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Characterizing Magnetic Resonance Relaxation Times in the Extracellular Matrix in 
Osteoarthritis and Degenerative Disc Disease 

 
Gabrielle Blumenkrantz 

 

Abstract 

 The extracellular matrix (ECM) is a network of extracellular macromolecules that is 

present in both cartilage and intervertebral disc tissues. While both cartilage and 

intervertebral disc tissues are comprised of an ECM, their form and structure vary.  Likewise, 

each tissue has unique characteristics during degeneration.  This project will investigate the 

non-invasive detection of early degenerative changes of cartilage and disc tissues in 

osteoarthritis (OA) and intervertebral disc degeneration (IVDD) using novel magnetic 

resonance imaging methods.   

 OA is a debilitating disease causing pain, stiffness, and loss of mobility to 

approximately 14% of the adult population.   IVDD is the leading cause of pain and disability 

in adults in the United States.  Despite the high prevalence of OA and IVDD worldwide, 

diagnosis in the early stages of symptomatic disease, prior to morphologic degradation, is 

elusive in clinical practice.  Certain quantitative MRI methods, including T1ρ and T2 

relaxation time mapping, are sensitive to biochemical changes in the ECM, and thus may be 

valuable for early diagnosis of intervertebral disc and cartilage degeneration.  

 The overall purpose of my dissertation is to develop a methodology for the 

quantification of T1ρ and T2 magnetic resonance relaxation times in the intervertebral disc and 

knee cartilage, and characterize the spatial distribution of T1ρ and T2 in the extracellular 

matrix in IVDD and OA.  
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 The first portion of this dissertation focuses on the methodology for MR relaxation 

time mapping.  This study evaluated the impact of signal to noise ratio and T2 fitting 

algorithms on the T2 quantification. Simulations were performed determine the minimum 

SNR that can be used to distinguish healthy cartilage from degenerative cartilage.  In 

addition, various fitting algorithms (noise correction vs. no noise correction) were assessed to 

determine whether their impact on the accuracy of T2 quantification. 

 The second dissertation study examined the relationship between structural changes 

of trabecular bone and cartilage in patients with varying degrees of OA over two years, using 

MR imaging.  A positive relationship was established between cartilage changes and 

localized bone changes closest to the joint line, while a negative relationship was established 

between cartilage changes and global bone changes farthest from the joint line.  This study 

demonstrated a longitudinal relationship between the changes in bone and cartilage structure 

in patients with varying degrees of OA.  

 The third dissertation study evaluated the mean and spatial distribution of cartilage T2 

in subjects with and without OA.  The mean T2 values, their standard deviation, and their 

entropy were greater in OA patients than in controls, indicating that the T2 values in 

osteoarthritic cartilage are not only elevated, but also more heterogeneous than those in 

healthy cartilage.  The longitudinal results demonstrate that changes in texture parameters of 

cartilage T2 may precede morphological changes in thickness and volume in the progression 

of OA.   

 The fourth dissertation study focused on the longitudinal changes in the spatial 

distribution of cartilage T2 values in subjects with OA. This study evaluated both the 

morphologic and biochemical changes in cartilage using MR imaging as well as clinical data 
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from the OAI.  Entropy of cartilage T2 at baseline (all compartments combined except the 

lateral tibia) was associated with an increase in WOMAC pain score over 2 years.  This study 

demonstrated that the baseline heterogeneity of cartilage T2 is associated with changes in 

clinical pain scores.   

 The fifth dissertation study assessed the feasibility of quantifying T1ρ relaxation time 

for the non-invasive detection of disc degeneration. The in vivo results indicated that the 

median T1ρ value of the nucleus is significantly greater than that of the annulus.   The results 

of this study suggest that in vivo T1ρ quantification is feasible and may potentially be a 

clinical tool to identify early degenerative changes in the intervertebral disc.   

 The sixth dissertation study built upon the results from the fifth study by evaluating 

T1ρ and T2 in subjects with varying degrees of disc degeneration.  A positive relationship was 

evident between MR parameters and clinical questionnaire scores and a negative relationship 

was evident between degenerative grade and relaxation time.  This study suggests that T1ρ 

relaxation time may be sensitive to early degenerative changes and clinical symptoms in 

intervertebral disc degeneration. 

 The results of this project suggest that quantifying the spatial distribution of MRI 

relaxation times improves the clinical assessment of IVDD and OA, by providing a non-

invasive evaluation of biochemical composition in the intervertebral disc and cartilage 

tissues.  T1ρ and T2 relaxation times are not only sensitive to biochemical changes in OA and 

IVDD, they are also related to the clinical assessment of pain.  
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Chapter 1: Introduction 
1.1 Motivation 

 The extracellular matrix (ECM) is a network of extracellular macromolecules that is 

present in both cartilage and intervertebral disc tissues.  The ECM plays an integral role in 

cell function and provides structural support to cells.  While both cartilage and intervertebral 

disc tissues are comprised of an ECM, their form and structure vary.  Likewise, each tissue 

has unique characteristics during degeneration.  This project will investigate the non-invasive 

detection of early degenerative changes of cartilage and disc tissues in osteoarthritis (OA) 

and intervertebral disc degeneration (IVDD) using novel magnetic resonance imaging 

methods.   

 OA is a debilitating disease causing pain, stiffness, and loss of mobility to 

approximately 14% of the adult population (1). The prevalence of knee OA is 20-40 percent 

in people 75 years and older (2).  IVDD is the leading cause of pain and disability in adults in 

the United States (3). Despite the high prevalence of OA and IVDD worldwide, diagnosis in 

the early stages of symptomatic disease, prior to morphologic degradation, is elusive in 

clinical practice.  Ideally, a method that detects the initial biochemical changes in OA and in 

IVDD would be essential for early diagnosis of each disease.  Certain quantitative MRI 

methods, including T1ρ and T2 relaxation time mapping, are sensitive to biochemical changes 

in the ECM, and thus may be valuable for early diagnosis of intervertebral disc and cartilage 

degeneration.  While initial studies have exhibited promising results showing that T1ρ and T2 

relaxation time are sensitive to changes in the ECM, further studies are necessary to 

determine whether T1ρ and T2 imaging can be used as markers for early degeneration in the 

IVDD and OA.   
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1.2 Thesis Aims  

 The overall purpose of my dissertation is to develop a methodology for the 

quantification of T1ρ and T2 magnetic resonance relaxation time in knee cartilage and the 

intervertebral disc, and characterize the spatial distribution of T1ρ and T2 in the extracellular 

matrix in OA and IVDD.  The thesis is divided into three major parts: the background, the 

technical development, and the clinical application.   

 

The primary contributions of this thesis include: 

1) Development of a methodology for accurate quantification of the mean and spatial 

distribution of magnetic resonance T2 relaxation times in cartilage and the 

intervertebral disc.  

2) Evaluation of the longitudinal changes in quantitative MR cartilage and bone 

parameters in the progression of OA. 

3) Assessment of the mean and spatial distribution of cartilage T2 relaxation time in 

healthy subjects and those with OA.   

4) Quantification of T1ρ and T2 magnetic resonance relaxation time in subjects with 

different grades of IVDD. 

5) Investigation of the relationship between magnetic resonance relaxation time and 

clinical symptoms in patients with OA and IVDD.   

 

The background consists of: 

Chapter 2, which provides introductory information on the clinical aspects of this project 

including cartilage, intervertebral disc, osteoarthritis, and degenerative disc disease; and  
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Chapter 3, which reviews fundamental magnetic resonance imaging and image processing 

techniques pertaining to this project.   

 

The technical development component consists of: 

Chapter 4, which describes the development of an MR relaxation time mapping 

methodology for evaluating the cartilage extracellular matrix. 

 

The clinical application component consists of: 

Chapter 5, which describes a study of quantitative MRI of cartilage and trabecular bone in 

OA; and 

Chapter 6, which discusses the quantification of the spatial distribution of cartilage T2 in 

osteoarthritis; and  

Chapter 7, which characterizes the spatial distribution of cartilage T2 in patients from the 

Osteoarthritis Initiative; and 

Chapter 8, which characterizes the feasibility of in vivo T1ρ relaxation time mapping in the 

intervertebral disc; and 

Chapter 9, which describes the quantification of in vivo T1ρ relaxation time in subjects with 

different grade of disc degeneration. 

 

Lastly, 

Chapter 10 summarizes the results and relevant clinical implications.   
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Chapter 2: Background [1] 
2.1 Structure of the Knee Joint 

 The knee joint is composed of three bones: the tibia, the femur, and the patella, and 

has two articulations: one between the femur and tibia and one between the femur and 

patella.  Each bone in the knee joint has an articular surface, which is covered by cartilage. 

The bones in the joint are connected by ligaments: the collateral ligaments run along the 

medial and lateral sides of the knee, the anterior cruciate ligament connects the anterior tibia 

to the posterior femur, and the posterior cruciate ligament connects the posterior tibia and the 

anterior femur.  The menisci, which are two crescent shaped fibro-cartilage pads, lie between 

the femur and tibia and provide cushioning between the joints.  In addition, muscles in the 

anterior, posterior and medial sides of the joint support joint movement and function.   

 

  Figure 2.1: Anatomy of the knee joint. Image from the following website:  
  http://www.emedicinehealth.com/script/main/art.asp?articlekey=8845 
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2.2 Osteoarthritis 

2.2.1 Prevalence and Risk Factors 

 Osteoarthritis (OA) is a heterogeneous and multi-factorial disease characterized by 

the progressive loss of hyaline articular cartilage and the development of altered joint 

congruency, subchondral sclerosis, intraosseous cysts, and osteophytes. It affects 

approximately 14% of the adult population (1) and is the second most common cause of 

permanent disability among people over the age of fifty (2).  The initiation and pathogenesis 

of OA can be affected by many factors including altered mechanical loading and previous 

knee injury.   

 The relationships between knee OA and heavy mechanical work, obesity, and 

malalignment are well established (3,4).  Previous studies have demonstrated that weight 

gain increases the risk of OA (5), while weight loss reduces the risk (6).  Sharma et al. (7) 

have shown that varus alignment at baseline is associated with a 4-fold increase in the odds 

for medial OA progression, while valgus alignment at baseline is associated with a 3-fold 

increase in the odds for lateral OA progression.  Cicuttini et al. have shown that 

malalignment at baseline is associated with cartilage loss over two years (8).  

 Post-traumatic OA, that follows injuries that deform the articular surface or alter joint 

geometry, tends to develop relatively soon (relative to other risk factors), after the index 

injury (e.g., two years (9)).  In cases of post-traumatic OA, the onset of the disease is a result 

of a severe alteration in joint biomechanics.  In a five-year follow-up of thirty-two patients 

who underwent surgery for an anterior cruciate ligament (ACL) tear, 72% complained of 

knee pain, 66% had knee swelling, and 37% reported impaired activities of daily living 

(9,10).  Numerous articles have reported an increased incidence of knee OA following 
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meniscal surgery (11-13). In a three to ten year (average 3.8) follow-up of 196 patients with 

meniscal tears associated with ACL injury, Lynch et at. (11) observed radiographic changes 

consistent with degenerative joint disease (joint-space narrowing, osteophytes and articular 

surface flattening) in 88% of the 140 patients who underwent partial or complete 

meniscectomy.  The studies suggest that traumatic injury and surgical intervention are risk 

factors for OA.  

2.2.2 Diagnosis of OA 

 OA can be diagnosed using imaging techniques such as radiography and magnetic 

resonance imaging (MRI).  Radiography can be used to measure joint space narrowing, 

which is an indicator of OA severity.  The Kellgren Lawrence scoring system (14) can be 

used to assess the severity of OA.  The scoring system ranges from 0 to 4; a score of 0 

signifies having no signs of OA, while a score of 4 signifies having severe OA (osteophytes, 

substantially impaired join space, sclerosis of subchondral bone).   

 Radiography examines cartilage indirectly, and therefore may not be optimal for 

diagnosis for OA.    MRI, another imaging technique that can be used for the assessment of 

OA, is non-ionizing and provides direct visualization of cartilage and trabecular bone 

structure.  MRI has been used to measure cartilage volume and thickness, as well as 

trabecular bone volume fraction.    

2.2.3 Treatment of OA 

 Various treatment options have been proposed to relieve pain and symptoms of OA.  

Non-pharmalogic measures include exercise, weight loss, and physical therapy.  

Strengthening exercises can relieve short-term pain sensation, and aerobic exercise can 

improve long-term function.  Pharmacologic measures include prescription of anti-
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inflammatory drugs and nutritional supplements (i.e. glucosamine and chondroitin), and 

injection of intra-articular agents.  However, anti-inflammatory drugs have side effects 

(gastrointestinal and renal toxicity), and the injection of intra-articular agents is an invasive 

procedure having limited long-term data on efficacy.   Therefore, novel research studies on 

the development of therapeutic measures for OA are critical for the treatment of the disease. 

2.2.4 Cartilage Degeneration in OA 

 Hyaline cartilage lines the articular surfaces of the femur, tibia, and patella.  The 

primary function of cartilage is to minimize the contact stresses that occur during the joint 

loading (15), thus acting as a cushion in the joint.  Cartilage is composed of an extracellular 

matrix (ECM), which contains chondrocytes, collagen, proteoglycan, and water molecules 

(Figure 2.2).  Chondrocytes are cartilage cells that regulate the production and maintenance 

of the ECM.  In healthy tissue, the water molecules constitute about 65-80% of the dry tissue 

weight.  The collagen constitutes approximately 75% of the dry weight of tissue and is 

responsible for the tensile strength (15).  Proteoglycan, are negatively charged 

macromolecules that constitute approximately 20-30% of the dry tissue weight.  The strong 

negative charge is neutralized by positive ions in the surrounding fluid, therefore creating a 

swelling pressure.  The proteoglycan is responsible for the compressive strength in the 

cartilage.  It is made up of a protein core with glycosaminoglycan (GAG) side chains 

(chondroitin sulfate and keratin sulfate) (16,17).   
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Figure 2.2: An Illustration of the cartilage extracellular matrix. Image from the following 
website: http://www.bidmc.org/ 
 
 Cartilage is composed of four primary zones: Zone 1 is closest to the cartilage surface 

and contains collagen fibers that are oriented parallel to the surface.  Zone 2 is the largest 

zone that is adjacent to Zone 1 and has collagen fibers that are randomly oriented.  Zone 3 

contains collagen fibers that are oriented perpendicular to the joint surface.  Finally, Zone 4 

is the calcified cartilage that is the junction between the cartilage and subchondral bone 

(Figure 2.3).   

 

Figure 2.3: An Illustration of the zonal pattern in cartilage. Image from the following 
website: http://ajs.sagepub.com/content/26/2/309/F2.large.jpg 
 The initial stages of OA include proteoglycan loss, increased water content, and 

disorganization of the collagen network.  With further degeneration, cartilage tissue becomes 
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ulcerated causing proteoglycans to diffuse into the synovial fluid, thus decreasing water 

content in cartilage.  The intermediate stages of OA include cartilage thinning, fibrillation, 

and decreased proteoglycan and water content.  In the late stages of OA, collagen, 

proteoglycan, and water content is further reduced, and the collagen network is severely 

disrupted (18).  Figure 2.4 illustrates the difference in healthy knee cartilage and 

osteoarthritic knee cartilage. 

 
  Figure 2.4: An MR image of healthy cartilage (left) and disease cartilage (right) 
  

 Although OA has been considered a disease primary characterized by cartilage 

degeneration, the accompanying changes in the bone and surrounding tissues are critical in 

the pathogenesis of OA.  Figure 2.5 demonstrates other joint tissues that degenerate as a 

result of the OA.   

Healthy Cartilage Diseased Cartilage 
Healthy Cartilage Diseased Cartilage 

Healthy Cartilage Diseased Cartilage 
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Figure 2.5: An illustration of a “normal” knee and a knee with OA.  Image taken from 
Moskowitz et al. (19) 
2.2.5 Bone Changes in OA 

 In OA, bone changes are evident on both the matrix and apparent levels.  The “matrix 

level” refers to bone changes on the scale of 10 to 100’s of microns.  In OA, bone changes on 

this level include changes to the bone tissue such as altered remodeling and mineralization.  

The “apparent level” refers to bone changes on a scale of millimeters to centimeters.  The 

bone changes on the apparent level are larger scale and include changes such as altered 

trabecular architecture.  The mechanical properties of the “apparent level” include the effects 

from the matrix level.   Figure 2.6 illustrates the differences between the matrix and apparent 

levels in bone tissue (20).  The pathogenesis of osteoarthritic bone includes changes on both 

the matrix and apparent levels, which are reviewed in detail below.   
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Figure 2.6: The differences between bone on the matrix and apparent levels (adapted from 
(20)). 
2.2.5.1 OA Bone: Matrix Level 

 Many in vitro research studies have evaluated the changes in osteoarthritic bone 

tissue on the matrix level.  Cellular changes, such as remodeling, are altered in osteoarthritic 

bone, thus modifying the mechanical properties of the joint.  The remodeling activity is 

increased in osteoarthritic bone, demonstrating an abnormal behavior of osteoclasts and 

osteoblasts.  Osteoblasts in osteoarthritic bone are more numerous and flatter than in healthy 

bone (21).  One study has shown that subchondral bone remodeling is one of the initial stages 

of OA using a guinea pig OA model (22).  This increased remodeling results in a lower mean 

level of mineralization, thus altering the quality of the bone matrix, and its responses to 

mechanical loading (20).   

2.2.5.2 OA Bone: Matrix Level Mechanical Properties 

 The mechanical properties of osteoarthritic bone have been evaluated on the matrix 

level using in vitro mechanical testing and computer modeling.  On the matrix level, 

osteoarthritic bone has a lower elastic modulus, or stiffness.  This decreased stiffness affects 
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the ability of bone to sustain weight, and absorb energy from impact.  Using a mechanical 

compression testing Li and Aspden (23) found a decrease in OA bone stiffness on the matrix 

level by 15% in specimens from patients having hip arthroplasty.  Using compression testing 

and finite element modeling of human osteoarthritic proximal tibia specimens, Day et al. (24) 

found a decrease in bone stiffness on the matrix level by 45%.  The relative differences in 

loss of stiffness could be due to factors such as location of specimen (e.g. tibia vs. femur), as 

well as differences in the patient population.  Overall, these studies both demonstrate that the 

tissue stiffness in osteoarthritic bone is decreased on the matrix level.     

 The decrease in stiffness of osteoarthritic bone on the matrix level could be due to 

many factors such as altered mineralization and changes in the collagen of the bone matrix.   

In the bone matrix, the collagen provides tensile strength through cross linking.  Changes in 

the nature of collagen cross-linking have been linked to osteoarthritic bone (25).  One study 

found increases in bone collagen metabolism in OA femoral heads compared to normal 

controls, with the greatest increase occurring in the subchondral bone.   However, the cross-

linking was similar in OA and healthy bone.  The authors hypothesize that the changes in 

collagen synthesis in the bone matrix produces altered mechanical properties, thus, 

exacerbating the degeneration of the other parts of the joint (26).  The increased collagen 

synthesis may be affected by osteoblast phenotypic expression, chondrocyte apoptosis, 

matrix metalloproteinases, and growth factors (27). These factors need to be further 

investigated to determine their individual and combined effects on collagen synthesis on the 

evolution and progression of OA.  Furthermore, since the above studies reported differences 

on the effects of cross-linking in OA, further studies with a greater sample size are 

warranted.   
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 The changes in remodeling in OA may be associated with alterations in mechano-

transduction.  A recent study by Bakker et al. (28) found that the cellular response in bone 

cells is altered in response to mechanical stress. These results demonstrate the effects of 

mechanical properties on the bone matrix, and suggest that changes in mechano-transduction 

may play a role in the altered bone quality in OA.   

2.2.5.3 OA Bone: Apparent Level 

 On the apparent level, changes in osteoarthritic bone involve alterations to 

subchondral cortical bone, trabecular bone, and the global mechanical properties of the joint.  

Subchondral bone sclerosis is a prominent feature of OA, which can result from increased 

rate of bone apposition and decreased rate of bone resorption.  Since the pathogenesis of OA 

is often initiated by injury, such as a rupture of the ACL, many animal models have been 

used to study spontaneous OA.  The spontaneous OA model allows researchers to study OA 

on an accelerated level, by inducing an injury (e.g. ACL transection) and evaluating the 

results osteoarthritic response.  One such study, evaluating ACL transection in dogs, found 

loss of trabecular bone at three, eighteen, and fifty-four months, and found subchondral bone 

sclerosis at eighteen months and fifty-four months, but not at three months (29).  These 

results demonstrate the response of subchondral cortical bone and subchondral trabecular 

bone may have different time courses.  Since the trabecular bone has a greater surface area in 

contact with bone marrow, the remodeling response may be accelerated.  Another 

longitudinal study on a guinea pig model of OA found similar results, which showed 

thickening of subchondral cortical bone at twenty-four weeks using histological and 

microfocal x-ray techniques (30).  These studies demonstrate that that subchondral bone has 

altered microstructure in the evolution of OA.   
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 Subchondral bone sclerosis is often evident in vivo on both radiographs and on 

magnetic resonance imaging scans.  A study by Buckland-Wright et al. (31) has shown 

evidence of increased subchondral bone sclerosis in patients with OA, and well as changes in 

trabecular architecture in the subchondral trabecular bone.     

 Other features of OA pathology that can be non-invasively evaluated using imaging 

are joint space narrowing, osteophytes, and subchondral cysts.  These are some of the 

fundamental characteristics that are used for the diagnosis of OA in the clinical setting.  One 

of the main characteristics of OA is joint space narrowing, or the decrease in the space 

between two joints (e.g. proximal tibia and the distal femur).  Joint space narrowing is 

directly related to the amount of cartilage: the less cartilage, the smaller the joint space width.  

Osteophytes, or bony growths, are also evident in OA bone, and are often seen in both 

radiographs and magnetic resonance imaging (MRI) scans.  A bone cyst, another 

characteristic of OA bone, is often visible on MRI scans, and contains “fibrovascular tissue, 

linked to active new bone formation” (32).    Using the Kellgren Lawrence scale, radiologists 

are able to classify different grades of OA using markers such as joint space width, 

osteophytes, and subchondral cysts.   Since soft tissue such as cartilage or the meniscus 

cannot be seen on radiographs, features including joint space narrowing, subchondral 

sclerosis and osteophytes are used for the classification of OA.   

 Changes in trabecular bone architecture of osteoarthritic joints are evident in OA.  

Increased trabecular thickness, and decreased trabecular spacing is common in OA bone.  

One study found increased trabecular thickness in the principal compressive stress regions of 

the femoral head in from human femoral specimens (33).  Ding et al. (34) examined OA bone 

from human tibial specimens using micro-computed tomography and found that OA 



16 

trabecular bone was thicker and more “plate-like” than normal, healthy bone.  Another study 

using a guinea pig model for OA found similar results in that OA trabecular bone was 

thicker, changed from being rod-like to more plate-like and became more axially oriented 

(35). 

 Aside from examining the changes in trabecular structure using bone cores, it is also 

interesting to evaluate whether the trabecular structure differs depending on the location of 

the bone sample (e.g. medial or lateral side of the joint, or its proximity to the joint line), 

whether there are changes depending on the type of joint (e.g. proximal/distal femur, tibia, 

vertebra), and whether there are differences depending on the severity of OA.  Studies have 

used MRI to quantify trabecular structure in different regions of the joint to determine 

whether there are differences in trabecular structure.  MR Imaging can be used to quantify 

apparent bone volume fracture, apparent trabecular thickness, apparent trabecular spacing, 

and apparent trabecular number, using a spatial resolution on the order of the thickness of 

trabeculae.  One study by Beuf et al. (36) demonstrated differences in trabecular structure 

between the femur and the tibia in osteoarthritic knees using MRI.  It was interesting to note 

that they also found that the differences in trabecular structure became less pronounced in 

patients with more severe OA.  This demonstrates that trabecular structure is constantly 

changing, and may become less heterogeneous as the disease progresses.  Possibly, at the 

initial stages of OA, the femur and tibia behave differently, but as the disease progresses, the 

responses become less disparate.  Thus, changes in trabecular microarchitecture should be 

evaluated separately in different regions of the joint, and in patients with different disease 

severity.  
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 Other imaging studies have found that bone microstructure is dependent on location.  

Lindsey et al. (37) examined patients with OA of the knee using MRI.  They found that as 

cartilage was lost on the medial side of the joint, there was an increase in bone on the medial 

side of the joint, and a loss of bone on the lateral side of the joint.  These results 

demonstrated the response of bone to OA varies depending on location.  The authors 

suggested that bone responses may be due to joint malalignment.  OA can be affected by 

varus or valgus alignment, which distributes the forces during stance toward the medial and 

lateral sides of the joint, respectively.  In the case of varus alignment, the cartilage and bone 

on the medial side of the joint experience more mechanical stress.  Therefore, as the cartilage 

degenerates on the medial side of the joint, the bone may respond to the increased loading, by 

getting stronger.  There may be an unloading effect on the lateral side of the joint, and the 

bone may respond by getting weaker.  Another longitudinal study (38) found that cartilage 

degeneration was related to trabecular bone loss closer to the joint line, and trabecular bone 

gain farther from the joint line.  The authors hypothesize that cartilage loss is related to 

subchondral plate sclerosis (greater absorption of local stresses and decreased load 

transmission).  Thus, osteopenia occurs in the subarticular bone, and there is reactive bone 

formation farther from the joint line, compensating for the localized bone loss.  Therefore, in 

OA, the trabecular structure has a varied response on the medial/lateral and proximal/distal 

areas of the joint, demonstrating the importance of location when examining trabecular bone 

structure in OA. 

2.2.5.4 OA Bone: Apparent Level Mechanical Properties 

 The mechanical properties of OA bone on an apparent level are altered during the 

progression of the disease, and are influenced by changes in trabecular and cortical plate 
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architecture.  One of the first theories on the initiating factors in OA was proposed by Radin 

et al. (39). They hypothesized that the initiating factor in the pathogenesis of OA is an 

increased stiffness in subchondral bone in OA.  This increased stiffness adversely affects the 

bone’s ability to absorb energy.  Radin et al. (39) hypothesized that the bone becomes stiffer 

due to micro-fracture of the trabecular bone. The micro-fracture is followed by increased 

bone remodeling and localized stiffening of bone.  Specifically, the healing of the micro-

fractures (evident through callous formation) causes the bone to increase in stiffness. The 

changes in mechanical properties of the bone consequently increase the stress in the 

overlying cartilage. This is because the subchondral bone loses its mechanical ability to 

withstand loading (due to its decrease in energy absorbing capacity).   Therefore, the onset of 

OA may be due to microfractures in bone.   

 The hardness properties of OA trabecular bone have been examined in using micro-

indentation techniques.  Material properties of subchondral bone from patients with 

osteoporosis or osteoarthritis by micro-indentation testing and electron probe microanalysis].  

Lereim et al. (40) used the Brinell Hardness Test (with a 5 mm indentation) and reported a 

fifty percent reduction of hardness in subchondral plate of the tibial plateau OA bone.  A 

study by Coats et al. (41) examined the hardness properties of trabecular structure, and 

similarly, found a reduction of hardness in OA trabecular bone.  It was interesting to note that 

the trabecular bone closest to the joint line was ‘harder’ than bone farther from the joint line, 

demonstrating different responses to mechanical loading in different parts of the joint.   

 Studies have evaluated the differences in trabecular modulus, in trabecular bone 

specimens from patients with different severities of OA.  A research study examining human 

trabecular specimens of the femoral condyle with mild OA found a forty percent increase in 
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apparent modulus (42).  Another study (43) examined trabecular bone specimens from the 

femoral head of patients with severe OA also found increased apparent modulus of the bone.  

These studies demonstrate that trabecular bone modulus is increased in patients with both 

mild and severe OA.  Similar results are seen for trabecular bone samples in the knee and the 

femur, illustrating similarities in the pathogenesis of OA in different affected areas.   

2.3 Structure of the Intervertebral Disc 

 Intervertebral discs are fibrocartilaginous cushions, serving as the spine's shock 

absorbing system by protecting the vertebrae, brain, and other structures including the 

nerves.  The intervertebral disc is consists of two primary regions: the nucleus (the inner core 

of the disc) and a surrounding annulus.  The annulus is composed of tightly woven collagen 

fibers, while the nucleus is composed of a hydrated gel.  The endplate separates the each 

intervertebral disc from the surrounding vertebral bodies.  Figure 2.7 illustrates the anatomy 

of the intervertebral disc.  

 The intervertebral disc is composed of an extracellular matrix (ECM), which serves 

two primary functions: it provides biomechanical strength and regulates the nutrients are 

absorbed.  The disc cells, which are part of the ECM, occupy < 1% of tissue volume and 

function to synthesize and degrade ECM.  Water is another component of the ECM:  the 

nucleus of the disc contains about 80% water by volume, while the annulus contains about 

65%.  Water is expressed from disc with normal loading and about 25% of water is lost and 

regained daily.  Collagen and proteoglycans are also components of the ECM.  The nucleus 

contains approximately 25% dry weight of collagen and the annulus contains about 70%(44).  

Proteoglycans are trapped within the collagen network. Having a fixed negative charge, they 

attract interstitial fluid with a positive charge such as NA+, thus imbibing water.  
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Figure 2.7: An illustration of the structure of the intervertebral disc.  Image taken from 
http://www.ithaca.edu/faculty/lahr/LE2000/Back/FinishedPics/JPEGs/CutDisc.jpg 
 
 
Table 2.1: A summary of the ECM components of cartilage and the intervertebral disc. 

2.4 Degenerative Disc Disease 

 Intervertebral disc degeneration (IVDD), a significant cause of lower back pain, is 

characterized by biochemical and morphologic changes in the nucleus pulposus and annulus 

fibrosus.  Intervertebral disc degeneration (IVDD) is the leading cause of pain and disability 

in adults in the United States (45). Despite the high prevalence of IVDD worldwide, 

diagnosis in the early stages of symptomatic disease is elusive in clinical practice.  The 

traditional methods for imaging disc degeneration, including radiography, magnetic 

resonance imaging (MRI), and computed tomography (CT), are limited to depicting late-

Type of Cartilage Proteoglycan Collagen Cell Water Content

Cartilage Hyalyine Cartilage 20-30% of dry weight 75% of dry weight 1-2% tissue volume 65-80% dry weight
Intervertebral 

disc

nucleus

/annulus Fibrocartilage

50% of dry weight/

<1% of dry weight

25% of dry weight/

70% of dry weight <1% tissue volume

80% water by volume/

65% water by volume
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stage, gross morphologic changes.  Ideally, a method that detects the initial biochemical 

changes in disc degeneration would be valuable in preventing disease progression.  Such a 

method would improve diagnostic capabilities and enable preventative measures to be taken 

at the early stages of the disease. 

 The process of disc degeneration is characterized by a loss of cellularity, degradation 

of the extracellular matrix, and as a result, morphological changes and alterations in 

biomechanical properties.  The most consistent chemical change observed with aging is loss 

of proteoglycan and concomitant loss of water and disc pressure(46,47). During the course of 

IVDD, small-degraded fragments of molecules can seep from the tissue, resulting in a loss of 

osmostic pressure and hydration (47), and thus altering mechanical properties.  Secondary 

changes due to redistribution of tissue stress include fibrocartilage production with 

disorganization of the annular architecture and increases in type II collagen(48). During disc 

degeneration, Type I collagen fibers replace the type II collagen fibers in the annulus (49), 

thus altering the tensile properties of the tissue.  Other late-stage changes include loss of a 

distinct boundary between the nucleus and annulus.  In the later stages of IVDD, 

morphologic changes including a loss of disc height, disc herniation, annular tears, and radial 

bulging are evident (49).  

 Together, degeneration-associated changes in the nucleus and annulus are 

fundamental to the development of specific spinal disorders.  For instance, changes in 

proteoglycan content within the nucleus leads to reduced imbibition of water, 

depressurization, and flattening of the disc. The annulus may then bulge into the spinal canal 

and neural foramen (disc protrusion).  Disc height loss also results in narrowing of the spinal 

canal and unfolding of the ligamentum flavum, contributing directly to the development of 
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spinal stenosis (constriction of spinal nerves or spinal cord).  Herniation of the intervertebral 

disc can occur as a result of mechanical annular disruption and fissuring due to chronic non-

physiologic stress secondary to nuclear dehydration. Thus, IVDD is a complex and multi-

faceted process whose biochemical and morphologic changes adversely affect the mechanical 

and functional integrity of the disc. 
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Chapter 3: Background [2] 

3.1 Fundamentals of Magnetic Resonance Imaging  

 Nuclear magnetic resonance (NMR), a phenomenon primarily used for the study of 

chemical structure, was first discovered independently by Bloch et al.(1) and Purcell et al.(2) 

in 1946. In 1973, Paul Lauterbur acquired the first magnetic resonance (MR) image of a 

small test tube (3).  Since then, MR imaging has become a rapidly growing modality that is 

widely used in research and clinical applications.  The following section briefly describes the 

physical principals of MR imaging. 

 The fundamental principal of MR imaging is the interaction between an atom with a 

non-zero magnetic moment (µ) and an external magnetic field.  Hydrogen (1H), which is 

abundant in biological tissues and has a strong magnetic moment, is often imaged with MR. 

Additionally, other nuclei such as phosphorus (31P) and sodium (23Na) have also been used 

for imaging, but have a much lower relative physiologic concentration and thus lower 

sensitivity.   

 A potential energy (E), is generated when a nuclei with a magnetic moment (µ) 

experiences a magnetic field, which is described by  

E = - µ.B      [3.1]  

 When a group of nuclei with magnetic moments are placed in a magnetic field, each 

can align to be in a state of low energy (aligned with the magnetic field) or high energy 

(aligned against the magnetic field).  The proportion of nuclei in each energy state is based 

on Bolztmann statisics: 

€ 

Nupper /Nlower = e−E / kT      [3.2] 
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Where E is the energy difference between the spin states; k is Boltzmann's constant, 

1.3805x10-23 J/Kelvin; and T is the temperature in Kelvin.  In the presence of a magnetic field 

(B0), the nlower population outnumbers the nupper population, and this difference, known as the 

Zeeman Effect, governs the basic principals of MR. The MR signal is proportional to this 

population difference.   

 When a proton with a magnetic moment is placed in a magnetic field (B0), it 

experiences a torque and begins to precess (figure 3.1) with angular frequency ω0. The 

precession occurs around the axis of the magnetic field (z).   The relationship between the 

magnetic field and the precession frequency is given by the Larmor equation:  

ω0  =γ B0     [3.3] 

where γ is the gyromagnetic ratio, which is unique to each element.  The gyromagnetic ratio 

of 1H is 42.58 MHz/Tesla.   

 

  Figure 3.1: An illustration of the precession. Adapted from Westbrook et al. (4) 
 To perform an MR experiment, a radiofrequency (RF) pulse must displace the 

precessing nuclei from equilibrium to the higher energy state.  This experiment is performed 

by tuning the RF pulse to match the precession frequency of the nuclei, a phenomenon called 

resonance.  The application of an RF pulse to resonance conditions is called excitation.  The 
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excitation causes net magnetization to tilt from the Z axis (longitudinal axis) to the XY plane 

(transverse plane) (Figure 3.2).  After the spins are excited, their return to equilibrium results 

in an emission of free induction decay, a signal that can then be measured by a receiver coil.  

The receiver coil is tuned to the frequency of the nuclei in order to detect a signal induced by 

the moving magnetic field.   

 

Figure 3.2: An illustration of the net magnetization which is initially in the z axis 
(longitudinal plane) and then in the XY plane (transverse plane) following excitiation.  
Adapted from Westbrook et al. (4)  

3.2 Overview of Magnetic Resonance Relaxation Time 

 Following the RF pulse, the magnetization vector relaxes to its original equilibrium 

state.  The process of relaxation is governed by two independent processes: T1 relaxation, 

which is the recovery of the Z component of the magnetization and T2 relaxation, which is 

the recovery of the XY component of the magnetization.  The T1 relaxation is called spin 

lattice relaxation, while the T2 relaxation is called spin-spin relaxation.   

 T1 relaxation time occurs when nuclei exchange energy with their surrounding 

environment (the lattice).  Following T1 relaxation, the magnetization vector returns to its 

original equilibrium state which is parallel to the Z axis.  The T1 relaxation time is derived 

from the following Bloch equation: 



30 

€ 

dMz

dt
= −

Mz −M0

T1
      [3.4] 

Where  Mz is longitudinal magnetization, M0 is the magnetization after excitation, t is time, 

and T1 is the relaxation time constant for a particular tissue.  For a 90 degree excitation, the 

longitudinal magnetization component is governed by equation 3.5  

€ 

Mz = M0(1− e
−t /T1 )     [3.5] 

The T1 relaxation time constant is defined as the time it takes the magnetization to return to 

63% of the longitudinal magnetization. 

 T2 relaxation time is governed by the phase dispersion of the spins due to fluctuating 

local magnetic fields. T2 relaxation time is derived from the following Bloch equation: 

€ 

dMxy

dt
= −

Mxy

T2
      [3.6] 

Where  Mxy is transverse magnetization, t is time, and T1 is the relaxation time constant for a 

particular tissue. For a 90° excitation, the transverse magnetization component is governed 

by equation 3.7  

€ 

Mxy = M0e
−t /T2      [3.7] 

The T2 relaxation time constant is defined as the time at which the signal decays to 37% of 

the maximum signal. 

 T1ρ relaxation time describes the spin-lattice relaxation in the rotating frame (5).  It 

probes the slow motion interactions between motion-restricted water molecules and their 

local macromolecular environment. T1ρ approximates T1 at very low magnetic field strengths. 

and is governed by the following equation: 
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€ 

Mt = M0e
−t /T1ρ       [3.8] 

Where Mt is the detected magnetization, t is time, and T1ρ is the relaxation time constant for a 

particular tissue.    

3.3 Overview of Texture Analysis 

 Texture analysis will be performed on a slice-by-slice basis on the cartilage T2 maps. 

This method is based on the grey level co-occurrence matrix (GLCM) as described by 

Haralick et al.(6).  The GLCM determines the frequency that neighboring grey-level values 

occur in an image.  Analysis can be performed at a defined orientation (e.g. 0 degrees, 90 

degrees) and a defined spacing (e.g. spacing = 1 for nearest-neighbor pixels).  Texture 

parameters including angular second moment (ASM) and entropy are calculated from the co-

occurrence matrix.  ASM is a measure of order of an image, while entropy is a measure of 

disorder in an image.  The equations for ASM and entropy are shown below (Equations 3.9 

and 3.10).  P represents the probability of the co-occurrence of pixel values i and j in an 

image.  N represents the total number of pixel value co-occurrences in the image, and R is a 

normalizing constant. 

 

 In this project, texture analysis will be performed on the cartilage T2 maps in the 

lateral femur, lateral tibia, medial femur, medial tibia, and trochlea.  A grey level co-

occurrence matrix will be defined for each cartilage region and used for texture analysis.  

Second order texture measures including entropy and ASM, will be calculated at 0° 

      
 
 

[3.9] 
 
 
[3.10] 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(corresponding to the anterior-posterior axis) and at 90° (corresponding to the superior-

inferior axis), with pixel offsets ranging from 1-3 pixels. The pixel offset range is chosen 

based on the fact that approximately 3 to 4 pixels span the cartilage thickness. 

3.4 Review of Literature: Imaging of Cartilage in OA 

3.4.1 Radiography 

Radiographic images reflect the pathologic changes in cartilage and bone; however 

they may not correlate with the severity of pathologic joint destruction.  Since the 

pathologic/radiographic findings of disease do not always reflect joint symptoms in cross-

sectional studies, the pathologic aspect of the disease does not always parallel the clinical 

prevalence or natural history of OA. Dougados et al. (7) reported that although radiographic 

progression was rare by crude Kellgren and Lawrence (8) grading, some symptomatic 

improvement with current treatment was seen over one year of follow-up.  Longer studies 

have shown that radiographic progression occurs in up to two-thirds of the patients and that 

improvement is rare (9,10).  Radiographic progression was more prevalent in patients who 

had earlier evidence of structural changes, femoral or tibial sclerosis.  

 Primary evaluation of arthritis has principally relied on plain radiography, (11) which 

depicts only gross osseous changes that tend to occur late in the disease.  Early changes in the 

cartilage and other articular tissues are not directly visible.  Cartilage loss can only be 

indirectly inferred by the onset of joint-space narrowing, which can be highly unreliable even 

with careful attention to proper technique (12).  False-positive rates as high as 20-40% have 

been reported for this parameter.  In addition, plain radiographs are insensitive to focal 

cartilage loss, and widening of the joint space despite significant cartilage loss can occur in 

one compartment of the knee as a result of narrowing in the other compartment (13).  
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Furthermore, meniscal position and degeneration affect joint-space narrowing (14), 

demonstrating that joint-space narrowing is unspecific to global cartilage loss and can 

implicate various morphologic changes in the joint. 

3.4.2 Magnetic Resonance Imaging 

 Magnetic resonance (MR) imaging is ideal for monitoring arthritis. MR offers multi-

planar capabilities, high spatial resolution without ionizing radiation, and superior contrast 

between joint tissues; thus it has gained popularity as a modality for assessing OA.  Using an 

in-plane resolution (469 microns x 938 microns) and relatively thin slices (1.5 mm) on a 1.5 

T scanner, Recht, et al. (15) showed 96% sensitivity and 95% specificity for detecting 

cartilage abnormalities visible in cadaveric knees following pathological section.  Several 

studies have recently been published that grade cartilage lesions in subjects with OA, and 

compare the severity of the lesions, with other findings such as meniscal defects, the 

presence of marrow lesions, as well as radiographic and clinical scores (16-18). 

3.4.3 Cartilage Volume and Thickness 

 High-resolution MR imaging has been used to measure cartilage volume and 

thickness in OA.  MR sequences that best delineate the cartilage from the surrounding tissues 

such as fat-suppressed spoiled gradient echo and fast double echo and steady state (DESS) 

with water-excitation, are used for segmentation.  To date, a fully automated technique for 

cartilage segmentation has not been established due to the inherently low contrast between 

cartilage and surrounding tissues (19).  The cartilage is segmented slice-by-slice using a 

semi-automatic technique such as region growing (20), edge detection (21), or shape 

modeling (22).  An example of segmentation is illustrated in Figure 3.3, in which the femoral 

and tibial knee cartilage is segmented.  Cartilage volume is calculated by summing the pixels 
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in the segmented regions, and cartilage thickness can be determined using methods such as 

the Euclidean Distance Transformation (23), or by calculating a vector perpendicular to the 

articular cartilage or bone surface (24,25).  The inter-and intra-observer reproducibility of 

these techniques ranges from approximately 1-9% and has been elegantly summarized by 

Eckstein et al. (19)    

 

Figure 3.3: An example of femoral and tibial cartilage segmentation. This image was 
acquired at 1.5T with an in-plane resolution of 0.234 x 0.234 mm2 and a slice thickness of 2 
mm.  
 

 Average cartilage thickness measurements are useful for the quantification of global 

thickness; however they are relatively insensitive to the presence of focal cartilage defects.  

Cartilage thickness maps, which illustrate regional variations in thickness, are helpful for 

visualizing focal defects (Figure 3.4).  Studies have used various sub-regional analysis 

schemes to quantify cartilage thickness and volume in the lateral or medial sides, or weight-

bearing and non-weight-bearing regions of the joint (26). Since different areas of the joint 

experience different types of mechanical loading, sub-regional analysis may increase the 

sensitivity of cartilage thickness and volume measurements.  While global thickness 

measurements have been used to differentiate OA patients from healthy subjects (27), the 
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quantification of cartilage lesions would provide additional information for the improved 

characterization of osteoarthritic cartilage.  Lee et al. have implemented a gradient peak 

method to quantify focal cartilage lesion volume and area, demonstrating the feasibility of 

cartilage defect quantification using MRI (28).  An image processing method that 

incorporates both global and focal thickness/volume quantification would be a powerful tool 

for the diagnosis of OA.   

 

 

Figure 3.4: An example of femoral cartilage thickness map demonstrating the variation in 
cartilage thickness throughout the femur.  

 

Longitudinal studies have been used to quantify cartilage changes in OA patients and 

have found a variety of results.  Gandy et al. found no changes in cartilage thickness and 

volume in OA (29), while other studies (19) have reported an approximate loss of 4-6% of 

cartilage annually. It is interesting to note a large standard deviation in percentage of 

cartilage loss, which is indicative of the heterogeneity of the disease.   Although the 

evolution of cartilage morphology in OA is heterogeneous, the quantification of cartilage 



36 

thickness and volume is reproducible (19), and may be a useful tool to monitor disease 

progression and the effect of therapeutic intervention.   

 MR imaging studies have evaluated the relationship between changes in cartilage and 

other knee joint tissues in OA.   Lindsey et al. and Blumenkrantz et al. have found that 

cartilage loss on one side of the knee joint is related to trabecular bone loss on the opposite 

side of the knee joint (27,30).  Cartilage degeneration is also associated with changes in 

subchondral bone architecture (31), as well as changes in trabecular bone proximal to the 

joint line (30).  Other factors associated with cartilage loss include mensical damage and 

bone marrow edema (32,33).  A recent longitudinal study by Hunter et al. (34) has 

demonstrated that enlarging bone marrow lesions are associated with cartilage loss in OA.  

An inverse relationship between pain, as measured by the Western Ontario and McMaster 

Universities scoring system (WOMAC), and cartilage volume has been demonstrated (27,35-

37).  Therefore, the measurement of cartilage volume using MR imaging provides 

longitudinal quantification of cartilage loss in OA and links cartilage loss with degenerative 

changes in other tissues of the knee joint.   

Although research studies have demonstrated a relationship between cartilage and 

bone morphology in OA, the question of whether cartilage changes precede bone structure 

changes in OA is remains unanswered.  Radin and Rose postulated that subchondral bone 

sclerosis and stiffening results in cartilage degeneration (38).  Carlson et al. reported that 

increases in subchondral bone thickness precede cartilage degeneration in an animal model of 

OA (39).  Lindsey et al. and Blumenkrantz et al. have demonstrated changes in adjoining 

trabecular bone with changes in cartilage thickness, emphasizing the relationship between 

cartilage and bone in OA (27,30).  The high-resolution extremity CT (40), has been used to 
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image trabecular structure in the radius and tibia with a nominal resolution (voxel size) of 82 

microns.  The high-resolution extremity CT is a useful tool for the in vivo evaluation of 

trabecular bone structure; however, due to imaging field-of-view limitations, it cannot 

accommodate the knee joint (which is commonly affected by OA).  If this scanner could be 

modified to image the knee joint, it may be possible to determine OA changes in trabecular 

micro-architecture.  The combination of quantitative MR imaging of soft tissue and high-

resolution bone imaging shows promise for diagnosing early OA; however further studies are 

warranted to determine whether trabecular bone structure measurement can be a surrogate 

marker for cartilage degeneration.  

3.4.4 Cartilage T2 Relaxation Time 

 Cartilage T2 maps are created using the following process: Typically, T2-weighted 

multi-echo, spin echo images with varying echo times (TE) and identical repetition times 

(TR) are acquired.  Second, T2 maps are computed (Figure 3.5) assuming exponential signal 

decay.  T2 is defined as the time at which the signal decays to 37% of the maximum signal.   

 

Figure 3.5: An example of T2 calculation using four T2-weighted images acquired with 
different echo-times (TE).  The graph shows signal (S) as a function of time. T2 is calculated 
for each pixel in an image using the above equation, and is defined as the time at which the 
signal decays to 37% of the maximum signal. 

!

!"#$!

%&&$!

'()*!

+!

!"

"#
$"# %"# &"# '()*#

S(TE) ! e
(-TE/T2)

!



38 

 

Quantitative T2 relaxation time is a non-invasive marker of cartilage degeneration 

because it is sensitive to tissue hydration and biochemical composition.  Immobilization of 

water protons in cartilage by the collagen-proteoglycan matrix promotes T2 decay and 

renders the cartilage low in signal intensity on long-TE (T2-weighted) images, while mobile 

water protons in synovial fluid retain their high signal. Loss of collagen and proteoglycan in 

degenerating cartilage increases the mobility of water, thus increasing its signal intensity on 

T2-weighted images (41).  Signal intensity is further augmented in degenerative disease by 

the elevation of cartilage water content (i.e., proton density) that accompanies matrix loss 

(42).  Consistent with this, foci of high signal intensity are often seen within the cartilage of 

knees with OA on T2-weighted images and have been shown to correspond to 

arthroscopically demonstrable abnormalities (43,44).  

3.4.4.1 In Vitro Imaging 

 In vitro imaging studies have evaluated the relationship between biochemistry of 

cartilage and T2 measurements.  Cartilage T2 is affected by hydration and the integrity of the 

collagen matrix; however, the relationship between T2 and proteoglycan content remains 

controversial in literature.  Proteoglycan loss in rat patellar cartilage induced by 

hyaluronidase degradation (which does not alter the collagen network) was associated with 

significantly increased global T2 (45).  However, other studies (46-48) found that the 

depletion of proteoglycan had minimal effects on T2.  A positive relationship between water 

content and T2 has been reported (49,50).  These studies demonstrate that the biochemical 

changes associated with cartilage degeneration are related to elevated T2; however the effects 

of proteoglycan concentration on T2 must be further evaluated.   
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 The relationship between T2 relaxation time and the mechanical properties of 

cartilage is under investigation.  A recent in vitro study (51) has shown that T2 relaxation 

time in human patellar cartilage is significantly correlated to Young’s Modulus, suggesting 

that T2 quantification may predict the mechanical properties of cartilage.   

 The signal intensity of cartilage in an MR image is dependent on its orientation to the 

main magnetic field.  An in vitro study using high-field (8.6T) microscopic MRI (µMRI) has 

suggested that the angular dependency of T2 with respect to the main magnetic field (B0) can 

provide specific information about the collagen ultra-structure (52). However, the 

requirement for the specific orientation of cartilage to the main magnetic field and the 

required ultra-high resolution (at 13.7µm) preclude it from in vivo applications with current 

techniques. Goodwin et al. (53) have described how T2 will vary with depth from  the 

articular surface due to collagen fibril orientation to B0.  Imaging of the femoral condyles 

can be challenging due to the bulk curvature of the cartilage altering the depth-dependent 

fibril orientation.  However, a comprehensive in vivo study has shown that the “magic-angle 

effect” may not be the major determinant of T2 heterogeneity in high-curvature articular 

cartilage (54). 

3.4.4.2 In Vivo Imaging 

 In vivo MR T2 mapping has primarily been performed at 1.5 and 3.0 Tesla; however 

recent studies have demonstrated the feasibility of measuring relaxation properties in 

cartilage at 7.0 Tesla (55-57), thus providing increased SNR. The acquisition time for each 

sequence is an important consideration in study design – minimal acquisition time (while 

retaining accurate quantification of relaxation properties) is desirable, such that the chances 

of motion during scans are minimized and the number of scans per study is maximized.  
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Generally, the T2 mapping acquisition time ranges from about 10-20 minutes (58), however 

various techniques have been recently developed to reduce acquisition time: Fast T2 imaging 

using gradient and spin echo (GRASE) MR imaging has been recently developed and 

validated at 1.5 Tesla, yielding an acquisition time of 1 minute and 51 seconds (59).  Parallel 

imaging sequences with an acceleration factor of 2 (AF = 2) have been developed at 3 Tesla 

for the measurement of cartilage relaxation times (T1ρ, T2) and morphologic measures 

(volume and thickness), demonstrating comparable results to the conventional method (60). 

These studies highlight technical MR imaging advancements with increasing field strength 

and decreasing acquisition time.   

 In vivo imaging studies have measured T2 relaxation time to evaluate the effects of 

gender (61), age (62,63), disease (30,62,64-66), activity level (67-69), and treatment (e.g. 

chondrocyte transplantation (70)). Studies have demonstrated that cartilage T2 values are 

related to age, and vary from the subchondral bone to the cartilage surface (62,71).  Dunn et 

al. have shown that the cartilage T2 values are associated with the severity of OA, and 

variations exist between tibial and femoral cartilage T2 (72). The precision errors of T2 

measurements in patellar cartilage have been evaluated (73,74).  The precision errors of T2 

were markedly smaller than the differences in T2 between healthy and diseased cartilage, 

suggesting that T2 may be discriminatory biomarker for disease.  Dunn et al. used Z-score 

maps to compare cartilage T2 values of OA subjects to those in control subjects(72).  Voxel 

based Z-scores were generated in each compartment of the articular cartilage for the T2 

images. A voxel in a Z–image was calculated by (VoxelI - Meannormal,compartment)/ 

SDnormal,compartment, where VoxelI is the T2 in the voxel of interest, Meannormal,compartment is the 

mean T2 for all voxels of the normal knees in that compartment, and the SDnormal,compartment is 



41 

the standard deviation of the same normal T2 distribution.  The Z-score maps normalize the 

T2 results for each subject to the mean value of the control subjects.  Figure 3.6 illustrates Z-

score maps of a control, a mild OA subject, and a severe OA subject, respectively.  These 

maps demonstrate the heterogeneity of cartilage T2 values.  Studies have evaluated the spatial 

distribution of cartilage T2: Dray et al. (75) found no difference between mean T2 values in 

OA cartilage; however, they showed visual differences in the spatial distribution of the T2 

values.  These results demonstrate the necessity to characterize and quantify the spatial 

distribution of cartilage T2 values.    

 

Figure 3.6: Representative Z-score maps a control, a mild OA subject, and a severe OA 
subject.  The maps show an increase in area of regions of high in the OA subjects. The 
regional variations in femoral and tibial cartilage compared to control subjects are also 
evident. Adapted from Dunn et al (72). 
  

 A recent study employed grey level o-occurrence matrix (GLCM) texture analysis to 

quantify the differences in spatial distribution of cartilage T2 values in OA patients and 

controls. The mean, standard deviation, and GLCM entropy of cartilage T2 was significantly 

greater in OA patients than in controls (76), demonstrating that T2 values in osteoarthritic 

cartilage are not only elevated, but also more heterogeneous than those in healthy cartilage. 
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Moreover, Carballido-Gamio et al. have demonstrated the feasibility of flattening cartilage 

for texture analysis, thus obtaining measurements both parallel and perpendicular to the 

natural cartilage layers (77). By non-invasively evaluating cartilage integrity, T2 relaxation 

time may provide insight on both global (mean T2) and focal (texture analysis of T2) changes 

in cartilage degeneration in OA.  

 The evaluation of cartilage repair tissue using quantitative MRI is an emerging 

avenue of research. In addition to morphologic imaging techniques, T2 relaxation time has 

been used to quantitatively assess the biochemical composition of cartilage repair tissue, thus 

providing insight on the tissue integrity.  Previous studies have measured T2 relaxation time 

to assess cartilage following cartilage repair techniques including chondrocyte 

transplantation(70,78-82)and microfracture (79,81,83).  A recent longitudinal study by 

Welsch et al. performed MRI examinations on patients one year after they had undergone 

matrix-associated autologous chondrocyte transplantation(78). While there were no 

significant changes to cartilage morphology at one-year follow-up, changes to zonal T2  

values were evident.  This study demonstrates the T2 mapping may be an emerging tool to 

non-invasively and assess the longitudinal outcome of cartilage repair, and may supplement 

standard morphological cartilage assessment.    

 T2 relaxation time has primarily been evaluated in cartilage in both healthy subjects 

and those with OA, however recent studies have measured T2 in the meniscus (84).  Rauscher 

et al. demonstrated differences in T2 between OA patients and controls, as well as 

correlations with clinical findings (84).  This study highlights that relaxation times 

measurements in both the cartilage and meniscus may be sensitive to degenerative changes in 

OA.  



43 

 The relationship between T2 and cartilage morphology has been evaluated cross-

sectionally and longitudinally.  Studies have shown an inverse relationship between cartilage 

T2 and cartilage thickness (30,72).  Another study has shown that higher medial cartilage T2 

results in greater loss of medial cartilage volume at twelve months, demonstrating a 

relationship between cartilage T2 and cartilage volume (85). The relationship between 

cartilage T2 and the underlying bone structure has been investigated (86,87). Bolbos et al. 

reported a negative relationship between T2 relaxation time, and bone structural parameters 

including bone volume fraction (BV/TV), and trabecular number (Tb.N)) (86), highlighting 

the interplay between cartilage and bone structure.    

3.4.5 Cartilage T1ρ Relaxation Time 

A T1ρ sequence, consisting of a three-pulse cluster and gradient crushers, prepares the 

T1ρ -weighted magnetization. Briefly, first, a π/2 pulse applied along the x-axis flips the 

longitudinal magnetization into the transverse plane along the y-axis. Then, a long, low 

power pulse is applied along the y-axis to spin-lock the magnetization. The second π/2 pulse 

flips this spin-locked magnetization back to the z-axis. Residual transverse magnetization is 

then dephased by a crusher gradient.  Magnetization stored along the z-axis is then read out 

by a fast spin echo (FSE) sequence or a gradient echo sequence.  T1ρ can be calculated by 

fitting the signal (S) intensity obtained for different spin-locking times (TSL) using the 

equation 1. Quantitative T1ρ imaging methods are well-suited for probing macromolecular 

slow motions at high static fields in cartilage. 

In cartilage, the proteoglycan (PG) largely responsible for the high elasticity and 

resilience of tissue, consists of a central protein core to which a large number of negatively 

charged glycosaminoglycan (GAG) sidechains are covalently attached.  The PG content of 
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cartilage can be probed using spin lattice relaxation in the rotating frame (T1ρ -weighted 

imaging) (88-90).   

In vitro studies have evaluated the relationship between T1ρ relaxation time and the 

biochemical composition of cartilage.  Akella et al. have demonstrated that over 50% 

depletion of PG from bovine articular cartilage resulted in average T1ρ increases from 110–

170 ms (90).  Regression analysis of the data showed a strong correlation (r2=0.987) between 

changes in PG and T1ρ. Similar to T2, in vitro studies have demonstrated regional variations 

of cartilage T1ρ. T1ρ values were highest at the superficial zone, decreased gradually in the 

middle zone, and increased in the region near the subchondral bone (90).  Wheaton et al. 

found correlations between T1ρ relaxation time, proteoglycan, and mechanical properties of 

bovine cartilage explants including aggregate modulus and hydraulic permeability (91).   

In vivo studies have quantified T1ρ relaxation time in knee cartilage and have 

documented its reproducibility.  Pakin et al. reported an in vivo reproducibility (coefficient of 

variation) for patellar cartilage of 5% (92); Li et al. reported a coefficient of variation (in 

femoral and patellar cartilage) of 4.8% (93); Regatte et al. reported an intrasubject variability 

of < 6% (89).  In vivo studies have demonstrated increased cartilage T1ρ values in OA 

subjects compared to controls: Li et al. showed average T1ρ relaxation times of 45.09 ± 2.59 

ms and 53.06 ± 4.60 ms in healthy subjects and OA patients, respectively (93).  In a more 

recent study, Li et al. also found elevated T1ρ relaxation time in OA patients (52.04 ± 2.97 

ms) compared to healthy subjects (45.53 ± 3.28 ms) (94).  Regatte et al. reported a larger 

range of T1ρ values in OA subjects (63 ± 4 ms to 95 ± 12 ms, depending on the degree of 

cartilage degeneration) compared to healthy subjects (44 to 55 ms) (95), and demonstrated a 

25% to 30% elevation in T1ρ values in OA patients compared to healthy subjects.  Studies 
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have used T1ρ imaging to evaluate cartilage overlying bone marrow edema (BME) caused by 

trauma.  Average T1ρ values in cartilage overlying BME were significantly higher than that in 

surrounding cartilage (51.8 ± 10.8 ms vs. 43.0 ± 8.3 ms, p = 0.032), demonstrating that 

macromolecular changes in cartilage may be related to BME (96).   

The differences between T2 and T1ρ in cartilage have been explored.  Mlyranik et al. 

(47) showed that the T1ρ relaxation times obtained were slightly longer than the 

corresponding T2 values, but both parameters showed almost identical spatial distributions. 

Menezes et. al. (97) have recently shown that T1ρ and T2 changes in articular cartilage do not 

necessarily coincide, and might provide complimentary information.  These investigators 

showed that T1ρ and T2 reflect changes that may be associated with proteoglycan, collagen 

content and hydration and the true mechanism of T1ρ may arise from a weighted-average of 

multiple biochemical changes occurring in cartilage in OA. Using this premise, it is possible 

that T1ρ may have a dependence on the angular orientation of the collagen fibers.  

T1ρ has a larger dynamic range than T2 (98), indicating that it may be more sensitive 

to degenerative changes occurring in cartilage OA.  A recent study by Majumdar et al. 

investigated the differences in T2 and T1ρ values between OA patients and controls.  A 

significant correlation was found between average T1ρ and T2 values within the cartilage, 

with a correlation coefficient r2=0.69 and p=0.017.  The average T1ρ in OA patients (52.28 

ms) was 19.1% greater than that of controls (43.90 ms).  The average T2 (38.31 ms) in OA 

patients was only 9.6% greater than that of controls (34.94 ms).  OA patients had a 

significantly (p = 0.003) increased cartilage T1ρ compared to controls, while the increase in 

T2 was insignificant (p = 0.202) (96), demonstrating that patients with similar average T2 

may have different T1ρ, or vice versa.  These studies suggest that average T1ρ may be used to 
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distinguish OA cartilage from healthy cartilage, while T2 may not be able to.  Figure 3.7 

shows T1ρ and T2 maps from a control subject, a subject with mild OA, and a subject with 

severe OA.  The differences between the T1ρ and T2 maps are evident.  These studies reflect 

the potential of T1ρ imaging for the non-invasive evaluation of diseased cartilage. However, 

further studies with larger symptomatic populations are necessary to examine whether T1ρ 

quantification can be used as a diagnostic tool for early OA.     

 

 
 
Figure 3.7: T1ρ maps (first row) and T2 maps (second row) for a healthy control (a), a patient 
with mild OA (b), and a patient with severe OA (c).  a) Control: The average T1ρ value was 
40.1 ± 11.4 ms and T2 values was 33.3 ± 10.5 ms in cartilage. (b) A patient with early OA 
(male, 66). The average T1ρ value was 45.5 ± 14.5 ms and T2 values was 35.0 ± 10.9 ms in 
cartilage. (c) A patient with advanced OA (male, 46). The average T1ρ value was 55.4 ± 26.0 
ms and T2 values was 43.8 ± 11.1 ms in cartilage.  The maps illustrate the differences 
between T1ρ and T2 (arrows) and demonstrate differences in cartilage heterogeneity between 
OA severity and between T2 and T1ρ maps. 
 

(a) Control (b) Mild OA (c) Severe OA 
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3.5 Review of Literature: Imaging of Degenerative Disc Disease 

3.5.1 Current Clinical Imaging Techniques 

 Various techniques have been proposed to assess the competence of the disc in vivo 

with particular emphasis on developing objective surgical indications. Radiographic imaging 

of the disc in the anteroposterior and lateral views can be used to assess disc height; however 

it is not well suited to evaluate soft tissue structure and disc herniation.  Computed 

tomography (CT) scanning is the first line of investigation in vertebral spine trauma and but 

is of limited value in assessing suspected lumbar prolapsed intervertebral disc disease.   CT 

can be used to identify gross morphologic changes including annular disc bulges and loss of 

disc height (using sagittal reformations).  However, early degenerative changes are not well 

depicted.  Both radiographs and CT imaging are sources of ionizing radiation, which may be 

harmful with repetitive exposure.  While pain provocation using discography/CT 

discography(99-101) has been shown to improve the odds of a positive surgical outcome, 

there has been a reported high incidence of false positives(102) and there remains a 

significant number of severely degenerated discs that have been found to be 

symptomatic(103).  

3.5.2 Magnetic Resonance Relaxation Time Measurement   

 Magnetic resonance imaging (MRI) has been used as a non-invasive measure of disc 

degeneration representing early and more advanced changes. The advantages of MR imaging 

are that 1) non-ionizing radiation is generated 2) excellent soft tissue contrast is achieved 

(allowing the delineation of the annulus from the nucleus) 3) multi-planar image acquisition 

is feasible and 4) and high spatial resolution can be achieved.  Modic and Weinstein(104) 

reported that disc degeneration can be demonstrated by using the standard spin echo 
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sequence. With T2-weighted, spine echo imaging sequences, normal intervertebral discs 

show a bright signal from the nucleus pulposus, and there is low signal from the annulus 

fibrosus.  Disc degeneration is demonstrated by a change in the signal of the nucleus 

pulposus to give an irregular outline and a reduction in signal intensity. This technique has 

been shown to be as good or often a more accurate measure of degeneration than 

discography(105-107). However, patient symptoms in painful degenerated disc disease do 

not correlate with these standard MR imaging findings. In the intervertebral disc, the uptake 

of Gd DTPA enhancement has been observed clinically often in normal appearing discs(108) 

and there is a high prevalence of disc degeneration in asymptomatic populations(109).  

Stabler et al.(110) have shown that a band like contrast enhancement of the disc correlated 

with vascularization, often seen as a consequence of annular tears, and corresponded to pain, 

even in the absence of stenosis.   

 In an effort to improve the capability of MR techniques to quantitatively assess disc 

degeneration, surrogate MR measures of tissue hydration and biochemical composition, such 

as relaxation times (T1 and T2) and water diffusivity are being studied. Investigators have 

demonstrated correlations between 1/T1, 1/T2 water content and collagen content for disc 

tissue samples(111,112). In another study, Boos et al.(113) using age and gender matched 

symptomatic and asymptomatic disc herniations, showed that symptomatic disc herniations 

showed significantly shorter T1 (p<0.04, -15%) and T2 (p<0.003, -21%). Molecular diffusion 

shortens the spin-echo signal and has been used to study disc degeneration in vitro. In the 

spine, the addition of diffusion-weighted imaging (DWI) has been shown in multiple 

applications(114-118) to provide additional diagnostic information. Line Scan Diffusion 

Imaging (LSDI) (119), which is considerably more robust than other common sequences in 
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the presence of global motion and susceptibility differences(120), gives high quality 

diffusion weighted images and apparent diffusion coefficient (ADC) and anisotropy maps in 

the human spine.  

 Quantitative T1ρ imaging probes the interaction between motionally restricted water 

molecules and their macro-molecular environment, thus the extracellular matrix (ECM) in 

the intervertebral disc may potentially be investigated using these techniques. Previous 

studies have explored the relationship between T1ρ relaxation rate and biochemical analysis in 

cartilage and in the intervertebral disc.  Regatte et al. have shown that T1ρ relaxation rate is 

correlated to proteoglycan content (R2 = 0.85, P < 0.0001) in bovine patellar cartilage(121), 

and Johannessen et al.(122) have shown a strong correlation between T1ρ and s-GAG content 

(r = 0.7, p<0.01) in intervertebral disc specimens. In vivo studies have reported significantly 

elevated T1ρ relaxation time in osteoarthritic subjects (95,123), demonstrating that T1ρ can be 

used to identify cartilage degeneration.  Based on these data, we hypothesize that T1ρ can be 

used as a marker for early biochemical changes in the disc, and may complement 

measurements of T2 relaxation time.        
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Chapter 4: Development of a Methodology for T2 Relaxation Fitting for 

Cartilage Imaging at 3 Telsa 

4.1 Introduction 

 Magnetic resonance (MR) T2 relaxation time is sensitive to biochemical changes that 

occur during cartilage degeneration, including alterations in hydration, collagen content, and 

tissue anisotropy (1). Accurate quantification of T2 relaxation time is dependent on various 

scanning parameters including echo times in the T2 sequence, the signal to noise ratio (SNR) 

in the cartilage, and the T2 fitting algorithm (2) .  This chapter will investigate the impact of 

various SNR’s and T2 fitting algorithms on the T2 quantification, using data from the 

Osteoarthritis Initiative (OAI).    

 The Osteoarthritis Initiative  (OAI; http://www.oai.ucsf.edu/)) is a multi-center, 

longitudinal study aimed at assessing biomarkers in osteoarthritis (OA) including those 

derived from magnetic resonance (MR) imaging.   The OAI is a cross-sectional and 

longitudinal dataset that includes both MRI and radiographic images of subjects scanned 

annually over 5 years.  MR images that can be used to assess cartilage morphology and T2 

are available.  Three subject groups (ages 45-79 years) will participate in the study: 1) the 

progression cohort: those with symptomatic knee OA at baseline 2) the incidence cohort: 

those with an elevated risk of developing symptomatic OA during the course of the study and 

3) a control cohort.  The inclusion criteria for each group are in the table 4.1.   
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   Table 4.1: Inclusion criteria for the 3 subject-groups in the OAI. 
Progression cohort Incidence cohort Control cohort 

Those who have frequent 
knee symptoms defined as 
“pain aching or stiffness in or 
around the knee on most 
days” for at least on month 
during the past 12 months 
and radiographic finding 
relating to the presence of 
OA corresponding to 
Kellgren-Lawrence grade ≥ 2 
 

Those who have 
characteristics that place 
them at increased risk for 
developing OA during the 
course of the study. These 
include being overweight, 
having previous knee injury, 
having previous knee 
surgery, having family 
history, and/or repetitive 
knee bending occupations 

Those who have no pain 
aching or stiffness in either 
knee in the past year, no 
radiographic findings of OA 
(Kellgren-Lawrence grade = 
0), and no eligibility risk 
factors from the incidence 
cohort 
 

 

 This database provides a means to study and longitudinally evaluate MRI biomarkers 

including T2 relaxation time, in the development and progression of OA, thus providing a 

wealth of information on OA development progression. 

4.2 Impact of Signal to Noise Ratio on T2 Fitting 

4.2.1 Simulations 

 The signal to noise ratio (SNR) in an image has an impact on the accuracy of T2 

quantification.  Therefore, images with low SNR may yield inaccurate T2 values.  This study 

investigates the effects of SNR on the accuracy of T2 quantification by simulating T2 decay in 

cartilage images from the Osteoarthritis Initiative.   

 The T2 decay curve in the absence of noise can be modeled using the following 

equation: 

€ 

S = S0e
−
TE
T 2       [4.1]  

where S represents the signal amplitude measured at time intervals TE.  S0 represents the 

initial amplitude of the signal.  
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 Simulations of T2 decay with various magnitudes of noise were used to determine 

how noise affects T2 quantification.     

 Simulated T2 decay data were generated from  

    [4.2] 

where Sn represents the signal amplitude measured at time intervals TE with n = 1,2, 3...7.  S0  

represents the initial amplitude of the signal, arbitrarily set to 100.   The echo times from the 

OAI range from TE = 10, 20, 30 … 70 ms.   The term ε(0,σ) indicates the addition of zero-

mean, Gaussian noise with standard deviation of σ. Random noise was simulated 

independently from the real and imaginary channels.   A broad range of SNR values (of the 

first echo) were simulated and defined as the (signal from the 1st echo/ σ).  The simulated 

SNR values ranged from SNR = 3 to SNR = 41.  1000 trials were performed to determine the 

average ± standard deviation of T2 relaxation time for each SNR value. 

4.2.2 Results 

 The results of the simulation showed that the T2 value of the model strongly depends 

on the SNR.  Simulations (Figure 4.1) were performed to determine the minimum SNR in a 

pixel and in ROI that can distinguish healthy cartilage T2 (T2= 40 ms) and a degenerative 

cartilage T2 (T2= 44 ms).  In our experiments, the T2 is calculated on a pixel-by-pixel basis 

and then averaged for each ROI.  The ROI can contain a large number of pixels ranging from 

about 200-500 depending on the size of the cartilage. Figures 4.1-4.3 illustrate the SNR on a 

per-pixel basis, while figure 4.4 illustrates T2 as a function of SNR calculated on a pixel-by-

pixel basis and then averaged over an ROI.   

! 

Sn = ( "real (0,#) + S
0
e
$(TEn /T 2))

2
+ "imaginary (0,# )

2
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 Figure 4.1 illustrates the relationship between SNR and calculated T2 in one pixel 

(1000 trials). The minimum SNR of the first echo must be at least 21 in order to be able to 

distinguish healthy and degenerative T2 in one pixel, while accounting for error.   

 

 
 
Figure 4.1: An illustration of the relationship between SNR of the first echo and calculated 
T2 with TE = 10-70.  The minimum SNR that can distinguish a healthy and degenerative 
cartilage pixel (accounting for error) is approximately 21.  
 
 Additionally, a simulation was performed to determine whether omitting the last echo 

time (TE = 70) yields more accurate T2 values.  The second simulation demonstrates the 

relationship between SNR of the first echo and calculated T2 in one pixel using TE = 10-60 

ms (Figure 4.2).  The comparison of Figures 4.1 and 4.2 demonstrates that using all the data 

from echoes TE=10 - TE=70 provides a highest probability of distinguishing a healthy and 

degenerative cartilage pixel. 
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Figure 4.2: An illustration of the relationship between SNR of the first echo and calculated 
T2 with TE = 10-60.  The minimum SNR that can distinguish a healthy from a degenerative 
cartilage pixel (accounting for error) is approximately 23.  
 
 Additionally, a simulation was performed to determine whether omitting the last two 

echo times (TE = 60 and TE = 70) yields more accurate T2 values.  The third simulation 

demonstrates the relationship between SNR of the first echo and calculated T2 in one pixel 

using TE = 10-50 ms (Figure 4.3) in one pixel. The comparison of Figures 4.1,4.2, and 4.3 

demonstrates that using data from all of the echoes TE=10 - TE=70 provides a highest 

probability of distinguishing a healthy and degenerative cartilage pixel.  
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Figure 4.3: An illustration of the relationship between SNR of the first echo and calculated 
T2 with TE = 10-50.  The minimum SNR that can distinguish a healthy from a degenerative 
cartilage pixel (accounting for error) is approximately 25.  
 
 While Figures 4.1-4.3 depict the relationship between SNR and T2 in a single pixel, 

the mean T2 in the OAI data is calculated per pixel and then averaged per cartilage ROI.  The 

average T2 value per ROI is the average of the T2 in the 200 pixels (Figure 4.4).  The standard 

deviation (which is the error bar on the graph in Figure 4.4) is the standard deviation of the 

T2 of the 200 pixels.  The graph illustrates that the standard deviation is significantly 

decreased when averaging the T2 values per ROI. Therefore, the minimum SNR of the first 

echo that can both distinguish healthy from degenerative cartilage ROI and maintain accurate 

quantification is about 12. The standard deviation of T2 values calculated per pixel and 

calculated per ROI are compared in Figure 4.5. 
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Figure 4.4: An illustration of the relationship between SNR of the first echo and calculated 
T2 with TE = 10-70, in an ROI.  The ROI consists of 200 pixels.   The minimum SNR that 
can be used to calculate accurate T2 values and distinguish healthy cartilage from 
degenerative cartilage is about 15.   
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Figure 4.5: The standard deviation of T2 values calculated per pixel, and calculated per ROI 
that consists of 200 pixels.  The standard deviation is much lower when evaluating T2 values 
averaged over 200 pixels. 
 
 
4.3 Fitting Techniques 

4.3.1 Image Analysis 

 MR images of the knee joint including sagittal 3D DESSwe (TR = 16.3 ms, TE = 4.7 

ms, interpolated in-plane resolution = 0.365 x 0.365 mm, slice thickness = 0.7 mm) and 

sagittal 2D MSME (TR = 2700 ms, TE1-TE7 = 10-70 ms) images were analyzed.  Articular 

cartilage was segmented using a spline-based, semi-automatic technique in six regions: 

medial and lateral tibia, medial and lateral femur, trochlea, and patella (Figure 4.6) in 13 

subjects from the progression cohort of the OAI. Additional details about the image 

acquisition parameters have are provided by Peterfy and colleagues (3). 
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   Figure 4.6: An illustration of the segmented cartilage regions. 
 

4.3.2 Impact of Fitting Routine on T2 Calculation 

 The T2 values were calculated using 2- and 3-parameter fitting routines (Equations 

4.3 and 4.4).   

 

S is the cartilage signal intensity from a T2-weighted image with a chosen TE. S0 is the signal 

intensity when TE=0ms. Using each equation, the T2 is quantified on a pixel by pixel basis, 

using the Levenberg-Marquardt algorithm(4). Both equations 3 and 4 are two parameter 

fitting algorithms. However, equation 3 is the standard T2 decay curve that does not account 

for noise, while equation 4 is a signal equation (derived from power images) that accounts for 

noise (5).  Using this method, an image that is “free of noise-induced bias” can be produced 

by squaring the magnitude image and subtracting an average value of the background noise 

from the entire image (5).  This method will produce a corrected image from which the T2 

can be calculated.   

€ 

S(TE) = S0
2e

−
2*TE
T2

 
[4.3] 

 
 
 

 
 

[4.4] 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 Equations 5 and 6 will be used at metrics to evaluate the goodness of fit for T2 

quantification, calculated using noise corrected and non-noise corrected images, all assuming 

mono-exponential decay. 

 

 

 

 

 

 

 

€ 

Si represents the measured value at the ith TE, 

€ 

ˆ S i represents the predicted value at the ith TE, 

€ 

S is the mean of the measured values, n is the number of echoes, and m is the number of 

fitted coefficients estimated from the measured values (m=2; 

€ 

S0  and 

€ 

T2). 

4.3.3 Statistical Analysis 

 A linear mixed-effects regression analysis (6,7) of MR parameters (mean T2, RMSE, 

Adjusted R2) on the model type (noise correction, no noise correction) was performed with 

subject specific random effects to account for multiple cartilage compartments within each 

subject.  This model was implemented to determine if there is a significant difference in MR 

parameters between each type of model.   

4.3.4 Results 

 Figure 4.7 illustrates the mean T2 values in each patient (averaged over compartment) 

calculated using the two fitting algorithms (no noise correction, noise correction).  The 

algorithm without noise correction yielded greater T2 values in 5/13 subjects, while the noise 

 
 
 
 
 
 

[4.5] 
 
 
 
 
 
[4.6] 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correction algorithm yielded greater T2 values in 8/13 subjects.  The random effects model 

did not demonstrate a significant difference when comparing T2 values from the fitting 

routines (p > 0.05).   

 

Figure 4.7: An illustration of the T2 values in each patient calculated the two fitting routines 
(no noise correction, noise correction). 
 

 The RMSE’s were lower when using the noise correction algorithm as compared to 

the standard T2 fitting algorithm without noise correction in each patient (Figure 4.8).  The 

random effects model demonstrated a significant difference in RMSE between the fitting 

routines.   
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Figure 4.8: An illustration of the RMSE values in each patient calculated using the two 
fitting algorithms (no noise correction, noise correction).  The graph demonstrates that the 
RMSE’s are lower using the noise correction algorithm, demonstrating a greater goodness of 
fit. 
 The mean adjusted R2 was lower in 12/13 subjects when using the standard T2 fitting 

technique; however, this trend did not reach significance (p > 0.05, Figure 4.9).   

 

Figure 4.9: An illustration of the mean adjusted R2 values in each patient calculated using 
the two fitting algorithms (no noise correction, noise correction).  The graph demonstrates 
that most of the RMSE’s are lower (12/13) using the T2 fitting algorithm without noise 
correction.   
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4.4 Discussion and Conclusion 

 This study investigated the impact of SNR on the accuracy of T2 quantification as 

well as the impact of noise correction on the T2 fitting.  Simulations were performed 

determine the minimum SNR that can be used to distinguish healthy cartilage from 

degenerative cartilage.  The results demonstrated that a minimum SNR (of the first echo) of 

12 can be used to accurately calculate and distinguish healthy from degenerate cartilage.    

Since the SNR of the first echo in the OAI images is approximately 20, the SNR is adequate 

for assessment of OA.   

 The results of this study demonstrated that the goodness of fit was improved using a 

power images with noise correction, but did not make a significant impact on the T2 values.  

The power images correction yielded lower RMSE’s and higher Adjusted R2 values than the 

standard T2 fitting technique without noise correction. However, there was no significant 

difference in mean T2 values between fitting routines.   

4.5 References 

1. Mosher TJ, Dardzinski BJ. Cartilage MRI T2 relaxation time mapping: overview and 

applications. Semin Musculoskelet Radiol 2004;8(4):355-368. 

2. Graham SJ, Stanchev PL, Bronskill MJ. Criteria for analysis of multicomponent 

tissue T 2 relaxation data. Magnetic resonance in medicine 1996;35(3):370-378. 

3. Peterfy CG, Schneider E, Nevitt M. The osteoarthritis initiative: report on the design 

rationale for the magnetic resonance imaging protocol for the knee. Osteoarthritis Cartilage 

2008;16(12):1433-1441. 

4. Mor JJ. The Levenberg-Marquardt algorithm: implementation and theory. Lecture 

notes in mathematics 1977;630:105-116. 

5. Miller AJ, Joseph PM. The use of power images to perform quantitative analysis on 

low SNR MR images. Magn Reson Imaging 1993;11(7):1051-1056. 



76 

6. McCulloch CE, Searle SR. Generalized, linear, and mixed models: Wiley-

Interscience; 2004. 

7. Littell RC, Milliken GA, Stroup WW, Wolfinger RD. SAS system for mixed models: 

SAS Institute, Cary, NC; 1996. 

 

 



77 

Chapter 5: A Pilot, Two-Year Longitudinal Study of the Interrelationship 

between Trabecular Bone and Articular Cartilage in the Osteoarthritic 

Knee 

5.1 Introduction 

 Osteoarthritis (OA) is a degenerative joint disease in which bone and cartilage 

morphological and biochemical changes cause abnormal biomechanical loading patterns, 

leading to joint deformity, pain, stiffness, crepitus, and decreased mobility (1).  OA affects 

roughly 80% of the population over 75 years (2) and can be caused by many factors such as 

joint malalignment, obesity, prior surgery or trauma, meniscal abnormality, or cruciate 

ligament tears (3-6).   

 During joint loading, the tissues of the knee including cartilage, bone, muscle, and 

ligament interact to sustain weight-bearing stresses.  Specifically, cartilage acts as a 

“cushion,” which absorbs impacts and distributes loads along the joint surface (7).  Although 

it sustains less force than the surrounding bone and muscle tissues during locomotion (6), its 

degeneration is significant in the pathogenesis of OA.  For example, previous studies have 

shown that joint space narrowing, an indication of OA progression, is related to cartilage 

degradation (8).  In addition, Wluka et al. showed that tibial cartilage volume decreases about 

five percent per year in osteoarthritic patients (9).  Such progressive osteoarthritic changes 

are associated with increased bone resorption (10) and abnormal trabecular architecture (11).  

Moreover, increased subchondral bone stiffness has been associated with cartilage 

deterioration (12-14), linking bone and cartilage structural changes to the development of 

OA.   
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 Given the morphological changes occurring in bone and cartilage are interdependent 

(15), measurements of bone or cartilage structural parameters, individually, may be 

insufficient to determine the pathogenesis and implications of OA.  In a previous cross-

sectional study of trabecular bone and articular cartilage, Lindsey et al. used MRI to 

determine that cartilage degeneration in the knee joint is associated with changes in 

trabecular bone structure (15).  As a further investigation, it would be important to study how 

such a relationship changes over time.  Therefore, the purpose of this study is to examine the 

relationship between structural changes of trabecular bone and cartilage, in patients with 

varying degrees of OA over two years, using MR imaging.  

5.2 Methods 

5.2.1 Subjects 

 A total of thirty-eight subjects (mean age = 58 years, range = 28-81 years, % female = 

39.5%) were scanned at baseline and twelve months.  Of these subjects, twenty-one (mean 

age = 60 years, range = 28-81 years, % female = 42.8%) were scanned again at twenty-four 

months (drop-outs due to death, knee replacement, and unwillingness to continue).  All 

patients completed a WOMAC (Western Ontario and McMasters Universities Arthritis 

Index) questionnaire of pain, function, and stiffness (16).  A summary of baseline OA subject 

characteristics is presented in Table 5.1.   
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   Table 5.1: OA subject characteristics at baseline. 

    
  Subjects were recruited by an orthopaedic surgeon based on clinical investigation and 

diagnosis from antero-posterior weight-bearing radiographs.  All subjects (except controls) 

displayed symptoms of OA, as evaluated by a radiologist.  The severity of each subject’s OA 

at baseline was evaluated using the x-ray based Kellgren-Lawrence (KL) scale (17):  KL 

scores of 1 and 2 were considered mild OA and classified as OA1 (n = 13, mean age = 61 

years, range = 46-81 years, % female =  53.8%); KL scores of 3 and 4 were considered 

severe OA and classified as OA2 (n = 17, mean age = 65 years, range = 43-76 years, % 

female =  29.4%).  A summary of the OA subject cohort is presented in Figure 5.1.  

Additionally, a group of control subjects (OA0) with no radiographic evidence of OA (n = 8, 

mean age = 39 years, range = 28-70 years, % female = 37.5%) was included in the study. 

This study was approved by the Committee on Human Research, and all patients signed an 

informed consent. 
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   Figure 5.1: A tree diagram of OA subject characteristics at baseline. 

5.2.2 Magnetic Resonance Imaging 

 A GE SIGNA 1.5 Tesla echo-speed system (GE Medical Systems, Waukesha, WI) 

and bilateral dual-phased array coil (USA Instruments, Cleveland, OH) were used to acquire 

images.   

 The subject was positioned supine in the scanner, and his or her knee was secured 

using a knee-holder (constructed in-house) that allowed the knee to flex 30 ± 1 degrees.  The 

receiver coils were secured to and centered at the knee joint, so that signal to noise ratio was 

maximized.  High-resolution, axial images (Figure 5.2) were acquired for assessing 

trabecular bone structure, using a 3-D fast gradient echo (FGRE) sequence (18) (TE = 4.5 

ms, TR = 30 ms, flip angle = 40°, resolution = .195 x .195 x 1 mm3, FOV = 10 cm, scan time 

= 18:26 minutes).  High-resolution, fat-suppressed, sagittal images were acquired for 

assessing cartilage structure, using a 3-D spoiled gradient echo (SPGR) sequence (TE = 3.3 

ms, TR = 30 ms, flip angle = 30°, resolution = .234 x .234 x 2 mm3, FOV = 12 cm, scan time 

= 9:31 minutes).  In a subset of the patients (ntotal = 12, nOA1 = 5, nOA2  = 7, mean age = 59 



81 

years, range = 43-76 years, % female = 33.3%), sagittal images were acquired for measuring 

T2 relaxation time, using a 2-D dual echo spin echo (SE) sequence (TE1/TE2 = 10/45 ms, TR 

= 1500 ms, resolution =  .468 x .468 x 4 mm3, FOV = 12 cm, scan time = 5:24 minutes). All 

twelve subjects had a baseline and follow-up scan, averaging 680 days between scans (range 

= 400-1050 days).  

 
Figure 5.2:  A high-resolution, axial image acquired for assessing trabecular bone structure, 
using a 3-D fast gradient echo sequence (TE = 4.5 ms, TR = 30 ms, flip angle = 40°, 
resolution = .195 x .195 x 1 mm3, FOV = 10 cm, scan time = 18:26 minutes).  The 
epicondylar distance is labeled. 
5.2.3 Image Analysis 

 All images were transferred to a Sun Workstation (Sun Microsystems, Mountain 

View, CA), which was used to perform analysis. To correct for non-uniform signal intensity, 

a 3-D low pass filter was applied to the images (19).   

 Trabecular bone analysis was performed using an in-house program created with IDL 

(Research Systems, Boulder, CO) (20).  Regions of interest (ROI), consisting of trabecular 
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bone and marrow, were segmented (based on the axial images) in the femur, medial and 

lateral condyles, tibia, and medial and lateral tibia, as in a previous study (Figure 5.3) (15).   

 
Figure 5.3: A graphical representation of the segmented bone and cartilage regions.  The 
femur (FM, blue), tibia (TB, yellow), medial condyle (MC, green), lateral condyle (LC, 
turquoise), medial tibia (MT, pink), lateral tibia, (LT, orange) and cartilage compartments 
(red) are shown.   
 
The first slice was defined at the proximal end of the tibia, and the last slice was defined at 

the distal end of the femur.  The femur was defined, beginning with the slice where the 

condyles meet and concluding five slices before the end of the volume, so as to minimize coil 

signal drop-off effects.  The medial and lateral condyles were defined beginning with the 

slice where the condyles appear and ending at the slice where the condyles meet.  The tibia 

was defined starting from the fifth slice and ending at the joint line.  The medial and lateral 

tibia were segmented using a 1x3 grid that fit within the tibial plateau (15).  The first and 

third boxes, defined on five consecutive slices of the tibial plateau, were representative 

sections of the medial and lateral tibia.  Figure 5.3 shows a representation of all the 

segmented regions.  To adjust the ROI for variation in bone size among the subjects, the 
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dimensions of the grid were standardized by the epicondylar distance (15).  For example, the 

width and height of each box was calculated using the following equation: 

 
Width[mm] = Height[mm]= Epicondylar Distance[mm] * (2/9)   [5.1] 

 
Each segmented region was analyzed to measure the following parameters: apparent 

trabecular number (app. Tb.N) [1/mm], apparent trabecular thickness (app. Tb.Th) [mm], 

apparent bone volume fraction (app. BV/TV), and apparent trabecular separation (app. 

Tb.Sp) [mm] (21-23).  In order to distinguish the trabecular bone from the marrow, a 

threshold that assumed a biphasic model using a dual-reference limit, as previously described 

(24,25), was applied.  This threshold was employed to generate a binary image of bone and 

marrow phases. Reproducibility results for trabecular bone structure analysis have been 

previously published (20); the coefficient of variation (CV) was 2.20% for app. BV/TV, 

2.20% for app. Tb.N, 3.20% for app. Tb.Sp, and 2.90% for app. Tb.Th.      

 Cartilage segmentation was performed using an in-house program created with 

Matlab (Mathworks, Natick, MA).  Based on the sagittal images, articular cartilage was 

segmented using a spline-based, semi-automatic technique and was defined in four distinct 

regions: medial and lateral tibia, and medial and lateral femur (Figure 5.3). The analysis of 

the femur was performed by a single observer, and the analysis of the tibia was performed by 

a different, but single observer. The root mean square CV for intra-observer reproducibility 

was 2.40% for femoral thickness, 2.18% for femoral volume, 3.69% for tibial thickness, and 

2.61% for tibial volume (15). An iterative minimization process was used to calculate total 

cartilage volume and average thickness for each region.  Following segmentation, the image 

was transformed into a mask in which the cartilage appeared white and the rest of the image 

appeared black.  Second, edge detection and skeletonization were used to determine the 
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boundaries of the cartilage so that a medial line could be generated.  Finally, the cartilage 

thickness was determined by calculating the minimum distance from each point on the 

medial line to a cartilage boundary.  The average thickness was calculated for each slice and 

then averaged for all the slices.  The cartilage volume was determined by multiplying the 

total number of voxels encompassing the cartilage by the volume of each voxel.   

 Studies have shown that variations in joint size have a larger effect on cartilage 

volume than cartilage thickness (26).  Therefore, cartilage volume was normalized by the 

epicondylar distance in order to minimize variation due to joint size.  

 Dual-echo, spin-echo images were used to generate sagittal T2 maps, using custom 

software (IDL, Research Systems, Boulder, CO), assuming mono-exponential signal decay 

with echo time.  The cartilage segmentation was re-sampled and superimposed on the T2 

map, to define the region of interest for T2 assessment (27).  There were twelve OA subjects 

(nOA1 = 5, nOA2  = 7, mean age = 59 years, range = 43-76 years, % female = 33.3%) from 

which follow-up T2 maps were obtained, as there was often considerable knee movement 

between the high-resolution scan and the dual-echo scan.  The cartilage compartments were 

determined, as previously described, and classified as the medial and lateral tibial, and 

medial and lateral femoral compartments.  For qualitative comparison, three normal 

volunteers (mean age = 44 years, range = 28-70 years, % female = 33.3%) were scanned and 

similarly analyzed.  The intra-observer T2 reproducibility results indicate that the coefficients 

of variation (CV) for the femur and tibia are 1.5% and 2.0%, respectively (28).      

5.2.4 Statistical Analysis 

 In this study, group-specific mean values as well as correlations between annual 

percentage changes of bone and cartilage structural parameters were evaluated.  Partial 
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Spearman correlations were obtained between the percentage changes in cartilage parameters 

in each compartment as well as between the percentage changes in trabecular bone 

parameters in each compartment, adjusting for age, gender, and OA group.  Mixed random 

effects models (29) were used to compute the percentage changes from baseline to followup-

1, and followup-1 to followup-2, for each trabecular bone and cartilage parameter, treating 

the study subject as the random effect.  These models properly control for correlations 

resulting from age, gender, repeated measurements over time, and from multiple regional 

measurements from the same subject.  The least squares mean change of these values was 

calculated for each parameter, in each region based on these models.  

 Mean T2 values for both osteoarthritic and control subjects were calculated at baseline 

and follow-up.  The paired Student’s t-test was used to compare the T2 values between the 

baseline and follow-up exams for each cartilage compartment, in OA subjects. 

The correlations between the changes in cartilage and bone parameters were also 

investigated.  Correlations were based on the entire longitudinal data, including the 

percentage changes from baseline to follow-up 1, and follow-up 1 to follow-up 2.  Similar to 

the theory of partial correlation coefficients for normally distributed data, residuals of mixed 

effects models (30) were used to calculate partial Pearson's correlation coefficients between 

the parameters of interest and age (after removing both individual and design effects, such as 

repeated measurements from individual participants and different age distributions for two 

measurements).  The corresponding p-value was calculated based on Fisher's z-

transformation (31).  Effective degrees of freedom were used in calculating the significance 

of these correlations.  
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 Because of the exploratory nature and limited sample size of this study, p-values were 

not adjusted for multiple tests. 

5.3 Results 

5.3.1 Patient Characteristics 

 The following trends in baseline patient characteristics were observed  (Table 5.1):  

The OA1 males have greater average 1) weight, 2) height, 3) BMI, 4) WOMAC pain score, 

5) WOMAC stiffness score, and 6) WOMAC function score than OA1 females.  (However, 

the average age of OA1 females was greater than that of OA1 males).  All these trends hold 

true for the OA2 subjects, except the OA2 females have a greater average WOMAC function 

score than the OA2 males.   

5.3.2 Cartilage and Bone Structure Parameters 

 A large variation in bone and cartilage parameters is evident among individual 

subjects in each group, however group-specific means demonstrate decreasing trends (in 

bone and cartilage parameters) in OA subjects (representative examples are shown in Figure 

5.4). In OA1 subjects, a trend of decreasing mean values for apparent bone volume fraction 

(app. BV/TV), apparent trabecular number (app. Tb.N), and apparent trabecular thickness 

(app. Tb.Th) in the femur, medial and lateral condyles, and tibia, and increasing apparent 

trabecular separation (app. Tb.Sp) was evident over two years.  OA2 subjects exhibited 

similar trends; however, they were less pronounced.  Decreases in mean values of cartilage 

volume and thickness in all the cartilage compartments (medial and lateral tibia, and medial 

and lateral femur) were evident in osteoarthritic subjects over two years, but were more 
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pronounced in OA2 subjects.  The mean values for bone and cartilage parameters in control 

subjects showed mild variations, but no trends were observed. 

 
 
 
 
 
 
 
 
 
 

Figure 5.4: A Comparison of OA1 and OA2 mean bone and cartilage parameters over two 
years.  The graphs show (1) a decrease in mean apparent trabecular number (app. Tb.N) of 
the femur, (2) a decrease in mean app. Tb.N of the medial condyle, and (3) a decrease in 
medial and lateral tibial normalized cartilage volume over two years. The error bars represent 
standard error of the mean. 
 
 Examination of individual OA subject data showed that nine out of ten OA1 subjects 

had reduced medial femoral cartilage thickness (mean  = -19.04%, range = (-0.63 to -

39.78%)), and all ten OA1 subjects had reduced lateral femoral cartilage thickness (mean = -

19.94%, range = (-6.22 to -35.52%)) over two years.  Eight out of ten OA1 subjects showed a 

reduction in medial femoral cartilage volume (mean  = -32.80%, range = (-7.91% to -

63.07%)), and all ten OA1 subjects showed a reduction in lateral femoral cartilage volume 

(mean = -15.67%, range = (-0.88% to -40.24%)) over two years.  Similar changes were found 

for OA2 subjects, but they were less pronounced.  The percent changes in bone parameters 
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varied among individual osteoarthritic subjects over two years; however, nine out of eleven 

OA1 subjects showed decreases in apparent bone volume fraction (app. BV/TV) of the femur 

(mean = -12.14%, range = (-0.71% to 37.91%)) and the medial condyle (mean = -22.86%, 

range = (-4.72% to 46.91%)).  The individual control subjects showed mild variations in 

bone and cartilage parameters, but no trends were observed.  

 Using parameter differences from baseline to followup-1, and followup-1 to 

followup-2, least squares mean percentage changes for each group were calculated, as shown 

in Table 5.2.  The wide range of values in the longitudinal changes between subjects in each 

group is demonstrated by the standard errors in Table 5.2.   

Table 5.2: Least squares mean percentage change of cartilage parameters (standard error in 
parenthesis) for OA0 (n = 8), OA1 (n =13), and OA2 (n=17) subjects over two years. A 
decrease in cartilage thickness and volume in the femoral condyles was evident in both 
osteoarthritic groups. However, the relative difference in the least squares mean percentage 
change of only cartilage thickness between the osteoarthritic and control groups approached 
marginal significance (p = 0.083 for the lateral condyle and p = 0.068 for the medial 
condyle).   
 
 
   
 
 
 
 
 
 
 
A decrease in cartilage thickness and volume in the femoral condyles was evident in both 

osteoarthritic groups.  However, the relative difference in the least squares mean change of 

only cartilage thickness between the osteoarthritic and control groups approached marginal 

significance (p < 0.10).  The least squares mean changes of trabecular bone structural 
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parameters for all regions, as well as cartilage structural parameters for the medial and lateral 

tibia were insignificant (p > 0.10).   

5.3.3 Cartilage T2 

 The mean T2 increased significantly (p < 0.05) between the baseline and follow-up 

exams for all cartilage compartments except the lateral tibia (Figure 5.5) for both 

osteoarthritic groups.  For qualitative comparison, the osteoarthritic subjects had a higher 

mean T2 value compared to normal volunteers in all cases, except for the baseline scan of the 

medial tibia.  

 
Figure 5.5: A comparison of mean T2 values (± one standard deviation) across twelve 
patients in the knee cartilage compartments at baseline and follow-up. The T2 was observed 
to significantly (p < 0.05) increase over time for all compartments except the lateral tibia.  
Mean T2 values for three normal volunteers (standard deviations are listed in the table) are 
shown for qualitative comparison, and are lower in all cases except the baseline scan of the 
medial tibia.  
 

n mean T2  (ms) SD mean T2 (ms) SD

Lateral Femur 3 36.0 1.0 39.5 3.1

Lateral Tibia 3 33.2 3.7 35.0 2.0

Medial Femur 3 39.4 8.1 40.7 3.0

Medial Tibia 3 36.8 7.9 42.5 4.8
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Lateral Femur Lateral Tibia Medial Femur Medial Tibia

p < 0.05 p > 0.05 p < 0.05 p < 0.05
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5.3.4 Correlations Between Cartilage and Bone Structure 

 The correlation between percentage changes in medial femoral cartilage T2 and 

medial tibial cartilage T2 was r = 0.81 (p < 0.05).  Additionally, a negative correlation (r = -

0.75, p < 0.05) was established between percentage changes in medial femoral cartilage 

thickness and medial femoral cartilage T2 (Table 5.3). 

Table 5.3: Significant (**0.00 < p <= 0.05; *0.05 < p <= 0.10) Spearman correlations 
between changes in cartilage thickness and between changes in T2, in different regions.  

 
  

 The correlations between percentage changes in cartilage thickness, in different 

regions, and percentage changes in bone structural parameters, also in different regions, are 

shown in Tables 3 and 4, respectively.  Significant (p < 0.05) correlations were evident 

between the medial and lateral tibial cartilage thickness (r = 0.49).  Similarly, a positive 

relationship was established between changes in bone structure in different regions.  The 

highest correlations (r ~ 0.65) were established between the bone structure of the medial and 

lateral tibia, suggesting a strong interdependence.  The remaining significant correlations of 

interest are moderate and are listed in Table 5.4.  
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Table 5.4: Significant (p < 0.05) Spearman correlations between percentage changes in bone 
parameters (apparent bone volume fraction (app. BV/TV), apparent trabecular number (app. 
Tb.N), apparent trabecular thickness (app. Tb.Th), and apparent trabecular separation (app. 
Tb.Sp)) from baseline to follow-up 1.  The table shows that a positive relationship was 
established between bone structure changes in the femur and tibia, the femur and the medial 
condyle, and the lateral and medial tibia. The highest correlations were established between 
bone structure of the medial and lateral tibia, suggesting a strong interdependence.  The * 
signifies that p < 0.0001. 

 
 
 
 
 
 
 

 Overall, a positive relationship was established between cartilage changes and 

localized bone changes closest to the joint line, while a negative relationship was established 

between cartilage changes and global bone changes farthest from the joint line, in both 

osteoarthritic groups.  For example, the medial tibial cartilage volume was positively 

correlated with app. Tb.N of the medial (r = 0.36, p < 0.05) and lateral (r = 0.41, p < 0.05) 

tibia, and with app. Tb.Th of the medial (r = 0.32, p < 0.10) and lateral (r = 0.45, p < 0.10) 

condyles, while negatively correlated with the app. BV/TV of the tibia (r = -0.53, p < 0.05) 

and femur (r = -0.50, p < 0.05).   
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 Significant positive correlations were established between changes in lateral cartilage 

thickness and changes in medial femoral bone structure.  Furthermore, significant positive 

correlations were established between changes medial cartilage thickness and changes in 

lateral tibial bone structure.  

5.4 Discussion and Conclusion 

 In this longitudinal study, MRI was used to track the changes in cartilage and bone 

structure and to determine their relationship over two years.  Although a large variation in 

bone and cartilage parameters is evident in individual subjects, group-specific means show a 

reduction in both cartilage and (femoral, medial femoral, lateral femoral, and tibial) bone 

structural parameters in the OA subjects. These results indicate a loss of cartilage and a 

deterioration of bone structure in OA subjects over time.  In addition, the correlations 

between changes in cartilage and bone structure demonstrate interdependence between these 

parameters in the progression of OA.   

  Previous studies have established that cartilage degeneration is one of the 

characteristics of OA progression (8,15).  For example, Raynauld et al. determined that tibial 

cartilage volume decreased 6.1 % over two years in osteoarthritic patients and showed that 

the rate of cartilage depletion varies (32,33); in their study of osteoarthritic knees, 21 

patients’ cartilage depleted less than 2.0% over two years, while 11 patients’ cartilage 

depleted more than 15.0% over two years.  Similarly, our study exhibited a group of fast and 

slow progressors: the average annual rate of change of cartilage thickness in the medial 

condyle was –7.7% for OA1 subjects and –2.5% for OA2 subjects.  (The difference between 

these rates of change is not statistically significant; however, this may be attributed to a 

limited sample size).  In both studies, the majority of fast progressors are female; however, it 
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is difficult to make other comparisons because Raynauld et al. based most of their categorical 

characterizations on clinical information such as Western Ontario and McMasters 

Universities Arthritis Index (WOMAC) scores, while ours were based on KL score, 

determined at baseline. 

 When examining the variation of cartilage thickness in individual subjects over two 

years, the thickness tended to increase after the baseline scan, but decreased substantially by 

the last scan.  The initial increase of cartilage thickness can be explained by the common 

incidence of cartilage hydration and swelling in early stages of OA (6,34).  This initial 

swelling, or increase in cartilage thickness, is followed by a more pronounced decreasing 

trend, exhibited by the decreasing mean values and decreasing rates of change of cartilage 

volume and thickness. 

 In a subset of the study population, T2 increased significantly (p < 0.05) between the 

baseline and follow-up scans, in all compartments, (medial and lateral femur, medial tibia) 

except the lateral tibia.  These results, along with the negative correlation established 

between medial femoral cartilage thickness and medial femoral T2, concur with previous 

studies (35,36) and support the hypothesis that osteoarthritic cartilage has increased mobile 

water, and hence higher T2 (27).  When examining the correlations between changes in T2 

over time, the strongest correlation was established between the medial tibial cartilage T2 and 

the medial femoral cartilage T2 (r=0.81, p < 0.05), suggesting that varus malalignment 

significantly affects the femoral and tibial cartilage of the medial compartment.  

 Previous studies have shown that bone and cartilage function as a unit, working 

together to sustain the mechanical forces associated with joint loading (15,37,38).  Thus, this 

study explored the relationship between cartilage degeneration and morphologic changes in 
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bone structure.  Positive correlations were established between cartilage morphology and 

localized bone changes closest to the joint line, while negative correlations were established 

between cartilage morphology and global bone changes farthest from the joint line.  These 

relationships could be explained by the following hypothesis: osteoarthritic knees with 

cartilage degeneration have high incidence of subchondral plate sclerosis, (39-42) which 

could cause osteopenia in the subarticular bone (41,43) due to decreased load transmission.  

This localized osteopenia may lead to reactive bone formation farther from the joint line, 

compensating for the localized bone loss.  This hypothesis is supported by Wolff’s Law, 

which states that tissues will adapt to changes in mechanical loading by altering their 

structural properties (44).   

 The results of this study show an association between medial tibial cartilage depletion 

and both medial and lateral tibial bone structure degradation.  These results could be 

influenced by factors such as subchondral plate sclerosis and focal cartilage lesions (that may 

be in the vicinity of the representative slices).  Therefore, these correlations show that if 

medial cartilage volume or thickness decreases, localized areas of tibial bone structure may 

degrade, however, the overall structural parameters of the femur and tibia increase 

significantly (p < 0.05).  

 Sharma et al. (4) showed that joint malalignment increases the probability of 

developing medial and lateral OA.  To explore how varus and valgus alignment affects the 

progression of OA, this study included a subject cohort with both types of malalignment.  

Significant positive correlations are evident between changes in lateral cartilage and medial 

femoral bone structure. This relationship demonstrates that if lateral cartilage thickness 

decreases, the bone structure of the medial condyle is likely to degrade, while (moderately 
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significant correlations indicate that) reactive bone structural formation will develop in the 

lateral condyle.  Such developments may be attributed to valgus alignment, which causes 

greater forces in the lateral compartment and causes unloading in the medial compartment 

(14).  These increased forces cause bone formation in the diseased compartment (45), while 

the decreased forces cause bone resorption in the contra-lateral compartment (4,5) (15).  

Similar, but moderately significant correlations, were established in subjects with varus OA; 

if medial cartilage volume and thickness decreases, the lateral tibial bone structure is likely to 

weaken.  The relationship between cartilage degeneration in one compartment and 

weakening of bone structure in the contra-lateral compartment further shows that alignment 

plays a significant role in the progression of OA.  

 Potential confounds of this study include long scan time, modest subject sample size, 

limited follow-up rate, uneven gender distribution, and wide age distribution in OA subjects.  

The long scan time may have influenced the quantity of follow-up T2 data available, as knee 

motion between the high-resolution scan and the dual-echo scan could preclude follow-up T2 

analysis.  Due to the small sample size, the trends in baseline OA subject characteristics may 

not be generalized to the OA subjects.  Despite these confounds, this pilot study demonstrates 

significant trends and correlations, and therefore, substantiates the need for further 

longitudinal studies.     

 In conclusion, this study quantifies the changes in bone and cartilage structural 

parameters over time, and demonstrates a longitudinal relationship between the 

morphological changes in bone and cartilage structure in patients with varying degrees of 

OA.  Although a large variation of bone and cartilage changes is apparent among subjects, 

significant correlations between changes in bone and cartilage parameters in osteoarthritic 
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subjects are evident in a limited sample size, with a relatively short follow-up duration.  This 

study also emphasizes the role of quantitative MRI as a potential tool for monitoring cartilage 

and bone structure in degenerative joint disease. 
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Chapter 6: The Feasibility of Characterizing the Spatial Distribution of 

Cartilage T2 using Texture Analysis  

6.1 Introduction 

Quantitative T2 relaxation time has been used as a non-invasive marker of cartilage 

degeneration, as it is sensitive to tissue hydration and biochemical composition.  In early 

cartilage degeneration, changes in the extracellular matrix (e.g. disorganization and 

breakdown of collagen network) increase the mobility of water, thus increasing T2 relaxation 

time.  Previous studies have demonstrated elevated T2 relaxation time in OA subjects as 

compared to healthy subjects (1,2), have reported spatial variations in T2 values from the 

radial zone to the articular cartilage surface (3), and have shown different visual patterns of 

T2 values in pre-arthritic, early arthritic, and healthy hip cartilage (4).  Dray et al. (5) found 

no difference between mean T2 values in OA cartilage however, they showed visual 

differences in the spatial distribution of the T2 values.  These results demonstrate the 

necessity to characterize and quantify the spatial distribution of cartilage T2 values.   

 Texture analysis based on the grey level co-occurrence matrix (GLCM) is a method 

developed by Haralick et al. (6) that can be used to examine the spatial distribution of pixel 

values in an image. Recent studies have characterized the distribution of cartilage pixel 

values in anatomic images (7) and T2 relaxation maps (8). Blumenkrantz et al. (8) 

demonstrated that mild OA patients (n=8) had significantly elevated GLCM entropy and 

reduced angular second moment (ASM) of cartilage T2 than controls (n = 14).  Based on 

these results, we hypothesize that texture measures can be used to characterize and quantify 

cartilage degeneration in early OA and may complement measures of mean cartilage T2.  The 

purpose of this study was (i) to characterize the spatial distribution of cartilage T2 in 
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postmenopausal OA patients and age-matched healthy subjects using second order texture 

measures at baseline and (ii) to analyze changes in the texture of cartilage T2 after 9 months 

in both groups.   

6.2 Methods 

6.2.1 Subjects 

Eight female OA patients (age = 55.7 ± 7.3 years) and ten age-matched female 

controls (57.6 ± 6.2 years) participated in the study. In all subjects, standing anteroposterior 

radiographs of the knee were obtained and evaluated using the Kellgren Lawrence (KL) (9) 

grading scale for OA severity.  The inclusion criteria required that patients had a KL score of 

2 or 3 in one knee, and an equal or lower KL score in the contralateral knee); frequent knee 

symptoms (pain, aching or stiffness), or used medication (all types) to treat knee pain on 

most days during the past year; and a body-mass-index (BMI) > 30 kg/m2.  The OA patients 

were not undergoing any type of treatment during the study.  The inclusion criteria required 

that control subjects did not have radiological and clinical evidence of knee OA in either 

knee (KL score 0) and had a BMI < 30 kg/m2.  This study was performed in accordance with 

the rules and regulations from the local Human Research Committee, and all subjects 

provided informed consent.    

MR Imaging 

6.2.2 Magnetic Resonance Imaging 

MR imaging was performed on a 3.0 Tesla system (Signa, GE Medical systems, 

Waukesha, WI) using a knee coil that was specifically developed for this study (Clinical MR 
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Solutions, Brookfield, WI, USA).  Subjects were positioned supine in the scanner and 

imaged at baseline and 9 months.   

High-resolution, fat-suppressed, 3D spoiled gradient-echo (SPGR) sagittal MR 

images (TE = 7.5 ms, TR = 20 ms, resolution = .293 x .293 x 1.5 mm3, FOV = 15 cm) were 

acquired for assessing cartilage morphology.  2D dual echo fast spin echo (FSE) sagittal 

images (TE1/TE2 = 8.5/34.1 ms, TR = 3600 ms, resolution = 0.625 x 0.625 x 3 mm3, FOV = 

16 cm) were acquired for measuring cartilage T2 relaxation time and to determine the Whole-

Organ Magnetic Resonance Imaging Scores (WORMS) (10).   

6.2.3 Image Analysis 

All images were analyzed using a Sun Workstation (Sun Microsystems, Palo Alto, 

CA).   Knee cartilage was segmented from the SPGR images using a spline-based, semi-

automatic technique (Bezier splines and edge detection) (11) developed using Matlab 

(Mathworks, Natick, MA).   Five regions including the medial and lateral tibia, and medial 

and lateral femur, and trochlea were defined.  Shape-based interpolation was using to 

generate isotropic voxels from which three-dimensional cartilage thickness and volume maps 

were computed.   

T2 maps were computed on a pixel-by-pixel basis from the dual-echo, fast spin-echo 

images, using the following equation:  

S(TE) ∝ exp(-TE/T2)             [6.1] 

The T2 maps were registered to the SPGR images using a rigid-body algorithm (to 

reduce the effects of knee movement from the SPGR sequence to the T2 mapping sequence).  

The segmented regions of interest were re-sampled and superimposed on the T2 maps.  The 
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segmented regions of interest that included partial volume effects due to fluid were manually 

excluded.  

Texture analysis was performed on a slice-by-slice basis on the cartilage T2 maps. 

This method is based on the grey level co-occurrence matrix (GLCM) as described by 

Haralick et al. (6).  The GLCM determines the frequency that neighboring grey-level values 

occur in an image.  Analysis can be performed at a defined orientation (e.g. 0 degrees, 90 

degrees) and a defined spacing (e.g. spacing = 1 for nearest-neighbor pixels).  Texture 

parameters including angular second moment (ASM) and entropy are calculated from the co-

occurrence matrix.  ASM is a measure of order of an image, while entropy is a measure of 

disorder in an image.   The equations for ASM and entropy are shown below (6.2 and 6.3).  P 

represents the probability of the co-occurrence of pixel values i and j in an image.  N 

represents the total number of pixel value co-occurrences in the image, and R is a 

normalizing constant. 

     

                                                                               

Texture analysis was performed on the cartilage T2 maps in the lateral femur, lateral 

tibia, medial femur, medial tibia, and trochlea.  A grey level co-occurrence matrix was 

defined for each cartilage region and used for texture analysis.  Second order texture 

measures including entropy and ASM, were calculated at 0° (corresponding to the anterior-

posterior axis) and at 90° (corresponding to the superior-inferior axis), with pixel offsets 

 
     [6.2] 
  
 
     [6.3] 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ranging from 1-3 pixels. The pixel offset range was chosen based on the fact that 

approximately 3 to 4 pixels span the cartilage thickness. 

6.2.4 Statistical Analysis:   

 At baseline, t-tests were used to compare texture parameters in OA patients and 

controls.   A one-way analysis of variance (ANOVA) was employed to evaluate texture 

parameters in different cartilage compartments (using JMP software (SAS institute, Cary, 

NC).  Pearson correlations were calculated to determine the relationship between (1) ASM 

and entropy of cartilage T2, (2) texture parameters at different orientations, and (3) texture 

parameters at different pixel offsets.  Paired t-tests were used to compare texture parameters 

of cartilage T2 in OA patients at 0 and 90 degrees. 

The reproducibility (root mean square coefficient of variation percentage (CV%)) for 

cartilage segmentation and T2 quantification was less than 5% and is described in detail by 

Stahl et al. (12).  

       The longitudinal data analysis was performed using SAS Version 9.1 software 

(SAS Institute, Cary, North Carolina). Least square means (LSMean) and Standard Errors 

(SE) at baseline and 9 months were estimated for mean T2, standard deviation of T2, entropy 

and ASM of cartilage T2, and cartilage volume and thickness.  These variables were 

compared with multivariate analysis of variance (MANOVA) after adjusting the effects 

between visits and among measurement locations, and after excluding the repeated 

measurement errors in the same subjects with SAS GLM procedure.  The changes in 

outcome variables between baseline and 9 months were evaluated using the same MANOVA 

model.   
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6.3 Baseline Results 

6.3.1 Baseline Patient Characteristics 

The OA subjects (n = 8) and controls (n = 10) were similar in age (OA subjects = 

55.7 ± 7.3 years, controls = 57.6 ± 6.2 years, p = 0.574), but had significantly different 

BMI’s (OA subjects = 34.4 ± 4.9, controls = 23.2 ± 2.1, p < 0.0001).  Four OA subjects had a 

KL score of 2, and the other four had a KL score of 3.   

6.3.2 Baseline T2 and Texture Analysis 

At baseline, the mean and the standard deviation of cartilage T2 values were greater in 

OA subjects than in controls (p < 0.05 in all compartments combined and in the lateral 

femur).   There were no significant differences in cartilage thickness or volume between 

patients and controls at baseline (p > 0.05).   

The ASM of cartilage T2 was greater in control subjects than in OA patients in all 

compartments combined (p < 0.05 for 0°, 1 pixel offset), the lateral femur (p < 0.05 for 90°, 

3 pixel offset), and the medial tibia (p < 0.05 for 90°, 1 pixel offset).  Entropy of cartilage T2 

was greater in OA patients than in control subjects in all compartments combined (p < 0.05 

for 0°, 1-3 pixel offsets), the lateral femur (p < 0.05 for 0°, 1-3 pixel offset; and for 90°, 2-3 

pixel offset), and the medial tibia (p < 0.05 for 90°, 1-3 pixel offset).  Representative 

examples of images and texture parameters from two OA patients (with cartilage WORMS 

scores of 5 and 1) and control are shown in Figure 6.1.  Figure 6.2 illustrates the differences 

in entropy and ASM of cartilage T2 (at 0° and 90°) between OA patients and controls.    
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Figure 6.1: Representative T2 colormaps overlayed onT2-weighted images of an advanced 
OA patient (cartilage WORMS = 5) (left), a mild OA patient (cartilage WORMS = 1) 
(center), and a control subject (right).   The entropy and ASM of cartilage T2 for the OA 
patients and control subject are listed in the table.  The OA patients both have greater entropy 
and lower ASM than the control subject.   
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Figure 6.2: Entropy (top row) of cartilage T2 is greater in OA patients than in controls in all 
compartments combined, and the lateral and medial tibia at 0 degrees (top left) and 90 
degrees (top left).  ASM (bottom row) of cartilage T2 greater in controls than in OA patients 
in all compartments combined and the lateral and medial tibia at 0 degrees (bottom left) and 
90 degrees (bottom right).  The ‘     ’ indicates a significant difference (p < 0.05) between OA 
patients and controls.  The ‘    ’ indicates that (p < 0.10).   
 

In OA patients, entropy and ASM of cartilage T2 was significantly different between 

cartilage compartments.  ASM of cartilage T2 was greatest in the medial tibia and lowest in 

the medial femur.  ASM (0°, 1 pixel offset) was significantly greater in the lateral femur than 

both the medial femur and trochlea (p < 0.05).  ASM (0°, 1 pixel offset) was significantly 

greater in the medial tibia than both the medial femur and the trochlea.  Entropy of cartilage 

T2 was greatest in the medial femur and lowest in the medial tibia.  Entropy (0°, 1 pixel 

offset) was significantly greater in the medial femur than the medial tibia, lateral femur, and 

lateral tibia (p < 0.05).  Entropy (0°, 1 pixel offset) was significantly greater in the trochlea 
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than both the medial tibia and the lateral femur (p < 0.05).  Significant differences between 

0° and 90° in ASM and entropy of cartilage T2 were demonstrated in the lateral tibia, medial 

tibia, and trochlea.    

6.3.3 Correlations Between Measurements 

A positive relationship was demonstrated between texture parameters at different 

pixel offsets.  In addition, strong positive correlations were found between texture parameters 

at different orientations (0° and 90°). Negative correlations were demonstrated between ASM 

and entropy (table 6.1).   

Table 6.1: Correlations between texture parameters of cartilage T2 are shown in the table.   
 

 
Texture 

parameter 
Orien-
tation 

Pixel 
offset 

Texture 
Parameter Orientation 

Pixel 
Offset Correlation P value 

ASM 0 1 ASM 0 2 0.997 <0.0001 Effects of 
pixel offset ASM 0 1 ASM 0 3 0.993 <0.0001 

ASM 90 1 ASM 0 1 0.618 <0.0001 Effects of 
orientation ENT 90 1 ENT 0 1 0.497 <0.0001 

ASM 0 1 ENT 0 1 -0.986 <0.0001 Effects of 
texture 

parameter ASM 90 1 ENT 90 1 -0.985 <0.0001 
 

A positive correlation was established between entropy (90°, 2 pixel offset) of 

cartilage T2 and the standard deviation of cartilage T2 (r = 0.313, p < 0.05).  A negative 

correlation was established between mean cartilage T2 and standard deviation of cartilage T2 

(r = 0.307, p < 0.05).   

No significant correlations were evident between baseline texture parameters and 

longitudinal changes in cartilage thickness and volume. 

6.3.4 WORMS Scoring 

Texture parameters were evaluated in patients with different degrees of cartilage 

degeneration (determined by cartilage WORMS scores).  Cartilage WORMS score was 
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determined in each cartilage compartment.  The subject cohort was subdivided into three 

groups: controls, those with a WORMS score of 1, and those with a WORMS score of ≥ 2, 

(corresponding to normal, inhomogeneous cartilage signal, and morphologic cartilage 

degeneration, respectively).  Cross-sectional analysis of the combined data from baseline and 

follow-up showed that entropy was greatest (and ASM was lowest) in patients with the 

greatest WORMS score.  Representative examples are shown in Figure 6.1.  The mean ± 

standard error of ASM (0°, 1 pixel offset) was 0.877 ± 0.004 in controls, 0.868 ± 0.014 in 

patients with WORMS score of 1, and 0.858 ± 0.006 in patients with WORMS ≥ 2 (p = 

0.03).  The mean ± standard error of entropy (0°, 1 pixel offset) was 0.192 ± 0.006 in 

controls, 0.208 ± 0.020 in patients with WORMS score of 1, and 0.226 ± 0.009 in patients 

with WORMS ≥ 2 (p = 0.009).   

6.4 Longitudinal Results 

6.4.1 Mean and standard deviation of cartilage T2 

Using the combined data from baseline and 9 months, the LSMean analysis showed 

significant differences (p < 0.05) in mean and standard deviation of cartilage T2 between OA 

patients and controls (Table 6.2).  Overall, the mean T2 was 42.329 ± 0.521 ms in patients 

and was 40.035 ± 0.485 ms in controls (p = 0.002).  The standard deviation of cartilage T2 

was 14.259 ± 0.275 ms in patients and was 12.884 ± 0.256 ms in controls (p < 0.001).    
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Table 6.2: Least square means (LSMeans) analysis (baseline and follow-up combined) of 
ASM and entropy of cartilage T2, mean and standard deviation of cartilage T2, and cartilage 
volume and thickness between OA patients and controls using data from baseline and 9 
months are shown in the table. 
 
 

  Control   Patient   
Variable LSMean SE  LSMean SE P 

ASM 0.851 0.003  0.841 0.003 0.037 
Entropy 0.243 0.004  0.257 0.005 0.034 

T2 SD 12.884 0.256  14.259 0.275 0.0003 
T2 Mean 40.035 0.485  42.329 0.521 0.002 

Thickness 1.565 0.033  1.570 0.036 0.914 
Volume 1.615 0.067  1.716 0.072 0.307 

 
The LSMean model demonstrated longitudinal decreases in mean T2 (all 

compartments combined) which approached significance (p = 0.06) in OA patients, but not in 

controls (p = 0.51).  The standard deviation of cartilage T2 significantly (p < 0.05) increased 

from baseline to 9 months in OA patients (Table 6.3).  No significant longitudinal changes in 

the standard deviation of cartilage T2 were evident in controls.  

6.4.2 Cartilage Thickness and Volume 

Using the combined data from baseline and 9 months, LSMean analysis showed that 

cartilage volume and thickness was not significantly different between OA patients and 

controls (table 6.2).  Overall, the mean cartilage thickness was 1.570 ± 0.036 mm in patients 

and was 1.565 ± 0.033 mm in controls (p = 0.87) in all compartments.  The mean cartilage 

volume was 1.716 ± 0.072 cm3 in patients and was 1.615 ± 0.067 cm3 in controls (p = 0.30).   

Cartilage thickness and volume decreased in OA patients over time; however these 

differences were not significant (p = 0.70 for thickness, p = 0.71 for volume) (Table 6.3).  

Cartilage volume and thickness increased in control subjects over time; however these 

differences were also insignificant (p = 0.47 for thickness, p = 0.91 for volume).  
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6.4.3 Texture Analysis 

Using the data from baseline and 9 months, LSMeans analysis showed that ASM and 

entropy of cartilage T2 were both significantly different between OA patients and controls 

(Table 6.2).  Overall, the ASM of cartilage T2 was 0.841 ± 0.003 in patients and was 0.851 ± 

0.003 in controls (p = 0.037).  The entropy of cartilage T2 was 0.257 ± 0.005 in patients and 

was 0.243 ± 0.004 in controls (p = 0.034).   

Longitudinal increases in the ASM (p = 0.061), and decreases in entropy (p = 0.035) 

of cartilage T2 in OA patients were observed (Figure 6.3, Table 6.3).  Figure 6.3 illustrates 

the changes in entropy and ASM of cartilage T2 in OA patients at 0 and 90 degrees.  There 

were no significant changes in entropy or ASM of cartilage T2 in controls from baseline to 9 

months.  

 

Figure 6.3: Increased (p < 0.10) cartilage T2 ASM was evident in OA patients from baseline 
to 9 months.  Decreased (p < 0.10) cartilage T2 entropy was evident in OA patients from 
baseline to 9 months. 
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Table 6.3: The longitudinal changes in ASM and entropy of cartilage T2, mean and standard 
deviation of cartilage T2, and cartilage volume and thickness in OA patients are shown in the 
table. The standard deviation of T2 and entropy of T2 significantly decreased from baseline to 
9 months. Control subjects did not show significant changes in these parameters.    
 

 Patient (LSMean±SE) 
Variable Baseline  9 months P 

ASM 0.835 ± 0.004  0.847 ± 0.004 0.061 
Entropy 0.268 ± 0.007  0.247 ± 0.007 0.035 

T2 SD 14.89 ± 0.388  13.70 ± 0.388 0.032 
T2 Mean 43.37 ± 0.736  41.40 ± 0.736 0.060 

Thickness 1.585 ± 0.051  1.557 ± 0.051 0.701 
Volume 1.744 ± 0.102  1.691 ± 0.102 0.715 

6.5 Discussion and Conclusion 

 This study demonstrated the feasibility of using texture analysis to characterize the 

spatial distribution of T2 values in articular cartilage in OA patients and controls.  Entropy 

and ASM showed significant differences between mild OA patients and controls, 

demonstrating that these parameters may be able to differentiate osteoarthritic from healthy 

cartilage.  The mean T2 values, their standard deviation, and their entropy were greater in OA 

patients than in controls, indicating that the T2 values in osteoarthritic cartilage are not only 

elevated, but also more heterogeneous than those in healthy cartilage.  Over 9 months, the 

standard deviation and entropy of cartilage T2 significantly (p < 0.05) decreased in OA 

patients, while no significant changes were evident in cartilage thickness or volume.  The 

longitudinal results demonstrate that changes in texture parameters of cartilage T2 may 

precede morphological changes in thickness and volume in the progression of OA.   

The results of this study are consistent with those of previous studies, which have 

reported elevated T2 values in OA cartilage (1,2), and increased entropy and decreased ASM 

of cartilage T2 and T1ρ values in OA subjects compared to controls (13).  T2 relaxation time in 

cartilage has been associated with many factors including the mobility of water (14) (which 
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is affected by the breakdown of the extracellular matrix), water content (15), and collagen 

fiber orientation (16).   Both in vitro (17) and in vivo studies (14,18-20) have observed 

differences in T2 values from the deep to superficial layers of cartilage.  Characterizing the 

heterogeneity of T2 values (using standard deviation and texture analysis) provides a means 

to quantify their distribution.  Standard deviation, which evaluates the deviation of T2 values 

from their mean, characterizes the spread of T2 values, while second order texture measures 

examine the differences in neighboring T2 pixel values.  Together, these measurements can 

be used to quantify the distribution of cartilage T2 values on both a global and focal scale, 

which is essential, given the heterogeneity of biochemical changes that occur in osteoarthritic 

cartilage.  Based on the cross-sectional data, the mean, standard deviation, and entropy of 

cartilage T2 values were elevated in OA subjects as compared to controls.  The increases in 

mean cartilage T2 suggest that the mobility of water is elevated in osteoarthritic cartilage; the 

increases in standard deviation and entropy suggest that the changes to the extracellular 

matrix are both globally and spatially heterogeneous throughout the degenerated cartilage.   

Longitudinally, the standard deviation and entropy of cartilage T2 significantly 

decreased in OA patients.  There were no significant changes in mean, standard deviation, 

ASM or entropy of cartilage T2 in controls.  The mechanisms responsible for the longitudinal 

decreases of cartilage T2 entropy are difficult to isolate in an in vivo imaging study.  These 

longitudinal results were unexpected; however, we speculate that decreased entropy of 

cartilage T2 in OA patients over 9 months is related to swelling of cartilage in the early stages 

of OA, or short-term changes in disease progression.  For example, figure 6.4 illustrates the 

progression of cartilage degeneration in an OA patient from baseline to 9 months.  At 

baseline, the cartilage signal is inhomogeneous, and at 12 months, a cartilage defect (which 
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has a more homogeneous signal) has developed.  The changes in intensity and spatial 

distribution of pixel values are evidenced by increased entropy of cartilage T2.  These results 

demonstrate that changes in cartilage T2 are heterogeneous during the evolution of OA.   

 

Figure 6.4: Sagittal T2-weighted FSE images (top row) and cartilage T2 maps overlayed on 
T2-weighted FSE images (bottom row) of an OA patient at baseline and 9 months.  At 
baseline, the cartilage signal at the posterior lateral tibia (arrow) is inhomogeneous (a) and at 
9 months, an extensive cartilage defect with a more homogeneous signal has developed in the 
same area (arrow in (b)).  An extensive adjacent bone marrow edema pattern is also evident.  
Visually, there is a decrease in the heterogeneity of T2 values from baseline to follow-up. 
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The goal of this study was to establish a method that can be used to quantify and 

compare the distribution of T2 pixels in osteoarthritic and healthy cartilage.  Since GCLM 

texture analysis yields a numerical result, it facilitates a simple means for comparison 

between subject groups.  The short-term changes in the spatial distribution of cartilage T2 

values motivate a long-term follow-up study.  A further study with a larger patient cohort, 

and multiple follow-up durations (such as the Osteoarthritis Initiative) is therefore clearly 

warranted, and would be essential to understand the time-course of T2 changes in OA.  There 

were no significant cross-sectional differences or longitudinal changes in cartilage thickness 

or volume in OA patients and controls. This may be because the time-course of cartilage 

volume and thickness changes are slower than changes in mean, standard deviation, and 

texture of cartilage T2 in OA.   

 The limitations of this pilot study include a small subject sample size (8 OA patients, 

and 10 controls), short follow-up duration (9 months) and the use of two echo times in 

calculating the T2 map.  While additional echo times would increase the accuracy of cartilage 

T2 and texture quantification, two echo times were used due to constraints in imaging 

duration.  Due to the limited spatial resolution of the T2 mapping sequence, only 

approximately 3 to 4 pixels spanned the cartilage thickness (21-23).  Increased spatial 

resolution would decrease partial volume effects at the cartilage-bone surface and would 

improve the accuracy of the texture analysis particularly perpendicular to the cartilage 

surface.  Because the patient’s knee cannot be in an identical position during the baseline and 

follow-up scans, registration of these scans would ensure that the same region of cartilage is 

evaluated at both visits.  Therefore, improved registration and segmentation techniques 

would increase the accuracy of cartilage volume, thickness, and T2 measurements.  Another 
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limitation to this study is the fact that the OA patients had a significantly greater mean BMI 

than controls.  The excess fat tissue in the knee may affect the signal received by the coils, 

and may affect the calculated T2 values.  Future studies should be designed to include both 

age and BMI-matched patients and controls.   

 In this study, the orientation of the texture analysis was performed with respect to the 

imaging plane, rather than with respect to bone surface.  Therefore, 0 degrees may not be 

considered parallel to the bone surface, especially given the curvature of the femoral 

condyles.  Future studies will define the texture analysis coordinates with respect to the bone 

surface – 0 degrees will be parallel to the bone surface, while 90 degrees will be 

perpendicular.  This could be accomplished by flattening out the cartilage, thereby 

facilitating texture analysis at a greater pixel offset in the horizontal plane.   

 A recent study by Qazi et al. (7) quantified the homogeneity of cartilage signal from 

T1-weighted knee images obtained on a 0.18 T scanner.  This study calculated first-order 

entropy of cartilage using a histogram-based method, and demonstrated a significant 

difference in cartilage entropy between mild OA patients and healthy controls.  Though both 

studies evaluate the pixel distribution of OA cartilage, the field strength, thus the contrast-to-

noise, resolution and other factors are different between our study and the above-mentioned 

study, which makes direct comparison difficult.  Perhaps, future studies could combine 

histogram and co-occurrence-based measurements to investigate their collective sensitivity to 

cartilage degeneration.   

In summary, the results show that OA patients have higher and more heterogeneous 

cartilage T2 values than healthy controls.   Over 9 months, the standard deviation and entropy 

of T2 values decreased in OA patients, which may reflect the change of heterogeneity in 
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cartilage structure in the evolution of OA. The T2 quantification sequence, the number of 

echoes, the fitting routine, and the impact of noise are all factors, which may affect the 

calculation of texture parameters.  While we have established the feasibility of using texture 

measures to quantify regional heterogeneity in cartilage T2, the time-course and evolution of 

these measures are likely to be complex; therefore, further studies examining texture analysis 

in a larger cohort are warranted.  
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Chapter 7: Longitudinal Changes in the Spatial Distribution of Cartilage 

MR T2 in a Subset of Patients from the Osteoarthritis Initiative 

7.1 Introduction  

 The Osteoarthritis Initiative  (OAI; http://www.oai.ucsf.edu/)) is a multi-center, 

longitudinal study aimed at assessing biomarkers in osteoarthritis (OA) including those 

derived from magnetic resonance (MR) imaging.   The OAI is a cross-sectional and 

longitudinal dataset that includes both MRI and radiographic images of subjects scanned 

annually over 5 years.  MR images that can be used to assess cartilage morphology and T2 

are available.  This database provides a means to study and longitudinally evaluate MRI 

biomarkers including T2 relaxation time, in the development and progression of OA, thus 

providing a wealth of information on OA development progression.    

 While previous studies have evaluated the longitudinal changes in cartilage T2, their 

results have varied (3,8,12,13).   These diverse findings highlight the heterogeneous nature of 

cartilage changes in the progression of OA.  In order to systematically examine the 

pathogenesis of cartilage degeneration, a thorough evaluation of the joint structure and 

function is valuable.   This study evaluates both the morphologic and biochemical changes in 

cartilage using MR imaging as well as clinical data from the OAI.  The assessment of both 

the imaging and clinical aspects of OA facilitates a comprehensive evaluation of the disease 

state. The purpose of this study is to [1] examine changes in MR knee cartilage parameters 

including thickness, T2, and spatial distribution of cartilage T2 and [2] examine whether these 

baseline MR parameters predict change in knee pain.  
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7.2 Methods 

7.2.1 Subjects 

 Thirteen subjects from the OAI with radiographic OA at baseline (mean age = 

55.7±10.6 years, BMI = 30.1±3.7, Kellgren-Lawrence grade = 2-3, right knee) were 

evaluated. All subjects were from the progression cohort.   

7.2.2 Clinical Assessment 

 Western Ontario and McMaster Universities (WOMAC) pain score was assessed in 

each patient at baseline, year 1, and year 2.   

7.2.3 Magnetic Resonance Imaging 

 MR images of the knee joint including sagittal 3D DESSwe (TR = 16.3 ms, TE = 4.7 

ms, interpolated in-plane resolution = 0.365 x 0.365 mm, slice thickness = 0.7 mm) and 

sagittal 2D MSME (TR = 2700 ms, TE1-TE7 = 10-70 ms) images were analyzed.   

7.2.3 Image Analysis 

 Articular cartilage was segmented from the DESSwe images in six regions: medial 

and lateral tibia, medial and lateral femur, trochlea, and patella, using a spline-based, semi-

automatic technique.  3D cartilage thickness was calculated from the DESSwe 

segmentations.  The 2D MSME images were used to generate T2 maps assuming mono-

exponential signal decay (Figure 7.1).  
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Figure 7.1: A representative T2 map overlaid on the first echo (TE = 10 ms) of the MSME 
sequence.  
 
 Using the MSME first echo and DESSwe to compute a rigid-body transformation, T2 

maps were registered to the DESSwe images, and the segmented regions of interest were 

superimposed on the registered T2 maps.  Median cartilage T2 was calculated in each region.  

Texture analysis, a method developed by Haralick et al. (14), was used to examine the spatial 

distribution of T2 relaxation times in an image. Texture analysis supplements standard 

measures of cartilage T2 (such as mean and standard deviation), by providing information on 

the spatial association of T2 values. Using this method, a grey level co-occurrence matrix 

(GLCM), which tabulates the frequency of co-occurrence of pairs of grey-level values of 

adjacent pixels in an image, was defined.  Texture parameters including angular second 

moment (ASM), entropy, homogeneity, and contrast were calculated from the GLCM.  

Analysis was performed using a symmetric GLCM at different orientations (0° - 

corresponding to the anterior-posterior axis, 45°, 90° - corresponding to the superior-inferior 

axis, 135°). GLCM-ASM and GLCM-entropy are measures of orderliness, while GLCM-

homogeneity and GLCM-contrast are measures of contrast in an image.  
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7.2.4 Statistical Analysis   

 Statistical analysis was performed using JMP 7.0 software (SAS Institute, Cary, NC, 

USA).  Cartilage parameters were averaged in all compartments except the lateral tibia based 

on their positive correlation, in order to reduce multiple testing issues. Mixed random effects 

approaches (treating the subject as a random effect) were used to model the annual rate-of-

change in cartilage parameters and to test for an association of baseline cartilage parameters 

with change in WOMAC pain score over the two years of follow-up.  

7.3 Results 

7.3.1 Cartilage Thickness 

 Longitudinal decreases in mean cartilage thickness were evident in all cartilage 

compartments over two years.  The annual rate of cartilage loss was significant (p < 0.05, 

Table 7.2) in the lateral femur (-2.66% per year), lateral tibia (-1.41% per year), and medial 

tibia (-3.63% per year).  

Table 7.1: Annual percentage changes in cartilage thickness, calculated using data from 
baseline, 1-year and 2-year follow-up.  
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7.3.2 Cartilage T2 

 The mean cartilage T2 showed little change over time, with exception of the lateral 

tibia, which decreased -4.00% annually (p < 0.05).  

7.3.3 Texture Analysis of Cartilage T2 

 Texture analysis of cartilage T2 using GLCM showed longitudinal increases in mean 

contrast and entropy, and decreases in mean ASM and homogeneity.  Entropy of cartilage T2 

at baseline (all compartments combined except the lateral tibia) was associated with an 

increase in WOMAC pain score over 2 years (p < 0.05).  Figure 7.2 shows the fitted model of 

the effect of baseline entropy on WOMAC pain score over 2 years in three cases: average 

baseline entropy, above-average baseline entropy, and below-average baseline entropy. The 

model illustrates that patients with high entropy at baseline have a greater longitudinal rate-

of-change in WOMAC pain score.   

 

Figure 7.2: A model illustrating the effect of baseline entropy of cartilage T2 on changes in 
WOMAC pain over time.  
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7.4 Discussion and Conclusion 

 In this study, OA patients from the progression cohort of the OAI exhibited a 

significant decrease in cartilage thickness over two years, demonstrating morphologic OA 

progression over time.  Of all MR parameters evaluated (including cartilage thickness and 

mean T2), only the baseline entropy of cartilage T2 was signficantly associated with 

longitudinal rate-of-change in pain.    

 The results of this pilot study suggest that the cascade of events leading to pain in OA 

may encompass changes in the internal structure and organization of cartilage, as measured 

by the entropy of cartilage T2.  Further long-term studies investigating the relationship 

between spatial distribution of cartilage T2 and the onset of OA in the incidence cohort, are 

underway 
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Chapter 8: A Feasibility Study of In Vivo Magnetic Resonance T1ρ Imaging 

of the Intervertebral Disc 

8.1 Introduction 

 Low back pain is the most frequent cause of activity limitation for people under the 

age of 45 years in the United States (1). Low back pain is frequently associated with 

degenerative disc disease (DDD), which is characterized by biochemical and morphological 

changes in the intervertebral disc (2–4]) The intervertebral disc is composed of three regions: 

(a) the nucleus pulposus; (b) the annulus fibrosus; and (c) cartilaginous end plates. The 

nucleus pulposus is a hydrated proteoglycan gel located in the center of the disc. It contains 

approximately 25% (dry weight) collagen and 50% (dry weight) proteoglycan (5). The 

negatively charged proteoglycans in the nucleus are responsible for an internal swelling 

pressure, which provides compressive stiffness to the disc. The annulus is composed of 15–

25 concentric lamellae (6) and is located on the periphery of the disc. It contains 67% (dry 

weight) collagen (5) and a low concentration of proteoglycans (7). The collagen in the 

annulus resists the swelling pressure from the nucleus and provides tensile and shear 

strength. The end plates separate the disc from the bordering vertebral bone.  

 The process of disc degeneration is characterized by a loss of cellularity, degradation 

of the extracellular matrix (ECM) and, as a result, morphological changes and alterations in 

biomechanical properties. The most consistent chemical changes observed with aging are 

loss of proteoglycans and concomitant loss of water and disc pressure (8). Secondary changes 

due to redistribution of tissue stress include fibrocartilage production with disorganization of 

the annular architecture and increases in type II collagen (9). Together, degeneration-

associated changes in the nucleus and the annulus are fundamental to the development of a 
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number of spinal pathologies. For instance, changes in proteoglycan content within the 

nucleus lead to reduced imbibition of water, depressurization and flattening of the disc. The 

annulus may then bulge into the spinal canal and neural foramen. Disc height loss also results 

in narrowing of the spinal canal and unfolding of the ligamentum flavum, contributing 

directly to the development of spinal stenosis (which may result in constriction of spinal 

nerves or spinal cord). Herniation of the intervertebral disc leading to disc protrusion and 

extrusion can occur as a result of mechanical annular disruption and fissuring due to chronic 

nonphysiologic stress secondary to nuclear dehydration.  

 Various techniques have been proposed to assess the competence of the disc in vivo 

with particular emphasis on developing objective surgical indications. Radiographs are the 

first line of investigation in vertebral spine trauma but are of limited value in assessing 

suspected lumbar prolapsed intervertebral disc disease. While pain provocation using 

discography/CT discography (10–12) has been shown to improve the odds of a positive 

surgical outcome, there has been a reported high incidence of false positives (13) and there 

remains a significant number of severely degenerated discs that have been found to be 

asymptomatic (14).  

 Magnetic resonance imaging (MRI) has also been used as a noninvasive measure of 

disc degeneration visualizing early as well as more advanced changes. MRI allows the 

delineation of the annulus from the nucleus with high spatial resolution. Pfirrmann et al. (15) 

proposed a grading system for disc degeneration based on standard spin-echo sequences. 

With T2-weighted spin-echo imaging sequences, healthy intervertebral discs show a bright 

signal from the nucleus pulposus and a low signal from the annulus fibrosus. Disc 

degeneration is demonstrated by a change in the signal of the nucleus pulposus to give an 
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irregular outline and a reduction in signal intensity. However, disc degeneration detected 

using MRI may not be associated with low back pain (16).  In the intervertebral disc, the 

uptake of Gd-DTPA enhancement has been observed clinically often in normal-appearing 

discs (17), and there is a high prevalence of disc degeneration in asymptomatic populations 

(18). Stabler et al. (19) showed that a band-like contrast enhancement of the disc correlated 

with vascularization, often seen as a consequence of annular tears, and corresponded to pain, 

even in the absence of stenosis. Thus, the relationship between disc degeneration, MRI, and 

low back pain remains undefined.  

 In an effort to improve the capability of MR techniques to quantitatively assess disc 

degeneration, surrogate MR measures of tissue hydration, such as relaxation times (T1 and 

T2) and water diffusivity, are being studied. Investigators have demonstrated differences in 

T1 between mechanically loaded and unloaded disc specimens (20) as well as correlations 

between 1/T2 and both water and collagen content for disc specimens (7). Since proteoglycan 

loss is an initiating factor of DDD, an in vivo imaging technique that reflects proteoglycan 

content would be ideal for the early detection of DDD. Quantitative T1ρ imaging probes the 

interaction between motionally restricted water molecules and their macromolecular 

environment; thus, the ECM in the intervertebral disc may potentially be investigated using 

these techniques. Previous studies have quantified T1ρ relaxation time in cartilage (21–26) as 

well as in intervertebral disc specimens in vitro (27–30) and have demonstrated a relationship 

between T1ρ relaxation and proteoglycan content (25,31). The purpose of this study was to 

test the feasibility of quantifying T1ρ relaxation time in phantoms and intervertebral discs of 

healthy volunteers using in vivo MR imaging at 3 T. 
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8.2. Materials and Methods  

8.2.1 Phantom Design  

 To examine the performance of the T1ρ pulse sequence, three phantoms with varying 

concentrations of agarose gel (50 ml; 1%, 2% and 4%; weight/volume) were constructed. 

Agarose (Sigma Aldrich, St. Louis, MO, USA) was chosen because it is known to exhibit 

decreasing T1ρ relaxation time with increasing agarose concentration, as well as T1ρ 

relaxation times similar to those of biologic tissues [32].  

8.2.2 Human Subjects  

 Eleven healthy volunteers (mean age=31.3 years; age range=23–60 years; gender: 5 

females, 6 males) participated in the study. Among them, 3 volunteers were scanned twice to 

examine in vivo reproducibility. They were scanned once, allowed to leave the examination 

table, repositioned and scanned again. This study was approved by the Committee on Human 

Research, and all subjects provided informed consent.  

8.2.3. Magnetic Resonance Imaging  

 The phantoms and volunteers were scanned using a GE SIGNA 3 T echo-speed 

system (GE Healthcare, Waukesha, WI, USA) and phased array spine coil. After a three-

plane localizer, axial T1ρ-weighted images were acquired using a multislice spiral sequence 

[21]. The T1ρ imaging sequence is shown in Figure 8.1. It consists of T1ρ pre-encoding 

followed by spiral acquisition (bandwidth=100 kHz; interleaves=14/ slice; data 

points=4096/interleaf; spin lock (SL) frequency=300 Hz; 

TSL1/TSL2/TSL3/TSL4=20/50/80/110 ms). The decay during the SL period is due to 

transverse relaxation at a rate of 1/T1ρ. A crusher gradient dephases any residual transverse 
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magnetization. To eliminate T1 effects, an RF cycling technique was implemented [21,33]. 

The parameters for image acquisition were as 5.8/2000 ms and flip angle=90 degrees. The 

field of view (FOV) was 20 cm, and the slice thickness was 3 mm. The total scan time was 

13 minutes. Additionally, axial T2-weighted images (TE/TR=85/5200 ms; FOV=20 cm; slice 

thickness=3 mm; bandwidth=35.7 kHz; matrix=288 x 224; scan time ~5 min) were acquired.  

 

    Figure 8.1:Diagram of T1ρ imaging sequence. 
 

8.2.4. Image Analysis  

 All images were processed using a Sun Workstation (Sun Microsystems, Palo Alto, 

CA, USA). T1ρ maps were computed on a pixel-by-pixel basis using the following equation:  

S(TSL) ∝ exp(-TSL/T1ρ)                                  [8.1] 

The signal to noise ratio (SNR) was calculated from T1ρ-weighted images using the following 

equation:  

SNR = mean signal/standard deviation of background noise              [8.2] 

The nucleus pulposus and annulus fibrosus of the intervertebral disc were segmented 

from the T2-weighted high-resolution images using a threshold-based method.  The outside 

of the annulus was manually segmented from the T2-weighted high-resolution image.  Then, 

a histogram of the segmented region was generated, and a threshold, defined as the average 

intensity between the nucleus and annulus peaks, was identified. Lastly, the nucleus was 
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segmented using the chosen threshold, and the segmented region of interest (ROI) was 

superimposed on the T1ρ map (Figure 8.2). 

 

 
 
Figure 8.2: a, left) A histogram of the nucleus and annulus b, right) representation of the 
segmented nucleus (inner circle) and annulus (outer circle). 
 

8.2.5. Reproducibility  

 The reproducibility of T1ρ quantification was examined by performing three 

experiments, two in vitro and one in vivo. First, axial T1ρ-weighted images of an agarose 

phantom were obtained to investigate SNR and T1ρ relative to the distance from the coil. Line 

profiles of the SNR and T1ρ from the base (closest to coil) to the apex (farthest from coil) of 

the phantom were examined to determine the effects of SNR on T1ρ quantification. Second, 

T1ρ quantification as a function of position along the coil was examined. Each phantom was 

scanned six times and was repositioned between scans: twice at the isocenter, twice at 3 cm 

superior to the isocenter and twice at 3 cm inferior to the isocenter (Figure. 8.3). Third, four 

volunteers were each scanned twice, and three discs from each volunteer were evaluated to 
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determine in vivo reproducibility. 

 

Figure 8.3: Three phantoms with different agarose concentrations, scanned at three different 
positions along the coil. 
 

8.2.6. Statistical Analysis  

Reproducibility was assessed using the coefficient of variation was defined using the 

following equation: 

 

CV = standard deviation of T1ρ / average T1ρ    [8.3] 

 

The median T1ρ values of the nucleus and the annulus of the intervertebral discs L3-L4, L4-

L5 and L5-S1 were calculated for each subject. Statistical analysis was performed using JMP 

software (SAS institute, Cary, NC).  A one-way analysis of variance (ANOVA) was 

employed to compare T1ρ values of different regions (nucleus and annulus) and disc levels. 

Pearson correlations were calculated to determine the relationship between age and T1ρ values 

in the nucleus and the annulus.  
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8.3. Results  

8.3.1. Phantom  

 The median T1ρ values of the 1%, 2% and 4% agarose phantoms were 140.6, 83.8 and 

56.0 ms, respectively. Figure. 8.4 illustrates line profiles of SNR and T1ρ in a phantom as a 

function of distance from the coil. The SNR decreases by approximately 50% from 6 to 10 

cm from the surface of the coil. This range corresponds to the approximate position of the 

intervertebral disc during axial imaging. However, the T1ρ values are within 1 S.D. of the 

median T1ρ value of the phantom. The phantom reproducibility data are shown in Table 8.1. 

The CV of each phantom, scanned twice at the isocenter, twice at 3 cm superior to the 

isocenter and twice at 3 cm inferior to the isocenter, was less than 3%. 

Figure 8.4: a, left) SNR in a phantom as a function of distance from the surface of the coil.  
The range of 60-100 mm represents the approximate position of the intervertebral disc.  b, 
right) T1ρ in a phantom as a function of distance away from the coil.  The shaded region 
represents the median T1ρ ± standard deviation. The T1ρ values are within one standard 
deviation of the median T1ρ value of the phantom 
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Table 8.1: The coefficient of variation for three phantoms with different agarose 
concentrations scanned twice at isocenter, twice at 3 cm superior to isocenter, and twice at 3 
cm inferior to isocenter (illustrated in Figure 8.3).  
 

 Agarose Concentration (%) Median T1ρ (ms) CV(%) 

Phantom A 4 52.5 2.97 

Phantom B 2 83.8 2.04 
Phantom C 1 140.6 1.63 

 

8.3.2. In Vivo  

 A representative colormap that illustrates the spatial variation of the T1ρ values in the 

intervertebral disc is shown in Figure 8.5.  A wide range of T1ρ values is evident in both the 

nucleus and the annulus, demonstrating the heterogeneity of T1ρ values in the disc. 

 

  Figure  8.5. Axial T1U map and axial T1U color map of the intervertebral disc.  
  
 The coefficient of variation for in vivo reproducibility was 4.59%.  This calculation 
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does not include the T1ρ values from the scans with obvious partial volume effects, in 

locations where the disc is not parallel to the axial imaging plane due to spinal curvature and 

positioning.  The median T1ρ value was 116.6 ± 21.4 ms for the nucleus and 84.1 ± 11.7 ms 

for the annulus (Figure 8.6).  The Student’s t-tests showed that the median T1ρ value of the 

nucleus and annulus was significantly different (p < 0.05).  The median T1ρ value for 

different discs are shown in Table 8.2.   

 

Figure 8.6: T1ρ values of the nucleus and annulus (n = 11, 33 discs, 3 from each subject). The 
error bar represents the standard deviation. 
 
 
Table 8.2: Median T1ρ values in the nucleus and annulus of different discs. The standard 
deviation is in parentheses. 
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 A trend of decreasing T1ρ values from L3-L4 to L4-L5 to L5-S1 was evident.  

Pairwise comparisons with adjustment for multiple comparisons revealed a significant 

difference between the median T1ρ values of the annulus between discs L3-L4 and L5-S1, and 

L4-L5 and L5-S1.  There was no significant difference in the median T1ρ value of the annulus 

between discs L4-L5 and L3-L4.  No significant differences were evident between the 

median T1ρ value of the nucleus in different discs.  The correlations between age and T1ρ 

relaxation time in the nucleus (r2=-0.82, p= 0.0001) and annulus (r2=-0.37, p= 0.04) were 

significant, however, the correlation in the annulus was lower than the correlation in the 

nucleus.  Ten of the subjects that participated in this study ranged in age from 23-35 years 

and the eleventh subject was 60 years old.  The median T1ρ value of the 60 year old subject 

(T1ρ,nucleus = 75.3 ms, T1ρ,annulus = 72.3 ms) was lower than the median T1ρ value of the younger 

subjects (T1ρ,nucleus = 123.2 ± 17.3 ms, T1ρ,annulus = 85.3 ± 11.4 ms). The correlation between 

age and T1ρ relaxation time in the nucleus of the younger subjects was lower than the 

correlation that included all the subjects, but still highly significant (r2=-0.62, p= 0.0037).  

The correlation between age and T1ρ relaxation time in the annulus of the younger subjects 

was also lower than the correlation that includes all the subjects, however, it was 

insignificant (r2=-0.12, p= 0.323).    

8.4 Discussion and Conclusion 

 In this study, a T1ρ spiral sequence was used to quantify T1ρ relaxation time in the 

intervertebral disc of healthy volunteers. This study demonstrates the feasibility of using 

spiral imaging at 3T for in vivo T1ρ quantification of the intervertebral disc.  The results 

indicate that median T1ρ value of the nucleus is greater than that of the annulus, which is 

consistent with the results from a recent in vitro study by Regatte et al (28).  The results also 
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show highly significant correlations of T1ρ and age of the volunteers and a trend for 

decreasing T1ρ from L3/4 to L5/S1. 

 Based on T1ρ quantification in phantoms with different agarose concentrations, the 

T1ρ value decreases as agarose concentration increases.  These results are consistent with 

other studies21.  The phantom reproducibility results demonstrate that T1ρ values are 

consistent along the length of the coil, and that the accuracy of T1ρ quantification is not 

affected by distance along the coil.  Despite the decrease in SNR with distance away from the 

coil, the T1ρ values in the phantom are within one standard deviation of the median T1ρ value 

of the phantom.  Therefore, the accuracy of T1ρ quantification is minimally affected by 

changes in SNR.  

 The in vivo reproducibility results illustrate the feasibility of quantifying T1ρ in the 

intervertebral disc.  In this study, the median T1ρ value of the nucleus was greater than that of 

the annulus.  These results may be due to the differences in biochemical composition of the 

two regions: the nucleus has a greater concentration of proteoglycans, a lower concentration 

of collagen, and is more hydrated than the annulus.   Moreover, the nucleus and annulus 

differ structurally in that the nucleus is composed of a hydrated gel, while the annulus is 

composed of concentric collagen lamellae.  These contributing factors as well as 

macromolecular orientation26, mechanical loading, and diffusion need to be further studied to 

fully assess the sensitivity of T1ρ relaxation in the intervertebral disc.  

 Assessment of T1ρ relaxation time may serve as a non-invasive marker of early 

degenerative changes in the intervertebral disc.  A study by Johannessen et al.n (29) showed 

a strong correlation between T1ρ and GAG content (r = 0.7, p<0.01), and a moderate 

correlation between T2 and GAG content (r = 0.5, p < 0.05) in lumbar intervertebral disc 
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specimens.  Furthermore, T2 was significantly correlated to collagen, however it was not 

correlated to proteoglycan content in the intervertebral disc7.  These studies demonstrate that 

T1ρ quantification may provide specific information regarding GAG content in the 

intervertebral disc.  As proteoglycan loss is a marker of early disc degeneration, T1ρ may be 

useful in characterizing early biochemical changes in the disc.  T1ρ relaxation time has also 

been quantified in osteoarthritic (OA) cartilage.  Li et al. showed that OA patients had 

significantly greater T1ρ (but not T2) than controls (21), and Regatte et al. reported that T1ρ 

has a higher dynamic range than T2
 (27,28).  These studies demonstrate the potential of using 

T1ρ quantification to detect early biochemical changes in diseased tissue, and show that T1ρ 

may provide complementary information to T2 in identifying early degenerative changes.   

 A negative relationship between age and T1ρ relaxation time was observed in this 

study.  The median T1ρ value in the nucleus and the annulus of the older subject (60 years) 

was lower than the median T1ρ values in the younger subjects (23-35 years).  Previous studies 

have reported various age-related changes in the intervertebral disc including decreased disc 

volume34, dehydration, and decreased proteoglycan content (35).  These compositional 

changes may be reflected in a decrease of T1ρ values with age.  However, the relationship 

between the age-related biochemical changes and T1ρ relaxation time must be further 

investigated.  In this study, a significant relationship between age and T1ρ was found in a 

small sample size of which a majority of the subjects ranged in age from 23-35 years.  The 

results suggest that T1ρ may depict age-related changes in asymptomatic subjects.   

 A trend of decreasing T1ρ values from L3-L4 to L4-L5 to L5-S1 was evident, and the 

difference in the median T1ρ values of the annulus between L5-S1 and L4-L5, and L5-S1 and 

L3-L4 was significant.  However, the median T1ρ value in the L4-L5 and L3-L4 discs was not 
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significantly different.  These results may be influenced by the fact that the L5-S1 disc 

withstands greater mechanical stresses than the L3-L4 and L4-L5 discs (36).  Mechanical 

signals may affect matrix synthesis and may potentially influence the turnover of the ECM 

(37).  Thus, we speculate that the differences in T1ρ values between L5-S1 and both the L3-

L4 and L4-L5 discs may be due to greater mechanical stresses in the L5-S1 disc.  A 

limitation of this study, however, includes partial volume effects evident in some of the axial 

scans (especially in disc L5-S1) due to lumbar spine curvature.  The imaging protocol used in 

the study was limited to axial acquisition because spiral acquisition precludes the use of an 

anti-aliasing filter, which would be necessary in both coronal and sagittal imaging.  In future 

studies, sagittal acquisition will be used to minimize the effects of spine curvature and partial 

volume effects on T1ρ quantification.   

 The results of this study suggest that in vivo T1ρ quantification is feasible, shows age- 

related changes in the intervertebral disc, and may potentially be a clinical tool to identify 

early degenerative changes in the intervertebral disc.  In the clinical setting, this technique 

may be useful to monitor both the progression of the disease and the efficacy of drug 

treatment.  In the future, studies will be conducted to determine if T1ρ quantification can be 

used to differentiate patients with low back pain from healthy controls.   
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Chapter 9: In Vivo 3.0 Tesla Magnetic Resonance T1ρ and T2 Relaxation 

Mapping in Subjects with Intervertebral Disc Degeneration and Clinical 

Symptoms 

9.1 Introduction 

  It is difficult to compare the clinical symptoms experienced by various individuals 

with IVDD, since pain and physical ability are subjective by nature with varying tolerances 

and expectations between individuals.  A number of questionnaires, including the SF-36 

Health Survey (1) and Oswestry Disability Index (O.D.I) (2), aim to quantify the severity of 

physical limitation and disability, thus providing a standardized and comparable measure of 

clinical symptoms. These questionnaires have been shown to provide reliable quantitative 

scoring systems in previous studies (3,4).  The SF-36 and O.D.I questionnaires have been 

widely used in patient studies, and their reliability and the validity have been studied 

extensively (3,4).  

  Despite the high prevalence of IVDD worldwide, diagnosis in the early stages of 

symptomatic disease is elusive in clinical practice.  The traditional methods for imaging disc 

degeneration, including radiography, magnetic resonance imaging (MRI), and computed 

tomography (CT), are limited to depicting late-stage, gross morphologic changes.  Ideally, a 

method that detects the initial biochemical changes in disc degeneration would be valuable in 

preventing disease progression.  Such a method would improve diagnostic capabilities and 

enable preventive measures to be taken at the early stages of the disease. 

  MRI has been widely used to detect IVDD because it is non-invasive, provides 

superior soft tissue contrast, and can be used to assess tissue hydration.  To date, MRI has 
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been mostly used for morphologic, qualitative assessment of IVDD. Pfirrmann et al. (5) 

proposed a grading system for disc degeneration based on standard spin-echo sequences. 

With T2-weighted spin-echo imaging sequences, healthy intervertebral discs exhibit a bright 

signal from the nucleus pulposus and a low signal from the annulus fibrosus.  

  While the Pfirrmann grading system provides a semi-quantitative evaluation of disc 

degeneration, which is beneficial for morphological evaluation, MRI relaxation time 

measurements offer a quantitative assessment of disc composition.  Quantitative relaxation 

time measurements are beneficial in that they compute a tissue material property, which 

should be scanner-independent (6).  In addition, quantitative techniques are able to detect 

subtle differences in tissue composition that may not be apparent with qualitative or semi-

quantitative measurements.   

  MRI T2 relaxation time is a quantitative parameter that is sensitive to changes in 

collagen and water content in cartilage (7) and in the intervertebral disc (8).  Studies have 

shown that T2 relaxation time decreases with disc degeneration (9-13).  Perry et al. measured 

T2 in five subjects using an FSE sequence, and reported that the average T2 values were 

greater in normal discs as compared to those graded as Pfirrmann Grade III or IV (12). 

Karakida et al. investigated diurnal changes in the disc by measuring T2 in the morning and 

evening, and reported that degenerative discs had lower T2 than healthy discs at both time 

points (14).  These studies demonstrate that T2 relaxation time may be a non-invasive 

biomarker for IVDD that is sensitive to changes in collagen and hydration in early disc 

degeneration.  

  Recent studies have proposed that MRI T1ρ relaxation time is associated with loss of 

macromolecules (15), which is an initiating factor in IVDD. T1ρ imaging, which probes the 



148 

interaction between water molecules and their macro-molecular environment, has the 

potential to identify early biochemical changes in the intervertebral disc.  Recent in vitro 

studies have reported correlations between T1ρ and glycosaminoglycan (GAG) content (15), 

and have demonstrated a relationship between T1ρ and disc mechanical properties (9), 

suggesting that T1ρ may be sensitive to early biochemical changes in disc degeneration.  In 

vivo studies have demonstrated differences in mean T1ρ values between the nucleus and the 

annulus (16), and have shown a correlation between T1ρ and degenerative grade in an 

asymptomatic population at 1.5 Tesla (10), thus demonstrating the feasibility of quantifying 

T1ρ in human subjects.   

  The purpose of this study was to [1] determine the relationship between T1ρ & T2 

relaxation time and degenerative grade in intervertebral discs using in vivo MR imaging at 3 

Tesla, and to [2] determine the relationship between T1ρ & T2 relaxation time and clinical 

findings as quantified by the SF-36 questionnaire and Oswestry Disability Index. 

9.2 Methods 

9.2.1 Subjects 

  Sixteen subjects (mean age = 40.2 ± 12.4 years, 10 males and 6 females, age range = 

25- 60 years) participated in this study.  Each subject completed the Oswestry Disability 

Index (O.D.I) (2) and SF-36 Health Survey Questionnaires (1).   The patient inclusion criteria 

included: radiologic screening and MRI confirmation of degenerative disc disease in the 

lumbar spine at one or more levels, and clinical symptoms of discogenic back pain, having 

failed conservative management for more than 3 months (n=10). Additionally, a group of 

subjects (n=6) that had no clinical symptoms of back pain or sciatic pain participated in the 

study.  Patients with prior back surgery, spine fractures, sacroiliac arthritis, degenerative 
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spondylolisthesis, metabolic bone disease, spinal infection, rheumatoid arthritis, active 

malignancy, and pregnancy were excluded from the study.  Written informed consent was 

obtained from all patients after the nature of the examinations had been fully explained.   All 

exams were performed in accordance with the rules and regulations from the local Human 

Research Committee.   

9.2.2 Magnetic Resonance Imaging 

  MR imaging was performed using a GE SIGNA 3.0 Telsa echo-speed system (GE 

Healthcare, Waukesha, WI, USA). Single slice sagittal images for T1ρ mapping were 

acquired using a fast spin-echo sequence (TSL1/TSL2/TSL3/TSL4 (time of spin lock) = 

0/40/80/120 ms, acquisition matrix = 256 x 192, resolution = 0.78 x 0.78 mm2, spin lock (SL) 

power = 300 Hz, ETL = 8, FOV = 20 cm, BW = 31.25 KHz, slice thickness = 8mm, PE 

direction = A/P).  Single slice sagittal images for T2 mapping (TE1-TE7 = 9.6-77.2 ms, 

acquisition matrix = 256 x 192, resolution = 0.78 x 0.78 mm2, FOV = 20cm, BW = 31.25 

KHz, slice thickness = 8mm, PE direction = A/P) were acquired using a MSME (17).  T1ρ 

quantification was performed in 16 patients (77 discs) while T2 was quantified in only a 

subset of patients (9 patients, 44 discs) due to limitations in scan time.  Additionally, sagittal 

T2-weighted images were acquired using a fast spin-echo sequence (TR/TE = 5000/70 ms, 

acquisition matrix = 320 x 224, resolution = 0.39 x 0.39 mm2, ETL = 16, FOV = 20 cm, BW 

= 31.25 KHz, slice thickness=4mm, PE direction = A/P) were acquired for Pfirrmann grading 

(5) in all patients.   

9.2.3 Image Analysis 

  Five intervertebral discs per subject were examined (80 discs total); however, discs 

with artifacts in the images due to patient motion were excluded in the analysis (T1ρ scans: 3 
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out of 80 discs, T2 scans: 1 out of 45 discs).  T1ρ and T2 maps were computed on a pixel-by-

pixel basis using the following equations, respectively: S(TSL) ∝ exp(-TSL/T1ρ), S(TE) ∝ 

exp(-TE/T2).  Median T1ρ and T2 values were calculated in a 5-mm diameter section that was 

drawn manually in the center of the nucleus in discs L5/S1, L4/L5, L3/L4, L2/L3, and L1/L2 

in each subject.  This type of segmentation has been performed previously (9,10) 

demonstrating high inter-observer agreement (r = 0.95) for T1ρ values. Figure 9.1 illustrates 

the procedure for T1ρ mapping and creating the regions of interest (ROIs).  Pfirrmann grading 

(5) was performed (by one musculoskeletal radiologist with 20 years of experience in 

musculoskeletal imaging) based on the T2-weighted images; grades ranged from healthy 

(Pfirrmann grade 1) to severely degenerate (Pfirrmann grade 5).   
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Figure 9.1: An illustration of the T1ρ fitting and quantification procedure. First, sagittal 
images for T1ρ mapping were acquired, and T1ρ maps were created on a pixel-by-pixel basis.  
A representative T1ρ map is shown.  Median T1ρ and T2 values were calculated in 5-mm 
diameter regions of interest (ROI’s) that were drawn manually in the center of the nucleus in 
discs L5/S1, L4/L5, L3/L4, L2/L3, and L1/L2 in each subject.  A T1ρ colormap of the 
intervertebral discs in a healthy subject is shown.  T2 maps were created analogously.  
9.2.4 Statistical Analysis 

  A linear mixed-effects regression analysis (18,19) of MR parameters (T1ρ and T2) on 

Pfirrmann Grade (with subject specific random effects to account for multiple discs measured 

within each subject) was performed to determine the relationship between T1ρ (or T2) and 

degenerative grade.  Mixed effects models provide explicit estimates of the amount and 

nature of the between- and within- person variation through explicit modeling of fixed and 
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random effects. The primary motivation for this modeling approach is that lumbar 

measurements have more variability between subjects than they do within subject.  Pfirrmann 

grade is modeled as a fixed effect, i.e. differences in Pfirrmann grade between intervertebral 

discs (both within and between subjects) are modeled as having a constant change in T1ρ (or 

T2).  The random effect component models the mean of a subject’s T1ρ (or T2) (after 

accounting for Pfirrmann score) as a Gaussian (normal) distributed random observation from 

a population distribution.  Individual lumbar measurements are then modeled as having an 

additional within-subject variation component (independently and identically distributed zero 

mean Gaussian variables).  Additionally, confirmatory Spearman correlations (between 

Pfirrmann grade and T1ρ and Pfirrmann grade and T2) were performed providing some 

insurance that the results were not unduly influenced by the Gaussian assumption.   

  Mixed effects models of MR parameters (T1ρ, T2, Pfirrmann grade) regressed on 

clinical questionnaire scores (O.D.I and SF-36 Physical Health) were used to determine the 

relationship between T1ρ (or T2, or Pfirrmann grade) and clinical finding scores.  

  Spearman correlations were used to assess the relationship between T1ρ and T2 values.  

Spearman correlations were also performed between the mean T1ρ (or T2 or Pfirrmann Grade) 

in each subject and age, and between clinical questionnaire scores and age. All statistical 

analysis was performed using JMP Software (SAS Institute, Cary, NC, USA). 

9.3 Results 

9.3.1 T2 and T1ρ versus Pfirrmann Grade 

  In this study, the intervertebral discs were categorized as Pfirrmann grade 1 (healthy, 

n = 12), grade 2 (n = 42), grade 3 (n = 22), grade 4 (n = 3) and grade 5 (severely degenerated, 

n=1, (80 discs total)). Representative T1ρ colormaps of a healthy subject, a subject with 
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moderate disc degeneration, and a subject with severe disc degeneration are shown in Figure 

9.2.   

 
 
 
Figure 9.2: Representative T1ρ colormaps from 2A) a 24-year old subject with non-
degenerated discs (Pfirrmann Grades L5/S1=1, L5/L4=1, L4/L3 = 1, L3/L2 =1; L2/L1 = 2) 
and an Oswestry Disability Index (O.D.I) score of 0; 2B) a 32-year old subject with mildly 
degenerated discs (Pfirrmann Grades L5/S1=3, L5/L4=3, L4/L3 = 2, L3/L2 =2; L2/L1 = 2) 
and an O.D.I score of 12; 2C) a 65-year old subject with mild and severely degenerated discs 
(Pfirrmann Grades L5/S1=5, L5/L4=4, L4/L3 = 3, L3/L2 =3; L2/L1 = 3) and an O.D.I score 
of 20.  The T1ρ values in the healthy discs are greater than those in the degenerative discs.   
 

Graphs of the median T1ρ and T2 values of the discs are shown in Figures 9.3 and 9.4, 

respectively.  Trends of decreasing T1ρ and T2 values with increasing grade of degeneration 

were evident.   

              9.2A                        9.2B                                9.2C 
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Figure 9.3: Median T1ρ values (± standard deviation) in each Pfirrmann grade are illustrated 
in the graph (16 patients, 77 discs). The plot is limited because it ignores differences between 
lumbar regions and is unable to properly account for the within- and between-subject 
structure of the data. However, the plot does provide a striking illustration of the behavior of 
T1ρ values with respect to Pfirrmann grade. Groups that are significantly different (p < 0.05) 
are categorized by different colors, as determined from the linear regression model.  Note 
that the T1ρ values in the Pfirrmann grade 2 discs were significantly different from those in 
Pfirrmann grade 1, as evidenced by the mixed-effects regression model (which allows for 
subject-specific random effects), suggesting that T1ρ relaxation time may be sensitive to early 
degenerative changes.   
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Figure 9.4: Median T2 values (± standard deviation) in each Pfirrmann grade are illustrated 
(n = 9 patients, 44 discs) in the graph. The plot is limited because it ignores differences 
between lumbar regions and is unable to properly account for the within- and between-
subject structure of the data. However, the plot does provide an illustration of the behavior of 
T2 values with respect to Pfirrmann grade.  Groups that are significantly different (p < 0.05) 
are categorized by different colors, as determined from the linear regression model.   
 

The mean T1ρ values in discs with Pfirrmann grades 1 (n = 12), 2 (n = 39), 3 (n = 22), 4 

(n=3), and 5 (n=1) were 133.1±13.8 ms, 101.5±21.2 ms, 57.9±12.9 ms, 50.6±1.52 ms, 33 ms, 

respectively. The mean T2 values in discs with Pfirrmann grades 1 (n = 0), 2 (n = 28), 3 (n = 

12), 4 (n=3), and 5 (n=1) were 92.3±27.2 ms, 59.5±12.5 ms, 59.6±7.6 ms, 37 ms, 

respectively.  The linear mixed-effects regression analysis showed a significant (p<0.05) 

difference in relaxation time (T1ρ and T2) values among the Pfirrmann grade groups. A 

significant difference in the T1ρ values between Pfirrmann grade 1 and all the other grades 

was evident (p<0.05).  The T2 values showed similar trends: the T2 values in Pfirrmann grade 

2 discs were significantly different from those in more degenerative grades (Pfirrmann grade 



156 

> 2).  (Note that, of the subset of patients that had T2 mapping scans (n=9, 44 discs), none 

had discs that were graded as Pfirrmann 1.)  Spearman correlations demonstrated that 

Pfirrmann grade was correlated with both T1ρ (r = -0.84, p<0.01) and T2 (r = -0.61, p<0.01). 

Subject age was also associated with T1ρ (r = -0.81, p<0.01), T2  (r = -0.51, p>0.05), and 

Pfirrmann Grade (r = 0.64, P<0.01).  The correlation between T1ρ and T2 values was r = 0.76 

(p<0.01), Table 9.1.   

Table 9.1: Spearman correlations (r) between MR parameters, clinical questionnaire scores, 
and subject age. 
 

Parameter Parameter r p 
T1ρ T2  0.76 < 0.01 

T1ρ Pfirrmann Grade -0.84 < 0.01 

T2 Pfirrmann Grade -0.61 < 0.01 

T1ρ Age -0.81 < 0.01 

T2 Age -0.51 > 0.05 

Pfirrmann Grade Age  0.64 < 0.01 

O.D.I Age  0.62 < 0.05 

SF-36 Age -0.61 < 0.05 

 

9.3.2 MR Parameters Versus Clinical Findings  

  The MR parameters (T1ρ, T2, Pfirrmann Grade) were highly correlated with clinical 

questionnaire scores (O.D.I, and SF-36 Physical Health, Table 2).  However, only the 

correlations between T1ρ and the clinical questionnaire scores (O.D.I and SF-36 Physical 

health) were significant (p < 0.05).  The relationship between T1ρ and O.D.I was r2 = 0.56 (p 

< 0.05) and the relationship between T1ρ and SF-36 was r2 = 0.55 (p<0.05). A significant 
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relationship was not found between T2 and clinical questionnaire scores or between 

Pfirrmann Grade and clinical questionnaire scores. 

Table 9.2: Relationship (R2) between Clinical Questionnaire Scores (O.D.I. and SF-36 
Physical Health) and MR parameters (T1ρ, T2, and Pfirrmann Grade).  The R2 value, 
calculated using the JMP procedure for mixed effects models, accounts for both within- and 
between-subject variation. 
 

9.3.3 T2 and T1ρ by Disc Level  

  Decreasing T1ρ and T2 values from L1/L2 to L5/S1 were evident.  The average T1ρ 

values in discs L1/L2, L2/L3, L3/4, L4/L5, and L5/S1 were 106.3±22.2 ms, 102.6±31.0 ms, 

97.6±29.5 ms, 79.3±30.5 ms, and 72.3±36.4 ms, respectively. The average T2 values in discs 

L1/L2, L2/L3, L3/4, L4/L5, and L5/S1 were 99.1±39.3 ms, 85.4±26.2 ms, 84.3±22.4 ms, 

68.8±18.9 ms, and 61.7±23.7 ms, respectively (Figure 9.5).  
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Figure 9.5: Decreasing trends in T1ρ and T2 values were evident in disc level L1/L2 to L5/S1.  

9.4 Discussion and Conclusion 

  In this study, MR T1ρ and T2 relaxation were measured in subjects with different 

grades of disc degeneration and clinical symptoms.  This study confirmed the previously 

reported negative relationship between relaxation time (T1ρ and T2) and disc degenerative 

grade (9-13).  In addition, T1ρ relaxation time was significantly associated with clinical 

symptoms quantified using the O.D.I and SF-36 Physical Health questionnaires.  A negative 

relationship between relaxation times (T1ρ and T2) and age was evident, corroborating results 

from other studies (9,12,14-16,20).  This study suggests that T1ρ relaxation time may be 

sensitive to early degenerative changes and clinical symptoms in IVDD.   

  T1ρ relaxation time decreased with increasing severity of disc degeneration, and was 

lowest in disc L5/S1, compared to other disc levels.  It is interesting to note that the T1ρ 

values in the Pfirrmann grade 2 discs were significantly lower than those in Pfirrmann grade 

1 discs, suggesting that in vivo T1ρ quantification may detect changes early changes in IVDD.  
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T2 relaxation time showed similar trends: T2 decreased with increasing grade of disc 

degeneration.  Due to the limited number of Pfirrmann grade 4 and 5 discs observed in the 

study, we were unable to make conclusions about the effects of severely degenerative discs 

on T1ρ and T2 values.  

 The results of this study indicate that T1ρ and T2 relaxation time are correlated (r = 

0.76, p < 0.01) and are both sensitive to disc degeneration.  T1ρ and T2 relaxation times 

in structured tissues such as cartilage and intervertebral disc are associated with the slow-

motion interaction between bulk water and its macromolecular environment.  Previous 

studies in cartilage have shown that T2 relaxation time is highly related to collagen integrity 

(due to a strong dipole-dipole interaction) (21,22), while not very sensitive to changes in 

macromolecules such as proteoglycan (23). Spin-lock techniques used in T1ρ quantification 

sequences have shown to reduce residue dipolar interaction, thus enabling a larger dynamic 

range and less dependence on collagen fibers (24). Consequently, T1ρ has shown to be more 

sensitive than T2 to macromolecular changes, such as PG loss (23). Some investigators have 

suggested that proton exchange between the protein side-chain groups of GAG and bulk 

water contribute significantly to the T1ρ relaxation in cartilage (25,26). The relationship 

between T1ρ and T2 relaxation times and the composition of the extracellular matrix in disc is 

not clear and warrants further investigation. The reduction of T1ρ and T2 with degenerated 

discs observed in this study may be caused by reduced water content (15).  In addition, 

visual, differences in the T1ρ and T2 colormaps are evident.  Representative T1ρ and T2 

colormaps of two discs from one subject are shown in Figure 9.6.  Changes in both the range 

and spatial distribution of T1ρ and T2 values are visible, suggesting that T1ρ and T2 may 

provide complementary information about the integrity of the disc.  The spatial distribution 
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of T1ρ and T2 values has been previously investigated in cartilage: A study by Li et al. (27) 

assessed the relationship between T1ρ and T2 values in osteoarthritic cartilage: although mean 

T1ρ and T2 values were elevated in OA cartilage, the spatial distribution of these values was 

different.  Moreover, T1ρ has an elevated dynamic range as compared to T2 (27,28), which 

may impact the sensitivity of measurement to subtle changes. These studies suggest that 

although T1ρ and T2 are correlated, they provide differing information regarding the integrity 

of the IVD, as evidenced by differences in spatial distribution, dynamic range, and sensitivity 

to macromolecular composition. 

 

 

Figure 9.6: The correlation between T1ρ and T2 values was r = 0.76 (p < 0.01).  The figure 
shows a T1ρ and T2 map in the same subject.  The disparity between the T1ρ and T2 values is 
evident by the differences in the spatial distribution and range of values in the discs. 
 

  Studies have shown that the relationship between relaxation times (T1ρ and T2) in 

IVDD is in the opposite direction to that of cartilage degeneration (10,29-34).  While the 

mechanisms for degenerative changes in these tissues is still under investigation, the 
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differences in relaxation times may be linked to the varying tissue compositions and material 

properties.  Cartilage is a laminar structure composed of three primary layers with varied 

concentrations of macromolecules, while the intervertebral disc is composed of hydrated-gel 

center (nucleus pulposus), which is surrounded by rows of concentric collagen lamellae 

(annulus fibrosis).  Since cartilage and intervertebral disc tissues vary in composition and 

size, their intrinsic relaxation properties may differ with degeneration.  Previous studies have 

also suggested that decreases in T1ρ relaxation time in IVDD may be due to fibrosis and 

cross-linking with degeneration (9). Additional in vitro studies are warranted to further 

evaluate the pathogenesis of IVDD and the role of MR relaxometry in its non-its invasive 

assessment.   

  This study examined the relationship between MR T1ρ relaxation time and clinical 

symptoms in degenerative disc disease.  The strong and significant correlations between T1ρ 

and SF-36 physical health and O.D.I scores suggest that T1ρ may be a useful biomarker for 

clinical symptoms related to degenerative disc disease. While this study demonstrates a 

relationship between T1ρ and physical symptoms in subjects with low back pain, the 

mechanism by which disc degeneration causes low back pain is unclear.   Studies have 

suggested various causes for discogenic back pain: innervations of the inner portion of the 

disc can occur during degeneration and may be responsible for discogenic back pain (35); the 

outer annulus has been reported to be the origin of pain reproduced during discography (36).  

MR imaging studies have identified characteristics of discs in subjects which include 

decreases in the signal intensity of the disc (37).  Thus, a variety of discogenic changes are 

linked to low back pain, however the mechanisms behind this relationship remain to be 

determined. 
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  The reproducibility of T1ρ quantification at 3 Tesla using a spiral readout acquisition 

has been previously reported (16). The coefficient of variation (CV) for phantoms was less 

than 3% and the CV for in vivo quantification was less than 5%.  The current study used the 

same T1ρ preparation pulses as Blumenkrantz et al. (16), however, an FSE readout instead of 

spiral readout was implemented.  A FSE readout was desirable because a spiral readout lacks 

an anti-aliasing filter and thus cannot be used to acquire sagittal images of the spine.  

Moreover, sagittal scans minimize partial volume effects, which were often encountered in 

the axial scans of the disc.  

  While a single spin-lock power of 300Hz was implemented in this study, previous 

work by Regatte et al. has demonstrated T1ρ dispersion (over a range of 0 to 3000 Hz) in 

bovine intervertebral discs (38).  Their study also reported that T1ρ has a higher dynamic 

range than T2.  Therefore, it is suspected that varying the RF field strength would directly 

impact image contrast and relaxation time measurement.   

  The primary limitations of this study were the small sample size (especially for T2 

quantification), the lack of T2 data for early stages of disc degeneration, and the fact that a 

spin locking (SL) power of 300 Hz was used in the T1ρ sequence; in T1ρ imaging, a high SL 

power is desirable, however, is it limited by specific absorption rate (SAR).   An SL power of 

300Hz was the maximum SL power that could be obtained given our scanning hardware 

without exceeding the SAR limit.  

  In this study T1ρ and T2 relaxation times were calculated in subjects with IVDD and 

clinical symptoms. This study demonstrates that MRI relaxation time (T1ρ and T2) decreases 

with increasing grade of disc degeneration, and that T1ρ values were related to clinical 

symptoms, as measured by the O.D.I and SF-36 Physical Health questionnaires.  This study 
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shows a potential for the future use of MR imaging markers in the evaluation of treatment 

efficacy.   
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Chapter 10:  Summary and Conclusions 

10.1 Summary 

 This thesis described the development of a methodology for non-invasive 

characterization of early biochemical changes in the extracellular matrix in cartilage and the 

intervertebral disc.   The results demonstrate that MR T1ρ and T2 times can be used to 

investigate the changes in the ECM during IVDD and OA. The research studies performed 

highlights that not only mean values of MR T1ρ and T2 times are valuable for the assessment 

of the ECM – the quantification of their spatial distribution is essential for the comprehensive 

characterization of tissue properties in disease progression. 

10.2 Conclusions 

10.2.1 MR Relaxation Time Mapping Technique Development  

 Chapter 4 described the impact of signal to noise ratio and T2 fitting algorithms on the 

T2 quantification.  Simulations were performed determine the minimum SNR that can be 

used to distinguish healthy cartilage from degenerative cartilage in the Osteoarthritis 

Initiative.  The results demonstrated that a minimum SNR (of the first echo) of 12 could be 

used to accurately calculate and distinguish healthy from degenerate cartilage.  In addition, 

the choice of fitting algorithm (noise correction vs. no noise correction) did not impact the 

accuracy of T2 quantification, even though the goodness of fit was improved using the noise 

correction algorithm.   

10.2.2 MR T2 Relaxation Time Mapping in Osteoarthritis  

 Chapter 5 examined the relationship between structural changes of trabecular bone 

and cartilage in patients with varying degrees of OA over two years, using MR imaging.  MR 
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images were acquired for assessing trabecular bone structure and cartilage structure, in 

addition to measuring T2 relaxation time.  A total of thirty-eight subjects were scanned at 

baseline and twelve months.  Of these subjects, twenty-one were scanned again at twenty-

four months (drop-outs due to death, knee replacement, and unwillingness to continue).  The 

severity of each subject’s OA at baseline was evaluated using the x-ray based Kellgren-

Lawrence (KL) scale (17):  KL scores of 1 and 2 were considered mild OA (n = 13); KL 

scores of 3 and 4 were considered severe OA (n = 17).  Additionally, a group of control 

subjects with no radiographic evidence of OA (n = 8) was included in the study.  Cartilage 

parameters, including thickness, volume, and T2 were calculated in various cartilage 

compartments including the medial and lateral tibia, and medial and lateral femur. Trabecular 

bone parameters, including volume fraction, trabecular number, trabecular spacing, and 

trabecular thickness were calculated at each time point.    

 The results demonstrated trends of decreasing bone and cartilage parameters in 

osteoarthritic subjects (especially in mild OA subjects) over time.  The mean T2 increased 

significantly (p < 0.05) between the baseline and follow-up exams for all cartilage 

compartments except the lateral tibia.  A positive relationship was established between 

cartilage changes and localized bone changes closest to the joint line, while a negative 

relationship was established between cartilage changes and global bone changes farthest 

from the joint line.  This study demonstrated a longitudinal relationship between the changes 

in bone and cartilage structure in patients with varying degrees of OA.  

 Chapter 6 focused on the evaluation of cartilage T2 in subjects with and without OA.  

Specifically, the goals of this study were to characterize the spatial distribution of cartilage 

T2 in postmenopausal OA patients and age-matched healthy subjects using second order 
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texture measures at baseline, and analyze changes in the texture of cartilage T2 after 9 months 

in both groups.  3 Tesla-MRI of the knee was performed in 8 mild OA patients and 10 age-

matched controls at baseline and after 9 months.  Cartilage T2 maps, volume and average 

thickness were calculated in all patients.  Texture analysis was performed on the cartilage T2 

maps using the grey level co-occurrence matrix method.  Texture parameters, including 

entropy and angular second moment, were calculated at 0° (corresponding to the anterior-

posterior axis) and at 90° (corresponding to the superior-inferior axis), with pixel offsets 

ranging from 1-3 pixels. 

 Least square means analysis showed that mean T2 values, their standard deviation, 

and their entropy were greater (p<0.05) in OA patients than in controls.  Over 9 months, the 

standard deviation and entropy of cartilage T2 significantly (p<0.05) decreased in OA 

patients, while no significant changes were evident in cartilage thickness or volume.  The 

mean T2 values, their standard deviation, and their entropy were greater in OA patients than 

in controls, indicating that the T2 values in osteoarthritic cartilage are not only elevated, but 

also more heterogeneous than those in healthy cartilage.  The longitudinal results 

demonstrate that changes in texture parameters of cartilage T2 may precede morphological 

changes in thickness and volume in the progression of OA.   

 Chapter 7 focused on the longitudinal changes in the spatial distribution of cartilage 

T2 values in subjects with OA. This study evaluated both the morphologic and biochemical 

changes in cartilage using MR imaging as well as clinical data from the OAI. The purpose of 

this study is to [1] examine changes in MR knee cartilage parameters including thickness, T2, 

and spatial distribution of cartilage T2 and [2] examine whether these baseline MR 
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parameters predict change in knee pain. Western Ontario and McMaster Universities 

(WOMAC) pain score was assessed in each patient (n = 13) at baseline, year 1, and year 2.   

 Median cartilage T2 was calculated in each region.  Texture analysis was used to 

examine the spatial distribution of T2 relaxation times in an image.  Texture parameters 

including angular second moment (ASM), entropy, homogeneity, and contrast were 

calculated from the GLCM.  Longitudinal decreases in mean cartilage thickness were evident 

in all cartilage compartments over two years.  The annual rate of cartilage loss was 

significant (p < 0.05, Table 7.1) in the lateral femur (-2.66% per year), lateral tibia (-1.41% 

per year), and medial tibia (-3.63% per year).  The mean cartilage T2 showed little change 

over time, with exception of the lateral tibia, which decreased -4.00% annually (p < 0.05). 

Entropy of cartilage T2 at baseline (all compartments combined except the lateral tibia) was 

associated with an increase in WOMAC pain score over 2 years (p < 0.05). This study 

demonstrated that the baseline heterogeneity of cartilage T2 is associated with changes in 

clinical pain scores.   

10.2.3 MR T2 and T1ρ Relaxation Time Mapping in Degenerative Disc Disease  

 Chapter 8 assessed novel MRI methods for non-invasive detection of disc 

degeneration.  The purpose of this study was to test the feasibility of quantifying T1ρ 

relaxation time in phantoms and to apply the technique to intervertebral discs of healthy 

volunteers using in vivo MR imaging at 3T. A multi-slice T1ρ spiral sequence was used to 

quantify T1ρ relaxation time in phantoms with different agarose concentrations and in the 

intervertebral disc of eleven healthy volunteers (mean age = 31.3 years, age range = 23-60 

years, gender: 5 females, 6 males).   
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 The phantom studies demonstrate the feasibility of using spiral imaging at 3T. The in 

vivo results indicate that the median T1ρ value of the nucleus (116.6 ± 21.4 ms) is 

significantly greater (p < 0.05) than that of the annulus (84.1 ± 11.7 ms).  The correlations 

between age of the volunteers and T1ρ relaxation time in the nucleus (r2=-0.82, p= 0.0001) 

and annulus (r2=-0.37, p= 0.04) were significant. A trend of decreasing T1ρ values from L3-

L4 to L4-L5 to L5-S1 was evident.  The results of this study suggest that in vivo T1ρ 

quantification is feasible and may potentially be a clinical tool to identify early degenerative 

changes in the intervertebral disc.   

 Chapter 9 built upon the results from the third study, by evaluating T1ρ and T2 in 

subjects with varying degrees of disc degeneration.  Specifically, the goals of this study were 

to [1] determine the relationship between T1ρ & T2 relaxation time and degenerative grade in 

intervertebral discs using in vivo 3.0 Tesla MR imaging, and to [2] determine the relationship 

between T1ρ & T2 relaxation time and clinical findings as quantified by the SF-36 

Questionnaire and Oswestry Disability Index (O.D.I).  Sixteen subjects participated in this 

study, and each completed SF-36 and O.D.I questionnaires. MRI T1ρ and T2 mapping were 

performed to determine T1ρ and T2 relaxation times in the nucleus of the intervertebral disc, 

and T2-weighted images were acquired for Pfirrmann grading (80 discs total).  

 Pfirrmann grade was correlated with both T1ρ (r=-0.84, p<0.01) and T2 (r=-0.61, 

p<0.01). A positive relationship was evident between MR parameters (T1ρ, T2, Pfirrmann 

Grade) and clinical questionnaire scores.  Only the correlations between T1ρ and the clinical 

questionnaire scores were significant (p<0.05).  A negative relationship between 

degenerative grade and relaxation time was demonstrated in this study.  In addition, T1ρ was 

significantly associated with clinical symptoms.  This study suggests that T1ρ relaxation time 
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may be sensitive to early degenerative changes and clinical symptoms in intervertebral disc 

degeneration. 

 The results of this project suggest that quantifying the spatial distribution of T1ρ and 

T2 relaxation times improve the clinical assessment of IVDD and OA, as they provide a non-

invasive evaluation of biochemical composition in the intervertebral disc and cartilage 

tissues.  The trends in degenerative changes in the ECM vary between OA and IVDDD, and 

are specific to the tissue biochemical characteristics.  T1ρ and T2 relaxation times are not only 

sensitive to biochemical changes in OA and IVDD, they are also valuable for the prediction 

of pain. 

10.3 Future Directions 

 In addition to investigating subjects with mild and severe osteoarthritis (as performed 

in this dissertation), it would be valuable to assess MR relaxation time parameters in subjects 

at risk for OA and develop pain over time.  At baseline, it would be interesting to evaluate 

the relationship between cartilage biochemical composition as quantified using the mean, 

spatial distribution, and laminar organization of T2 relaxation time, and morphologic knee 

joint degeneration in the cartilage, meniscus and bone marrow in subjects at risk for the 

development of OA. It addition, a prospective analysis would help determine whether 

baseline cartilage biochemical composition can predict the presence of symptomatic knee 

OA, defined as development of pain and an increase in morphologic degeneration in the 

cartilage, meniscus, and bone marrow after two years.  Finally, a longitudinal analysis would 

determine whether changes in cartilage biochemical composition are related to the presence 

of symptomatic knee OA.    
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