F.11 - qMT Parameter Maps (Super-Lorentzian Line Shape) of the Lateral Meniscus of specimen K06 viewed in 
the sagittal direction. 

 

Figure F.12 - qMT Parameter Maps (Gaussian Line Shape) of the Lateral Meniscus of specimen K06 viewed in 
the sagittal direction. 
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Appendix G – qMT Line Shapes 

Gaussian Line Shape [116]: 

    √
 

 
   ( 

          
 

 ) 

Where R = the rate of loss of magnetization, 

ω = MT flip angle, and 

Δf = offset frequency. 

 

Super-Lorentzian Line Shape [116]: 

      (∫       √
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Where θ = the angle between the external magnetic field and the axis of molecular 

orientation. 

  



97 

 

Appendix H – Ethics Certificate 

 



98 

 

 


