
 

 

 

 

Non-Invasive Characterization of Cartilage Properties Using MR Imaging 

 

by 

Sophia Natalie Ziemian 

Department of Biomedical Engineering 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Farshid Guilak, Supervisor 

 

___________________________ 

Lori A. Setton, Committee Chair 

 

___________________________ 

Louis E. DeFrate 

 

 

 

 

 

Thesis submitted in partial fulfillment of 

the requirements for the degree of  

 Master of Science in the Department of 

Biomedical Engineering in the Graduate School 

of Duke University 

 

2015 

 



 

 

ABSTRACT 

 

 

Non-Invasive Characterization of Cartilage Properties Using MR Imaging 

 

by 

Sophia Natalie Ziemian 

Department of Biomedical Engineering 

Duke University 

 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Farshid Guilak, Supervisor 

 

___________________________ 

Lori A. Setton, Committee Chair 

 

___________________________ 

Louis E. DeFrate 

 

 

 

 

 

An abstract of a thesis submitted in partial 

fulfillment of the requirements for the degree 

of Master of Science in the Department of 

Biomedical Engineering in the Graduate School of 

Duke University 

 

2015 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Sophia Natalie Ziemian 

2015 



 

 

iv 

Abstract 

Osteoarthritis (OA) is a degenerative disease affecting articular cartilage, leading to loss 

of its structure and function.  Early stage OA is characterized by changes in the extracellular 

matrix (ECM), including a reduction in proteoglycans (PG) concentration, increased water 

content within the tissue, and increased synthesis and degradation of matrix molecules with 

disorganization of collagen network [1, 2].  The ability to noninvasively quantify PG changes in 

cartilage would therefore be useful for early OA diagnosis, monitoring cartilage response to 

therapies, and assessing efficacy of cartilage repair procedures [3].  T1rho and T2 weighted 

magnetic resonance (MR) imaging techniques have been shown to have potential in tracking 

early biochemical compositional changes within cartilage associated with degeneration [3, 4].  

Additionally, this method has the potential to be a powerful tool to better understand how 

cartilage responds to different loading environments both acutely and over time.   The main 

objective of this work is to validate T1rho and T2 relaxation times as non-invasive measures for 

the assessment of biochemical and biomechanical properties of cartilage. 

The first two studies presented in this work focus on the validation of this T1rho and T2 

imaging for non-invasive cartilage assessment.  The first study examines both normal and 

osteoarthritic cartilage containing both OA defect regions and healthy appearing areas.  This 

study aims to comprehensively assess the relationship between OA cartilage composition, 

biochemical, and biomechanical properties with T1rho and T2 relaxation times in order to 

validate this technique as an in vivo diagnostic method for early stage OA.   The second study 

utilizes targeted enzymatic depletion of both glycosaminoglycan (GAG) and collagen to 
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determine the specific effect of each ECM component on T1rho and T2 relaxation times.  A 

repeated measures design examines the effect of targeted enzymatic cartilage degradation (to 

isolate changes in cartilage biochemical composition, mechanical properties, and histology) on 

the T1rho and T2 relaxation times.  These studies utilize confined compression for biomechanical 

analysis of cartilage, biochemical assays for the determination of S-GAG and collagen content, 

and histology for visualization of cartilage structure and composition.  These measures are 

compared to the associated T1rho and T2 relaxation times.  The results of these studies indicate 

that increases in T1rho relaxation times are correlated with S-GAG depletion, increased percent 

extractable collagen, decreases in mechanical strength of cartilage, and areas of OA defects 

(within which the previously mentioned biomechanical and biochemical conditions exist).  

Together, the results of these two studies validate T1rho and T2 quantitative imaging techniques 

for the in vivo diagnosis of early OA and the non-invasive assessment of cartilage biomechanical 

and biochemical properties. 

Altered patterns of mechanical loading can result in morphological and compositional 

changes to cartilage that lead to cartilage degeneration.  Quantitative MR imaging is a unique 

tool with the potential to provide insight into the relationship between biomechanics and the 

biophysical environment of cartilage, which is vital to better understanding the development of 

OA and degeneration of cartilage.  The third study presented utilizes T1rho as a method for 

assessing localized changes to cartilage with dynamic activity.  Sagittal MR images were obtained 

before and immediately after subjects completed a single legged hopping activity to dynamically 

load cartilage.  A system of equally spaced grid points were registered to 3D surface mesh 

models of the tibial and femoral cartilage surfaces constructed from the MR images.  T1rho 
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relaxation times were then determined at each grid point to examine site-specific changes before 

and after exercise.  A significant decrease in relaxation times was found after exercise in both the 

tibial plateau and the femoral condyle, with a greater decrease observed in the lateral femoral 

cartilage than in the medial femoral cartilage.  No significant correlation between location and 

exercise was found.  At each grid point, T1rho cartilage maps were also divided into superficial 

and deep regions of cartilage to determine where the greatest changes occurred.  Ongoing 

analysis of the layer specific results will provide insight into where in the cartilage thickness 

these changes are most localized.  The decrease in relaxation times after loading is likely due to 

the relative increase in PG content that results from the exudation of water from the cartilage 

ECM due to loading.  This study demonstrates how T1rho may be used to non-invasively 

provide insight into the biophysical environment of cartilage with loading. 

T1rho and T2 imaging represent a very powerful tool for the non-invasive assessment of 

articular cartilage.  This work is significant in that it validates this method for the assessment of 

cartilage biomechanical and biochemical properties.  Additionally, these methods can be used in 

future work to better understand how various risk factors contribute to OA development and to 

give valuable insight into the connection between biomechanical factors, biochemical 

composition, and the development of cartilage degeneration. 
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1. Introduction and Background  

1.1 Cartilage Structure and Composition 

Articular cartilage is a complex connective tissue covering the ends of bones in synovial 

joints.  Its primary functions are to provide a smooth, low friction interface between gliding 

surfaces within the joints, and to act as a shock absorber with regard to mechanical impact [5].  In 

this role, healthy articular cartilage protects subchondral bone by resisting compressive and 

shearing forces, and withstanding long-term cyclic loading of the synovial joints.  Unfortunately, 

when its properties are adversely affected as a result of aging, disease, or injury, articular 

cartilage has minimal reparative potential [6].  An understanding of the composition, structure, 

and function of articular cartilage is therefore important to the development of new strategies for 

its maintenance, repair, and regeneration. 

The molecular structure and composition of articular cartilage directly affect its ability to 

successfully perform its functions.  It is hyaline cartilage, composed of a population of specialized 

cells, called chondrocytes, that are embedded within an extracellular matrix (ECM) of collagen 

and proteoglycans [1, 4, 7].  With chondrocytes only accounting for about 4% of the tissue’s wet 

weight, articular cartilage is relatively hypocellular [1].  Chondrocytes, which are sparsely spread 

within the ECM, synthesize matrix components and regulate matrix metabolism [1, 4].  Except in 

the very superficial region of the cartilage, chondrocytes are spheroidal in shape and have 

minimal cell to cell contact [4].  They are responsible for the synthesis of type II collagen and 

proteoglycan aggregates, and for the formation and maintenance of the specialized cartilage 

matrix [4].  Each individual chondrocytes has high metabolic activity, but the tissue collectively 

has low activity due to the low density of cells [4].  Cell density is lowest in the deepest part of 
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the cartilage (closest to bone) [7].  Chondrocytes are responsive to their physical environment, 

and mechanical loading of joints influence their function [4]. 

The extracellular matrix is the primary component of articular cartilage.  The ECM is 

composed of approximately 65-80% water by weight [1].  The primary solid components of the 

ECM are Type II Collagen (about 15-20% of wet weight) and proteoglycans (about 3-10%) [1]. 

Type II collagen is the principal component of the microfibrillar framework of the EMC structure, 

and it provides tensile strength to the articular cartilage [4].  Proteoglycans (PG) are protein 

polysaccharide molecules that have an important role in maintaining the biochemical 

environment of the cartilage [1].  PG assemble together to form aggrecans within the ECM.  

Groups of aggrecan monomers are bound through a linking protein to a central core fiber 

filament of hyaluronic acid.  An aggrecan contains a protein core with glycosaminoglycan (GAG) 

side chains attached to it [1, 4].  GAG side chains contain large numbers of carboxyl and sulfate 

groups that ionize under normal physiological conditions to produce a negative charge density 

within the tissue [1].  Positive counter ions and water molecules are attracted to this negative 

charge density, creating a concentration of charge known as a fixed charge density (FCD), which 

results in outward swelling within the tissue [1].  This swelling is counter-balanced by the 

stiffness of the surrounding collagen mesh, causing an interstitial fluid pressure that contributes 

to the compressive strength of cartilage, which is essential for normal cartilage function [1].       

Articular cartilage is a highly organized tissue (Figure 1), and the intimate relationship 

between the collagen matrix and the aggregating proteoglycans are critical to its function.  Its 

biochemical properties are influenced by the structure, content, and organization of collagen and 

PGs within the ECM [1].  The orientation of the cartilage ECM varies in a depth-dependent 
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manner between the bone-cartilage interface and the cartilage superficial surface [1, 4].  The 

superficial or gliding zone of cartilage has an organization of collagen fibers and flattened 

ellipsoid cells parallel to the joint surface [4].  This parallel organization is responsible for 

providing most of the tensile and shear strength of the tissue [4].  Additionally, chondrocytes in 

the superficial zone synthesize high concentrations of collagen and low concentrations of PG [4].  

Below the superficial zone is the transition (middle) zone, which contains a random orientation of 

collagen fibers and spheroidal chondrocytes embedded within the ECM [1, 4].  The radial (deep) 

zone contains collagen and chondrocytes are arranged in a column-like pattern perpendicular to 

the articular bone surface [1, 4].  This region contains low cell density and the largest diameter 

collagen fibers [4].  Between the radial zone and the subchondral bone is a thin region of calcified 

cartilage that is composed of a very small volume of cells embedded within a calcified matrix.  

Collagen fibrils pass between the bone/cartilage interface to anchor the cartilage to the 

subchondral bone [1]. 
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Figure 1: Organization of collagen fibrils throughout cartilage thickness.  Fibrils are oriented 

normal to the bone surface in the deep zone, anisotropic in the middle region, and parallel to 

the surface in the superficial zone.  (figure reference: [1]) 

Presence of water within the ECM is important in the response of cartilage to the 

mechanical loading of joints.  As previously mentioned, water composes about 65-80% of the 

ECM by wet weight [1].  Water concentration within the tissue also varies as a function of tissue 

depth, with the superficial region of cartilage being about 80% of water and the deeper portion 

near the bone being about 65% water [4].  Cartilage closest to the bone interface is stiffer than the 

superficial layers.  Water is important to the function of cartilage as it allows for load dependent 

deformation and energy dissipation [4].  Compression of the joint results in cartilage deformation 

and a bulk flow of water out of the ECM of the cartilage (especially the superficial layer) into the 

surrounding synovial space [1].  The ability of cartilage to resist compression, properly dissipate 

mechanical energy, and protect subchondral bone is a result of the ability of the ECM to limit 

water permeability [1].  The permeability of the ECM to water is regulated by FCD resulting from 

PG contained within the tissue, as discussed previously.  In healthy cartilage, water flow is able 
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to dissipate most energy imparted into the tissue during compression, protecting the cartilage 

and subchondral bone [1].  However, in degenerative cartilage water movement becomes less 

restricted (decrease in PG results in increase in permeability due to change in FCD) and more of 

the compressive force is imparted to the collagen and aggrecan matrix, which leads to further 

degeneration [1]. 

1.2 Osteoarthritis 

Osteoarthritis (OA) is a degenerative disease affecting articular cartilage, leading to loss 

of its structure and function.  OA results in cartilage thinning, loss of joint mobility, and patient 

pain.  It is estimated that 10-12% of the world’s adult population have symptomatic OA [2] 

including about 27 million people in the United States [8, 9].  Additionally, it is estimated that 

approximately 250 million people worldwide are affected specifically by knee OA [2].  Many 

factors can promote OA development, including any joint trauma to cartilage, underlying bone, 

or surrounding ligaments, alterations to normal mechanical loading of the joint, inflammation 

within the joint, and high body mass index (BMI) [10]. 

Early stages OA is characterized by changes in the ECM including a reduction in PG 

concentration, increased water content within the tissue, and increased synthesis and 

degradation of matrix molecules with disorganization of collagen network [1, 2].  The 

combination of a reduction of GAG (especially in the superficial layer of the cartilage) and 

irreversible changes to the collagen network (which reduce normal water restraining function of 

cartilage) result in increased permeability and dysregulation of water, causing the cartilage to 

swell [4].  This overall increase in water content and loss of proper cartilage interstitial fluid 

pressure eventually leads to chondrocyte death and tissue loss [1, 4].  The intermediate stages of 



 

6 

OA include cartilage thinning and fibrillation, further decrease in PG content from cartilage to 

synovial fluid, and a decrease in water content [10].  In late stage OA, the collagen network is 

severely disrupted and collagen, PG, and water content are further reduced [10]. 

Current diagnostic methods for OA include radiographic evidence of joint space 

narrowing [10].  Cartilage cannot be seen in radiographs, but the joint space between adjacent 

bones can be measured and bony changes can be visualized, making it a useful tool for the 

diagnosis of late stage OA [10].  However, by the time the joint space has narrowed (due to loss of 

cartilage) and bony changes appear, the disease progression may be too advanced for 

preventative therapy, and treatment options are limited [10].  Magnetic Resonance (MR) imaging, 

which allows for visualization of soft tissues such as cartilage, provides a potential tool for the 

earlier detection of OA and the visualization of cartilage changes that occur during the early 

stages of the disease [4].  Visualization of cartilage morphology (including thickness, volume, and 

cartilage defects), and measurement of alterations under normal mechanical loading (strain 

maps) using MR imaging can help track physical changes to cartilage that can contribute to OA 

[10].  Additionally, early stage OA is associated with cartilage composition changes (PG loss).  

The ability to noninvasively quantify PG changes in cartilage would therefore be useful in early 

OA diagnosis, monitoring cartilage response to therapies, and assessing efficacy of cartilage 

repair procedures [3].  T1rho and T2 weighted MR imaging techniques have been shown to have 

potential in tracking early biochemical compositional changes within cartilage [3, 4].  As a result, 

MR imaging techniques are promising with regard to the identification of early changes that 

occur to cartilage with the onset of OA, thereby allowing for early diagnosis and disease 

management before tissue degeneration becomes advanced.  
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1.3 MR Imaging of Cartilage  

Magnetic Resonance Imaging is a non-invasive imaging technique that is useful for soft-

tissue characterization.  To obtain an MR image, a patient is placed within the MRI machine and 

subjected to a strong magnetic field.  Radio frequency (RF) waves are then transmitted into the 

subject.  RF waves re-transmitted by the subject are then received and measured by the MRI 

device.  This re-transmitted RF signal is then converted into an image.  This is a clinically 

attractive diagnostic tool for assessing and tracking progressive and pathological changes in 

tissues.  In relation to OA and cartilage degradation, MR imaging is a valuable tool for tracking 

the disease progression [10-12].  It allows for the non-invasive characterization of morphological 

and compositional articular cartilage quality, which provides insight into progression and 

mechanism of joint degeneration [11]. 

MR imaging visualizes in vivo environments by capturing the behavior of atomic nuclei 

following magnetic manipulation [13].  The human body is primarily composed of fat and water.  

As a result of this, the most prominent atomic nuclei present are hydrogen.  MR imaging utilizes 

the spin property of unpaired hydrogen nuclei (protons) [13]. These nuclei behave like tiny 

magnets and exhibit a magnetization moment and angular momentum along their spin axis as a 

result of their charge and mass [13].  Generally in the body, the spin axes of these protons are 

randomly oriented.  However, when placed within an applied magnetic field, B0, the spins move 

to an equilibrium (lowest energy) state that is aligned parallel with the applied B0 [13].  

Additionally angular momentum is exhibited by the protons (due to their mass), and this results 

in a net magnetization precessing or rotating about the equilibrium field B0 (similar to a toy top) 

[13].  
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When an RF pulse is applied, typically to the transverse plane (90o to the applied 

magnetic field), it alters the magnetic field and causes the magnetization to be “tipped” out of the 

applied field of equilibrium [13].  This is called excitation.  In quantitative MR Imaging, a 

technique called spin-locking is used, in which the length of time the RF pulses are applied is 

varied [13].  The net magnetization then relaxes to equilibrium after the RF pulse is turned off.  

This return to equilibrium occurs as a result of the inherent property of proton densities to return 

to their lowest energy state [13].  The relaxation properties of a tissue give valuable insight into its 

composition. 

There are two main mechanisms of relaxation that occur in response to excitation by an 

RF pulse (Figure 2) [11].  T1 relaxation is the longitudinal recovery.  This is also referred to as 

spin-lattice and is a measure of the energy transferred to the lattice or environment.  T2 relaxation 

is the transverse decay [11].  This is also referred to as spin-spin and is a measure of energy 

transferred between neighboring spins (representing the interaction of water molecules).  Both of 

these relaxation mechanisms are characterized by time constants [11]. 
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Figure 2: Basic mechanism of relaxation in response to RF pulse.  Magnetization vector points 

along z-axis until excited 90o by an RF pulse.  After pulse is removed, the signal decays in the 

longitudinal plane (T1) and transverse plane (T2). (figure reference: [11]) 

In biological T2 relaxation, local interactions of tissue spins cause field inhomogenieities 

that influence the ideal measurement of relaxation resulting in an irreversible effect known as 

dephasing [13].  Dephasing causes decoherence, or a net loss of signal, as a result of interfering 

spins [13].  In order to compensate for dephasing and obtain an accurate measurement of T2 

relaxation in biological tissues, the spin echo mechanism is used as a method of biological T2 

relaxation signal characterization [10].  This process involves the magnetic moment alignment 

following a 90o degree pulse transverse tip (as usual), allowing local field inhomogeneities 

(biological variations in the magnetic field) diphase the signal during precession, followed by an 

180o pulse which flips the dephased signal causing slow spins to lead ahead of fast spins [14].  

Progressive refocussing occurs as fast spins “catch up” with the magnetic moment.  An accurate 

T2 reading can be sampled in the form of an echo [14].  By increasing the time between echo 

pulses, echo sampling produces an accurate reading of T2 decay [10].   
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T2 relaxation (spin-spin) time is dominated by the anisotropic motion of water molecules 

in the fibrous collagen network, and therefore is a useful tool for obtaining information about the 

orientation of the collagen matrix in cartilage [15, 16].  The T2 relaxation time is inversely 

proportional to tissue anisotropy [15].  This means that regions with highly disorganized collagen 

have low T2 relaxation times, while highly organized regions have higher T2 relaxation times.  

Additionally, a disruption of the collagen matrix, as that which occurs in OA, would most likely 

result in an increase in T2 relaxation times in the area of tissue degeneration [16]. 

T1rho relaxation is spin-lattice relaxation in the rotating frame [16].  T1rho relaxation 

occurs during spin-locking, where sequential RF pulses are applied to the rotating transverse 

plane following magnetization tip for increasing lengths of time (usually ranging from 5-100ms 

for cartilage) [17].  This is sampled with a spin-echo technique over increasing spin-lock 

durations (TSL) [10].  This addition of a spin lock pulse allows for subtle spin-lattice interactions 

to take place, which are biologically relevant [10].  Each spin-lock time RF pulse produces images 

of different intensity [10].  The T1rho relaxation time of each pixel in an image can be 

extrapolated from an exponential relaxation curve, which is fit to a graph of image intensity of a 

given pixel versus the corresponding spin-lock time [10]. 

The T1rho relaxation time characterizes the longitudinal signal recovery using a rotating 

frame of reference during the application of the spin-lock pulses [10].  The slow motion 

interactions between motionally restricted water molecules and their macromolecular 

environment are examined by T1rho relaxation [16].  As a result, the T1rho relaxation time 

provides an indirect measure of PG content [16].  A decrease in PG content, as that which occurs 
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in early stage OA, would therefore be expected to result in an increase in T1rho relaxation times 

[16].   

Together, T1rho and T2 relaxation times are expected to be very useful in MR-based 

determination of cartilage properties.  T2 imaging can detect the interaction between water 

molecules through proton spin-spin exchange.  The integrity of the collagen network dominates 

this dipolar interaction in cartilage, and T2 relaxation can potentially be used to assess the 

collagen network and the interaction of water within it [15, 16].  T1rho relaxation detects the 

interaction of proton spins and their environment [16].  This measure can be used to characterize 

the interaction between PG and water within cartilage.  Together, T1rho and T2 weighted 

imaging have significant potential with regard to the assessment of cartilage health; thereby 

providing diagnostic and prognostic value with respect to the early detection of OA. 

1.4 T1rho and T2 Imaging for Cartilage Assessment 

Numerous previous studies have examined the use of T1rho and T2 relaxation times as a 

non-invasive method of cartilage analysis.  Prior work has considered both MR imaging of 

cartilage explants in vitro, as well as in vivo imaging of joints.  In vitro work has focused on the 

correlation of T1rho and T2 relaxation times with invasively measured cartilage properties.  In 

vivo work has attempted to verify that T1rho and T2 relaxation times can identify arthritic 

cartilage, detect progressive changes to cartilage in high risk populations (ACL deficient, 

meniscal damage, obese, etc.), and assess the effects of loading on the biochemical composition of 

cartilage. 

To better understand this method and advance towards validating T1rho and T2 

relaxation times for in vivo cartilage analysis, multiple studies have tried to correlate relaxation 
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times with in vitro measurements of cartilage properties, including biochemical composition, 

biomechanical measurements, and histological organization.  Enzymatic depletion of PG content 

and collagen content within the cartilage ECM has been used as a method for correlation of 

relaxation times with biochemical content.  T1rho, but not T2, has previously been shown to be 

correlated with remaining PG content in cartilage after enzymatic digestion [17-19].  Enzymatic 

depletion of collagen content in cartilage explants has also been correlated to increases in T1rho 

relaxation times [20], and T2 relaxation times [21].  These studies indicate that T1rho and T2 

relaxation times are sensitive to enzymatically induced changes within cartilage ECM. 

In addition to enzymatic degradation of cartilage, in vitro studies have examined OA 

affected samples removed from patients with total knee arthroplasty in order to analyze how 

relaxation times reflect changes in degenerative cartilage (as determined by subsequent cartilage 

testing).   Similar to in vivo work, these studies also indicate that increases T1rho relaxation times 

are correlated with the decrease in GAG content resulting from cartilage degeneration due to OA 

[22, 23].  However, there are conflicting results reported with regard to the correlation of T1rho 

with collagen content and T2 with GAG content and collagen content.  Li et al. reported that 

T1rho and T2 were not significantly correlated with collagen content or histological grade [22].  

However, Nishioka at al. found that T1rho and T2 were significantly correlated with degree of 

collagen anisotropy as determined through histological grade, and T2 was significantly 

correlated to GAG content [23].  On the basis of these contradictory in vitro results, additional 

work is needed to validate T1rho and T2 relaxation times as a non-invasive measure of cartilage 

composition. 
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The primary goal of using T1rho and T2 relaxation times in cartilage analysis is to 

develop a non-invasive in vivo method for the determination of biochemical properties.  This 

could allow for the identification of early changes that occur to cartilage, and thereby enable early 

OA diagnosis and disease management before the disease progresses to a point in which 

treatment is much less effective.  Additionally, this information would provide valuable in vivo 

insight into disease mechanism and progression which has previously been unavailable.   

T1rho and T2 relaxation times have been shown to be sensitive to differing degrees of OA 

within afflicted patients [24, 25].  Higher T1rho values were observed in patients with moderate 

OA compared to mild OA, and mild OA compared to healthy joints [25].  Both increased T1rho 

and T2 values were shown to be correlated to the degree of OA (Kellgran-Lawrence grade based 

on radiographic evidence), but T1rho was determined to be more sensitive to the degree of OA 

severity [25, 26].  Additionally, T1rho relaxation times have been shown to be able to specifically 

distinguish between OA defect areas of different grades and healthy cartilage within the same 

joint through location analysis, which has been arthroscopically verified [12].  These results 

indicate that T1rho and T2 relaxation times are sensitive to the in vivo degradation of cartilage, 

and thereby have potential for the diagnosis of early OA. 

One of the major risk factors associated with the development of OA is joint trauma (for 

example, anterior cruciate ligament (ACL) tear).  Detection of early biochemical changes to 

cartilage in post-traumatic patients may provide insights into disease mechanism and 

progression.  Previous work has examined changes in T1rho relaxation times in ACL injured 

knees versus healthy knees [22, 27, 28].  Increased T1rho relaxation times were seen in ACL 

reconstructed knees, compared to healthy contralateral knees, with larger increases seen on the 
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medial tibial and femoral condyles [27].  When considering T1rho and T2 relaxation times in ACL 

deficient knees prior to reconstruction and 1 year post-reconstruction compared with healthy 

controls, ACL injured knees were shown to have increased T1rho values in the lateral condyle at 

pre-reconstruction, which remained elevated one year post-operation compared to healthy 

injured knees [22].  Medial cartilage was found to have increased T1rho values at one year post 

reconstruction compared to both healthy and pre-operative values [22].  Additionally, patients 

with meniscus tears had elevated T1rho values in the corresponding compartment, suggesting 

that meniscal tears create an increased risk of cartilage degeneration [27, 28].   This work reveals 

that joint trauma causes increases in T1rho values, indicating early joint degeneration.  

Additional work in this area, considering other significant OA risk factors such as obesity (one of 

the main risk factors for developing OA), is needed to better understand early compositional 

changes in cartilage non-invasively within increased risk populations. 

Another area of research interest with regard to T1rho and T2 imaging is the evaluation 

of the effect of loading and unloading on the biochemical properties of cartilage.  Both the effects 

of acute joint loading (exercise) and long term joint unloading due to immobilization can be 

examined using T1rho and T2 imaging.  Location dependent decreases in T1rho and T2 

relaxation times have been reported after exercise (30 minute run) compared to before exercise, 

suggesting acute compositional changes to cartilage in response to loading [29].  Long term 

unloading of cartilage (6-8 weeks non-weight bearing) was also considered, and resulted in 

increased T1rho relaxation times that subsequently recovered back to baseline after the return to 

weight bearing [30].  These results suggest that cartilage is subject to compositional changes 

based on loading conditions, which are more localized to load-bearing regions and, for the most 
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part, appear to be reversible [30].  Abnormal loading and altered biomechanics can lead to 

changes in cartilage composition and chondrocyte metabolism, and can be a major contributing 

factor to the development of early OA [31].  Additional work on the effect of loading in both 

normal and altered biomechanics is needed to better understand the development of early OA. 

1.5 Objective 

The overall objective of this work is to validate T1rho and T2 quantitative MR imaging 

for the non-invasive evaluation of cartilage biochemical and biomechanical properties.  Previous 

work provides a foundation and framework for the use of T1rho and T2 relaxation times for the 

evaluation of cartilage composition.  However, further work is required to better understand how 

this method systematically reflects biochemical and biomechanical changes within cartilage.  An 

understanding of how particular deviations in T1rho and T2 relaxation times selectively reflect 

specific compositional changes within the PG or collagen content and organization within the 

cartilage is needed.  This work will look to selectively increase T1rho and T2 relaxation times 

with stepwise enzymatic degradation of different cartilage ECM components or natural 

osteoarthritic degradation in order to clearly demonstrate how each quantitative MR imaging 

measure is directly reflected in the biochemical and biomechanical composition of the cartilage.  

Additionally, as a new and evolving technique, there is a considerable amount of pertinent work 

that can be performed using this method to better understand cartilage changes resulting from 

difference circumstances.  The first objective of this work is to validate quantitative T1rho and T2 

MR Imaging techniques as a method for the non-invasive diagnosis of early OA through a 

comprehensive evaluation relating relaxation times of healthy cartilage, arthritic cartilage, and 

enzymatically degraded cartilage to measured biochemical, biomechanical, and histological 
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properties.  A specific understanding of how T1rho and T2 relaxation times selectively respond to 

changes in cartilage biochemical components and biomechanical properties will be uniquely 

established.  A second objective of this work is to use of this method in human subjects to non-

invasively examine the effects loading due to exercise on cartilage biochemical composition in 

order to better understand the loading environment of cartilage in vivo, with the ultimate goal of 

understand how altered loading environment lead to the development of OA. 
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2. Relationship between Quantitative T1rho and T2 
Relaxation Time and the Biochemical and 
Biomechanical Properties of OA Cartilage 

Note: This study was completed as a collaborative effort.  I did the T1rho and T2 image 

analysis for this study.   

2.1 Introduction 

Quantitative MR imaging has significant potential as a tool for the early diagnosis of 

osteoarthritis.  Early OA is characterized by changes to articular cartilage including proteoglycan 

loss, changes to the extracellular matrix, increases in water content, and decreases in cartilage 

stiffness.  The current diagnostic method for OA is radiological examination.  Radiographic 

evidence of joint space narrowing allows for the diagnosis of late stage OA, but it does not 

provide cartilage visualization or the ability to detect cartilage changes indicative of early OA.  

T1rho and T2 weighted MR imaging techniques have shown promising potential with regard to 

tracking biochemical compositional changes, associated with early OA, within cartilage [3, 4]. 

Several previous studies have considered the relationship between quantitative MR 

imaging and different cartilage properties.  In vivo imaging studies comparing symptomatic OA 

patients with asymptomatic healthy patients have observed significantly increased T1rho 

relaxation times in OA patients [24-26].  Additionally, T2 relaxation times have been shown to be 

significantly increased in OA affected patients versus healthy individuals [25, 26].  Both T1rho 

and T2 increases have been shown to be correlated to OA severity as determined by radiographic 

evidence [25].  While these studies indicate that T1rho and T2 relaxation times are generally 

sensitive to changes within cartilage associated with symptomatic OA, a detailed understanding 
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of the relationship between specific cartilage changes and the associated effects on relaxation time 

is critical for a better understanding of disease development, diagnosis, and treatment. 

In vitro imaging studies using osteochondral explants have attempted to correlate 

measureable cartilage properties with T1rho and T2 relaxation times.  PG loss is one of the initial 

signs of OA development and PG content within enzymatically degraded cartilage has been 

shown to be significantly correlated to the inverse of the T1rho relaxation time of cartilage; while 

no correlation between PG content and T2 relaxation times was seen  [18].  Similarly, decreased 

aggregate modulus resulting from enzymatic depletion of PG within cartilage has been shown to 

result in increased T1rho relaxation times [19].  Cartilage explants from joints removed from 

patients undergoing total joint arthroplasty due to severe OA have also been examined using 

T1rho and T2 imaging [22, 23].  PG content within these samples was shown to be correlated to 

T1rho relaxation times, but not T2 relaxation times [22].  Both T1rho and T2 were shown to be 

correlated to the degree of cartilage degeneration as determined by histological analysis [23].  

These results provide some insight into the specific changes within OA cartilage that are reflected 

by T1rho and T2 quantitative imaging, however, an all-inclusive study relating measured 

cartilage properties in OA defects and healthy cartilage within the same joints with T1rho and T2 

relaxation times would be useful to validate this method for early OA diagnosis. 

While multiple studies using T1rho or T2 imaging to examine specific cartilage properties 

have been published, an all-inclusive assessment of the relationship between OA cartilage 

composition, biochemical, and biomechanical properties and T1rho and T2 relaxation time is 

currently lacking in literature.  A comprehensive evaluation, focused on relating relaxation times 

to cartilage biochemical and biomechanical properties and biomarkers, is important to the 
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validation of this technique as an in vivo diagnostic method.  In this study we hypothesize that 

T1rho and T2 relaxation times reflect specific biochemical and biomechanical properties of OA 

articular cartilage. 

2.2 Materials and Methods  

2.2.1 Experimental Design 

Medial femoral condyles (n=28) were harvested from skeletally mature female porcine 

joints acquired from a local abattoir.  These condyles were Collins graded and divided into 

normal (n=9) and OA affected (n=19) groups (figure 3) [32].  Photographs were taken of the 

cartilage, synovium, and meniscus of each joint.  MR imaging of each condyle was obtained by 

fixing the harvested condyle to the base of a plastic tip box.  The condyles were immersed in PBS 

and scanned for T1rho and T2 images.  Punches were taken from each condyle post-MR imaging.  

Histological analysis (Saf-O, fast green, hematoxylin) was performed on cartilage punches and 

graded using modified Mankin grading scheme.  Biochemistry was performed on cartilage 

punches for percent water, S-GAG content, percent collagen, and total collagen content.  

Confined compression creep testing to determine aggregate modulus and hydraulic permeability 

was performed to determine biomechanical properties.  Synovial fluid was removed from each 

joint during dissection and tested for biochemical marker levels. 



 

20 

 

Figure 3:  General experimental organization for data acquisition in this study.  Synovial fluid 

was removed from the joint, photographs of the joint were taken, MRI scan of the condyle was 

performed, and biopsy punches of cartilage were taken.  

2.2.2 Joint Dissection 

Female porcine joints were obtained from a local abattoir and dissected.  Patellae and 

surrounding tissue were removed and synovial fluid was pipetted from the joint after opening.  

Medial and lateral ligaments, ACL, PCL, and surrounding tissue were cut away.  Remaining 

tissue was removed and the tibia and femur were separated.  The femur was placed in a vice and 

the medial condyle was sawed off.  The harvested condyles were covered in gauze and 

superglued to the base of the plastic base box.  PBS was added into the box until it filled, to 

completely immerse the condyles. 
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2.2.3 MR Imaging Analysis 

MR imaging was performed using a 3T scanner (Siemens Tim Trio) with an 8 channel 

knee coil.  Sagittal 3D Fast Imaging with Steady Precession (FISP) T1rho and T2-weighted images 

were acquired in single slices perpendicular to articular surface.  T1rho relaxation times were 

determined using spin-locking (parameters: TR/TE=3500/13ms, B1=500Hz, matrix=256x256).  

Sequential RF spin-lock pulses were applied (TSL – 5, 10, 20, 40, 60, 80, 100 ms), with each setting 

producing different image intensities (shortest pulse is highest intensity) [33].  T1rho values for 

each pixel were calculated by fitting exponential relaxation curves to image intensity versus spin-

lock times for each pixel (S(TSL)≈ S0e-(TSL/T1rho)) (figure 4).  T2 relaxation times were similarly 

determined (parameters: TR=3500 ms, TE = 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6 ms) [33].  T2 

relaxation times were determined by fitting exponential relaxation curves to image intensity 

versus echo times for each pixel in T2 images (S(TE)≈ S0e-(TE/T2)) (figure 5).   
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Figure 4: Sample T1rho relaxation curve.  T1rho values for each pixel within the cartilage area 

were calculated by fitting exponential relaxation curves to image intensity versus the spin-lock 

time.   

 

Figure 5: Sample T2 relaxation curve. T2 values for each pixel within the cartilage were 

calculated by fitting exponential relaxation curves to image intensity versus the echo time.   
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T1rho and T2 analyses were performed across the entire condyle.  Post-processing was 

performed in Mathematica 8.0 (Wolfram Research).  Articular surface and subchondral tidemarks 

were visually selected to generate cartilage masks for each MR slice.  Pixel-by-pixel raw intensity 

data for T1rho and T2 masks were fitted to the previously mentioned decaying exponential 

function to determine T1rho and T2 relaxation times for each pixel.  These relaxation times were 

used to generate colormaps for each MR slice.  This process is shown in figure 6.  In normal 

samples, all slices were analyzed together to compute a sample average T1ho and T2 value.  OA 

samples were divided into OA defect area and normal cartilage area, each of which was analyzed 

separately.  The OA defect area was determined through examination of the cartilage surface 

photograph taken of each joint prior to imaging and alignment of defect area in photographs 

with MR images to isolate the OA defect area (OA group) as shown in figure 7.  Pixels in the OA 

defect containing slices were selected specifically from the OA section and analyzed separately 

from normal looking slices (slices not containing OA defects as identified from the photographs; 

N-OA group).  A layer analysis of cartilage was performed in which superficial and deep layers 

of cartilage were segmented (figure 8).  The maps of each slice were divided into a superficial and 

deep region of cartilage (such that there were an equal number of pixels in the superficial and 

deep layer). 
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Figure 6:  Image analysis method for determining T1rho and T2 relaxation times and 

generating T1rho and T2 colormaps.  This pixel selection process was performed for each MR 

image slice to specify the area of cartilage on the image and generate the corresponding data. 

 

Figure 7: Method for isolating OA affected areas of cartilage.  In OA samples, the OA defect 

area was determined through examination of the cartilage surface photograph taken of each 

joint and the alignment of defect area in photographs with MR images to isolate the OA defect 
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area.  Slices containing defect areas (OA group) were analyzed separately from other slices 

within the same condyle containing healthy appearing cartilage (N-OA group). 

 

Figure 8:  Segmentation of superficial and deep region of cartilage.  Full thickness maps of 

cartilage for each slice were divided into superficial and deep regions. 

2.2.4 Biopsy Punches 

Biopsy punches were taken from each condyle after MR imaging using the orientation 

shown in figure 9.  Punches were placed in PBS soaked gauze.  Histology (H) and biomechanical 

(M) punches were placed in -20o C freezer while biochemical (B) punches were placed in 

cryovials and placed in -80o C freezer for analysis at a later time. 

 

Figure 9: Biopsy organization.  OA samples were taken from areas of OA defects within the 

cartilage while normal samples were taken from areas of healthy appearing cartilage.  
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2.2.5 Histological Analysis 

The H punches were placed in OCT (optimal cutting temperature) solution, flash frozen 

at -20o C, mounted for cryrosectioning at 5o blade angle and 8 micrometer thickness, sectioned 

onto slides, and allowed to dry.  These slides were then stained with Safranin-O, Hematoxylin, 

and Fast Green for GAG, cell nuclei, and collagen, respectively.  Histology samples were then 

graded using the Modified Mankin Grading scheme [34, 35]. 

2.2.6 Biochemical Analysis 

The B punch samples were cut in half for two different sets of analysis.  One half of the 

punch was weighed for wet weights, then lyophilized and weighed for dry weights.  The percent 

water content was computed (% water content = [(wet weight - dry weight)/wet weight] x 100%).  

These lyophilized samples were then papain digested for sulfated glycosaminoglycan (S-GAG) 

content using dimethylmethylene blue (DMMB) assay [36].  The samples were papain digested at 

65o C for 24 hours and then S-GAG content was measured using DMMB assay.   

The second half of the punch was α-chymotrypsin digested for extractable (cleaved) 

collagen.  These samples were digested at 37o C overnight to release extractable (cleaved) 

collagen [37].  The supernatant was collected and remaining tissue was digested in papain at 65o 

C for 24 hours.  Collagen content was measured in papain and chymotrypsin digested samples 

with hydroxyproline assay [38].  Total collagen was computed as the sum of extractable and 

papain digested collagen content.  The percent extractable collagen was calculated as well (% 

extractable collagen = [collagen content in chymotrypsin/total collagen] x 100%). 
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2.2.7 Biomechemical Analysis 

The M punch was evaluated in a confined compression test using a Mini Elf 300 with a 

500g load cell [39].  A creep test was performed and the data was used to calculate aggregate 

modulus and permeability.   

2.2.8 Statistical Analysis 

Normal groups were used as the reference control.  A paired T-test was completed to 

determine the significance of the difference between N-OA and OA samples. 

2.3 Results 

2.3.1 Cartilage Grading 

Cartilage grading was performed using the photographs taken of the cartilage surfaces 

from the joint dissection (figure 10).  Collins Visual Grading revealed a significant difference 

(p<0.001) between OA condyles (2.11) and normal condyles (0.67).  These results validated the 

original separation of the joints into OA and normal groups during dissection. 
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Figure 10: Gross joint photographs for visual grading of cartilage.  (a) Normal cartilage and (b) 

OA cartilage  

2.3.2 Histological Analysis 

Histological staining of cartilage revealed the cartilage structure of the different groups.  

Robust Safranin-O staining was seen in normal appearing cartilage in OA samples (N-OA), 

indicating proteoglycan rich ECM (figure 11-b).  OA defect areas exhibited tissue degeneration 

through a loss of staining (figure 11-c).  Modified Mankin grading of tissues samples was used to 

quantify visual difference between normal and OA cartilage groups.  OA groups had a 

significantly higher grade (p<0.001) than the normal-OA groups. 
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Figure 11:  Results of histological analysis.  Safranin O and fast green stained sections of 

cartilage from (a) a healthy knee (N), (b) the normal appearing area of an OA knee (N-OA), 

and (c) the OA defect area of an OA knee (OA).  Red staining indicates proteoglycans, blue 

staining shows collagen, and hematoxylin stains cell nuclei black. (histology results courtesy 

of Cox and Collins) 

2.3.3 Biochemical Analysis 

The average S-GAG content was 44% lower in the OA cartilage compared to N-OA 

cartilage (p<0.001) (figure 12-a).  The percent extractable collagen was significantly higher in the 

OA cartilage than the N-OA group (p<0.05) (figure 12-b).  The total collagen content of the two 

groups, however, was not determined to be significantly different.  The percent water content 

was significantly increased in OA cartilage over N-OA cartilage (p<0.001) (figure 12-c).   
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Figure 12: Results of biochemical analysis.  Mean (+SD) for the (a) S-GAG content, (b) % 

Extractable collagen, and (c) % Water content (*p<0.05, **p<0.001, --- normal joints average).  

(biochemical results courtesy Cox, Collins, Kim) 

2.3.4 Biomechanical Testing 

The aggregate modulus was significantly decreased, by over 60%, from the N-OA group 

to the OA group (p<0.001) (figure 13-a).  The hydraulic permeability was also significantly 

decreased, by about 53%, in OA groups versus N-OA groups (p<0.05) (figure 13-b). 
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Figure 13: Results of biomechanical analysis.  Mean (+SD) for the (a) Aggregate modulus and 

(b) Hydraulic permeability (*p<0.05, **p<0.001, --- normal joints average).  (biomechanical 

results courtesy of Cox, Collins, Kim) 

2.3.5 MR Imaging Analysis 

T1rho and T2 analyses were performed on Normal and OA samples (which were 

regionally separated into OA and N-OA groups).  There was a significant increase in T1rho 

relaxation times in the OA cartilage of about 7% compared to N-OA (p<0.001) (figure 14-a).  

T1rho color maps illustrate that higher relaxation times in the OA areas were primarily found in 

the superficial layer of the OA cartilage (figure 16-a,b,c).  This suggests a proportionally higher 

loss of PG from the superficial layer of cartilage.  This qualitative result was tested by a T1rho 

layer analysis, which divided the cartilage masks into superficial and deep regions.  There was a 

significant increase in both the superficial and deep regions between OA and N-OA samples 

(p<0.05).   There was approximately a 7% increase in the superficial layer and about a 6% increase 

in the deep layer, suggesting that there was an increase in T1rho throughout the cartilage 
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thickness (figure 15-a,b).  The average T2 relaxation times were significantly decreased in the OA 

groups, by about 23%, compared to the N-OA group (p<0.001) (figure 14-b, figure 16-d,e,f).    

 

Figure 14: Results of quantitative MR imaging analysis.  Mean (+SD) for the (a) T1rho 

relaxation times and (b) T2 relaxation times (**p<0.001, --- normal joints average). 

 

Figure 15: Results of superficial and deep separation of T1rho imaging of cartilage.  Mean 

(+SD) for the (a) Superficial T1rho relaxation times and (b) Deep T1rho relaxation times 

(**p<0.001, --- normal joints average). 
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Figure 16: T1rho  and T2 color maps for the (a) normal area of a healthy knee, (b) normal 

appearing area of an OA knee, and (c) OA area of an OA knee.  T2 color maps for the (d) 

normal area of a healthy knee, (f) normal appearing area of an OA knee, and (f) OA area of an 

OA knee. 

 

2.4 Discussion 

T1rho and T2 quantitative MR imaging techniques were used to non-inversely assess 

osteoarthritic and normal appearing cartilage within the same joint, in addition to normal 

cartilage from healthy joints.  The normal cartilage from healthy joints and normal appearing 

cartilage from OA joints had similar results in with regard to all experimental measures.  

Histological analysis displayed a visual increase in structural degeneration and a loss of 

proteoglycan staining, in addition to an increase in modified Mankin grade, in OA affected 

cartilage compared to normal appearing cartilage within the same joint (normal-OA).  These 

histological observations were confirmed by biochemical analysis, which indicated decreased S-
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GAG and an increased percentage of extractable collagen in OA cartilage compared to normal 

OA.  Biomechanical changes to the cartilage resulting from OA were indicated by a decrease in 

aggregate modulus and an increase in permeability within OA defects.  T1rho relaxation times 

were increased in OA cartilage compared to normal-OA, while T2 relaxation times were shown 

to decrease in OA defects. 

Biochemical and biomechanical analyses indicated significant differences between OA 

and normal-OA cartilage.  OA defects corresponded to decreased GAG content, increased 

percent extractable collagen, and increased water content within cartilage.  Decreased aggregate 

modulus and increased permeability indicated a loss of biomechanical integrity in OA cartilage 

compared to normal-OA.  These results are in general agreement with several related studies.  

Nishioka et al. examined biochemical composition within joints removed in total knee 

arthroplasty due to OA [23].  The harvested osteochondral samples were histologically graded.  

Decreased GAG content, increased water content, and increased collagen anisotropy were all 

associated with increased cartilage degradation grade [23].  Wheaton et al. used enzymatic 

depletion to mimic cartilage degeneration of early OA and tested the resulting biomechanical 

properties [19].  Decreasing PG content within the cartilage resulted in decreased aggregate 

modulus and increased permeability [19].  The results of these studies support our data, 

indicating that osteoarthritic progression is associated with changes in biochemical composition 

and biomechanical properties of cartilage. 

T1rho relaxation times increased in OA cartilage compared to normal-OA cartilage, 

corresponding to the biochemical and biomechanical changes previously discussed.  Several 

previous studies have similarly indicated that arthritic changes to cartilage correspond to 
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increased T1rho relaxation times.  Regatte et al. enzymatically decreased PG content in cartilage 

and established a correlation between decreasing PG content and increasing T1rho values [18].  

Wheaton et al. also observed a correlation between increasing PG degradation and increased 

T1rho [19].  Additionally, increased T1rho relaxation times were correlated to decreasing 

aggregate modulus, thereby relating biomechanical properties to T1rho results.  Li et al. 

performed an in vivo study comparing OA joints to healthy joints and found that T1rho was 

significantly increased in the OA patients [25].  T1rho was correlated to the degree of OA severity 

(based on radiographic measures). 

The results of our study suggest that the osteoarthritis regions are highly localized within 

a joint and do not significantly affect other regions of cartilage within the same joint.  Detected 

changes in biochemical composition, biomechanical properties, and T1rho were all localized to 

the OA defect area, while remaining normal-OA cartilage had very similar data (across all 

measures) to normal cartilage obtained from a healthy joint.  Hennerbichler et al. compared 

healthy cartilage obtained from the patellar groove with OA affected cartilage obtained from the 

femoral condyle within the same joint and found that healthy appearing cartilage had improved 

properties compared to the OA defect areas [40].  Witschley et al. showed T1rho was able to 

distinguish between areas of healthy cartilage, areas with grade 1 defects (softening and 

swelling), and areas of grade 2 defects (early superficial fibrillation, vertical clefts in cartilage) 

within the same joint [12].  Site-specific variation of T1rho within a joint between healthy and 

degenerated cartilage was verified using arthroscopy. 

Separation of T1rho cartilage maps into the superficial and deep regions of cartilage 

showed that similar changes in percent difference in cartilage composition between normal-OA 
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cartilage and OA defects are seen throughout the cartilage thickness.  T1rho values were 

significantly higher in superficial regions in comparison to deep regions in both sets of samples; 

however, the percent increase in T1rho in OA defects compared to normal-OA in both layers was 

about 6-7%.  Similar findings have previously been reported by Kumar et al., who revealed 

similar T1rho increases in both the superficial and deep layers of cartilage in OA patients 

compared to healthy patients [41].  These results suggest that the changes in cartilage 

composition due to OA progression occur throughout the entire thickness of the cartilage.   

T2 relaxation times significantly decreased in OA defects as compared to normal-OA 

areas.  Previous work indicates that T2 values vary with cartilage organization between deep, 

transition, and superficial regions of cartilage, with organized collagen fibrils of the superficial 

and deep layer resulting in higher T2 values than the anisotropic middle section [7].  Histology of 

Normal-OA cartilage showed a slight loss of staining in the superficial edge of cartilage, 

indicating early degeneration of this portion of the tissue.  Early degeneration of the collagen 

fibril network resulting in increased local water content has been previously shown to result in 

increased T2 values in the superficial layer [21].  Histological sections of OA defects indicated a 

loss of the superficial layer of cartilage and a general loss of cartilage organization (including in 

the deep layer).  Previously, the superficial layer of cartilage has been shown to have higher T2 

values than the rest of the cartilage suggesting that the absence of the superficial layer would 

results in an overall lower T2 relaxation time [41].  Similar differences between moderately and 

severely degraded cartilage have been reported in the literature.  David-Vaudey et al. reported 

that higher T2 values were found in tibial cartilage with moderate OA than with severe OA [42], 

suggesting that the initial changes in collagen fibril organization and increased water content 
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result in an initial increase in T2 ; followed by a decrease of T2 in more severely degraded 

cartilage, due to a loss of collagen content and tissue disintegration.   

T1rho and T2 relaxation times reflected the biochemical and biomechanical properties of 

cartilage.  Our results indicate that T1rho and T2 can be used to detect changes in cartilage due to 

OA progression, and validates quantitative MR imaging analysis as an in vivo tool to diagnose 

early OA. 
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3. An Evaluation of the Compositional and Functional 
Properties of Articular Cartilage using T1rho and T2 
Relaxation Mapping 

Note: This study was completed as a collaborative effort.  I did the T1rho and T2 images 

analysis for this study.   

3.1 Introduction 

Quantitative MR imaging has great potential as a tool for the non-invasive assessment of 

cartilage composition. Numerous previous studies have examined the use of T1rho and T2 

relaxation times as a non-invasive method of cartilage analysis.  In the previously described OA 

grading study, we were able to demonstrate that T1rho and T2 relaxation times are sensitive to 

changes in cartilage due to the presence of OA defects and disease-related cartilage breakdown.  

Additional studies have also considered the quantitative MR imaging of cartilage explants in 

vitro, focusing on the correlation of T1rho and T2 relaxation times with measurable cartilage 

properties, including biochemical, histological, and biomechanical measurements.   

In this validation study, enzymatic depletion of cartilage in target specific components of 

the extracellular matrix has been used to try to correlate specific biochemical components of the 

cartilage extracellular matrix to T1rho and T2 values.  Through enzymatic depletion of cartilage 

explants, PG content has previously been shown to be inversely correlated to T1rho relaxation 

times [18, 19].  Additionally, T1rho has been shown to increase with enzymatic collagen 

digestion, which causes a disruption to the collagen matrix within the cartilage [20].  However, it 

is unclear whether the T1rho sensitivity to enzymatic collagen digestion is due to the 

corresponding loss of PG, changes to collagen organization, or some combination of both.  T2 
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relaxation times have been shown to increase with enzymatic collagen digestion [21], while 

having no correlation to changes in PG content [21, 22].  While these studies suggest that T1rho 

and T2 relaxation times are sensitive to certain changes within the cartilage ECM, a study that 

considers both enzymatic depletion of PG and collagen, within the same sample set, has not yet 

been published in the literature.  Through stepwise enzymatic depletion that firsts targets PG 

within the tissue, and then targets collagen, the corresponding T1rho and T2 relaxation time 

changes could be uniquely correlated to specific ECM components.  Such an investigation would 

clearly indicate the specific changes within the cartilage ECM that are reflected in the particulate 

variations of T1rho and T2 relaxation times separately. 

These quantitative MR imaging techniques still require validation by the direct 

correlation of their relaxation times to specific changes in biochemical, biomechanical, and 

histological properties of articular cartilage.  This study utilizes targeted enzymatic depletion of 

both GAG and collagen in a stepwise manner to determine the specific effect that each has on 

T1rho and T2 relaxation times.  A repeated measures design is used to examine the effect of 

targeted enzymatic cartilage degradation (to isolate changes in cartilage biochemical 

composition, mechanical properties, and histology) on the T1rho and T2 relaxation times.  

Through this unique study design, an examination of how T1rho and T2 relaxation times are 

selectively changed in response to the degradation of specific components of the cartilage ECM 

will be examined.    
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3.2 Materials and Methods 

3.2.1 Experimental Design 

Lateral femoral condyles (n=16) were harvested from skeletally mature female porcine 

joints obtained from a local abattoir.  Each joint was subjected to a treatment procedure (figure 

17).  First, untreated (UT) condyles were MR imaged.  After MR imaging, a round of biopsies 

were taken from each condyles.  Condyles were then subjected to enzyme treatment for specific 

sulfated glycosaminoglycan (S-GAG) digestion by chondroitinase ABC (cABC) [43].  Following a 

48 hour digestion, a second round of MR imaging was performed, followed by a second round of 

biopsy punches.  A second round of digestion was performed with collagenase for specific 

collagen digestion such that condyles were now digested by both cABC and collagenase [43].  A 

third round of MR imaging followed by biopsy punches was performed.  T1rho and T2 analysis 

was performed on each set of MR imaging.  Biopsy punches were analyzed biochemically, 

histologically, and biomechanically. 

3.2.2 Joint Dissection 

Female porcine joints (n=16) were obtained from a local abattoir and dissected.  Patellae 

and surrounding tissue were removed and synovial fluid was pipetted from the joint after 

opening.  Medial and lateral ligaments, ACL, PCL, and surrounding tissue were cut away.  

Remaining tissue was removed and the tibia and femur were separated.  The femur was placed in 

a vice and the lateral condyle was sawed off.  The harvested condyles were covered in gauze and 

superglued to the base of the plastic base box.  Condyles were placed in 10U/mL 

penicillin/streptomycin/fungizone (PSF) containing Dulbecco’s modified Eagle’s medium 
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(DMEM) in a 37o C incubator for 1 hour to maintain a sterile environment.  Next, PBS was filled 

into the box to completely immerse the condyles. 

3.3.3 MR Imaging Analysis 

MR imaging was performed using a 3T scanner (Siemens Tim Trio) with an 8 channel 

knee coil.  Sagittal 3D Fast Imaging with Steady Precession (FISP) T1rho and T2-weighted images 

were acquired in single slices perpendicular to articular surface.  T1tho relaxation times were 

determined using spin-locking (parameters: TR/TE=3500/13ms, B1=500Hz, matrix=256x256).  

Sequential RF spin-lock pulses were applied (TSL – 5, 10, 20, 40, 60, 80, 100 ms), with each setting 

producing different image intensities (shortest pulse is highest intensity) [33].  T1rho values for 

each pixel were calculated by fitting exponential relaxation curves to image intensity versus spin-

lock times for each pixel (S(TSL)≈ S0e-(TSL/T1rho)) (figure 4).  T2 relaxation times were similarly 

determined (parameters: TR=3500 ms, TE = 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6 ms) [33].  T2 

relaxation times were determined by fitting exponential relaxation curves to image intensity 

versus echo times for each pixel in T2 images (S(TE)≈ S0e-(TE/T2)) (figure 5).   

T1rho and T2 analyses was performed across the entire condyle.  Post-processing was 

performed in Mathematica 8.0 (Wolfram Research).  Articular surface and subchondral tidemarks 

were visually selected to generate cartilage masks for each MR slice (figure 6).  Pixel-by-pixel raw 

intensity data for T1rho and T2 masks were fitted to the previously mentioned exponential decay 

function to determine T1rho and T2 relaxation times for each pixel.  These relaxation times were 

used to generate colormaps for each MR slice.  T1rho and T2 values of all slices were averaged 

together to compute a sample average T1ho and T2 value.   
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3.3.4 Digestion 

cABC digestion was performed with 0.15 units/mL at 37o C for 48 hours for S-GAG 

digestion.  Collagenase enzyme digestion was performed with 0.10 units/mL at 37o C for 48 hours 

as well for collagen digestion.  The treatment protocol is shown in figure 17.   

 

Figure 17: T1rho validation study experimental design.  Condyles were harvested, MR imaged, 

digested with cABC, MR images, digested with collagenase, and MR imaged a final time.  
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3.3.5 Biopsy Punches 

Biopsy punches were taken from each condyle after each round of MR imaging using the 

orientations shown in figure 18.  Punches were placed in PBS soaked gauze.  Histology (H) and 

biomechanical (M) punches were placed in -20o C freezer, while biochemical (B) punches were 

placed in cryovials and placed in -80o C freezer for analysis at a later time. 

 

Figure 18: Biopsy punch organizations.  Biopsy locations were rotated to account for natural 

locational variability in the cartilage.   

3.3.6 Histological Analysis 

The H punches were placed in OCT (optimal cutting temperature) solution, flash frozen 

at -20o C, mounted for cryrosectioning at 5o blade angle and 8 micrometer thickness, sectioned 

onto slides, and allowed to dry. These slides were the stained with Safranin-O, Hematoxylin, and 

Fast Green for GAG, cell nuclei, and collagen, respectively.  Histology samples were then graded 

the Modified Mankin Grading scheme [34, 35]. 
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3.3.7 Biochemical Analysis 

The B punch samples were cut in half for two different sets of analysis.  One half of the 

punch was weighed for wet weights, then lyophilized and weighed for dry weights.  The percent 

water content was computed (% water content = [(wet weight - dry weight)/wet weight] x 100%).  

These lyophilized samples were the papain digested for sulfated glycosaminoglycan (S-GAG) 

content using dimethylmethylene blue (DMMB) assay.  The samples were papain digested at 65o 

C for 24 hours and then S-GAG content was measure using DMMB assay [36].   

The second half of the punch was α-chymotrypsin digested for extractable (cleaved) 

collagen.  These samples were digested at 37o C overnight to release extractable (cleaved) 

collagen [37].  The supernatant was collected and remaining tissue was digested in papain at 65o 

C for 24 hours.  Collagen content was measured in papain and chymotrypsin digested samples 

with hydroxyproline assay [38].  Total collagen was computed as the sum of extractable and 

papain digested collagen content.  The percent extractable collagen was calculated as well (% 

extractable collagen = [collagen content in chymotrypsin/total collagen] x 100%). 

3.3.8 Biomechemical Analysis 

The M punch was evaluated in a confined compression test using a Mini Elf 300 with a 

500g load cell [39].  A creep test was performed and the data was used to calculate aggregate 

modulus and permeability. 

3.3.9 Statistical Analysis 

Repeated measures analysis was used to determine statistically significant differences in 

all outcome measures (between UT, cABC/coll, and cABC+coll groups).  Post-hoc testing was 

completed using Fischer’s least squares difference method with p<0.05. 
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3.3 Results 

3.3.1 Histological Analysis 

Histological staining of cartilage revealed cartilage structural differences between 

treatment groups.  Robust Safranin-O staining was seen in the untreated cartilage group 

indicating proteoglycan rich ECM (figure 19-a).  Increased tissue degeneration and proteoglycan 

depletion was visible through a loss of staining in the cABC group (figure 19-b), and a further 

loss of cartilage structure was visible in cABC+collagenase group (figure 19-c).   

 

Figure 19: Results of histological analysis.  Safranin O and fast green stained sections of 

cartilage with (a) untreated, (b) cABC digestion, and (c) cABC and collagenase digestion.  Red 

staining indicates proteoglycans, blue staining shows collagen, and hematoxylin stains cell 

nuclei black. (histological results courtesy of Cox and Collins) 

3.3.2 Biochemical Analysis 

The average S-GAG content was about 25% lower in the cABC cartilage compared to UT 

treated cartilage (p<0.05), and about 22% lower in cABC+collagenase cartilage compared to UT 

treated cartilage (p<0.05) (figure 20-a).  There was no statistical difference in the S-GAG content of 

the cABC treated groups and the cABC+collagenase treated group.    The total collagen content, 

however, was not significantly different between the three groups (figure 20-c).  The percent 

extractable collagen was significantly higher in the cABC+collagenase treated cartilage than in 
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both the UT group (p<0.001) and the cABC treated group (p<0.01) (figure 20-d).  There was no 

statistical difference in percent extractable collagen between the UT and cABC groups.  No 

statistical differences were seen between the three groups with regard to percent water content 

(figure 20-b).   

 

Figure 20: Results or biochemical analysis.  Mean (+SD) for the (a) S-GAG content, (b) % Water 

content, (c) Collagen, and (d) % Extractable collagen (*p<0.05, **p<0.01, ***p<0.001).  

(Biochemical results courtesy Cox, Collins, Kim, McNulty) 
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3.3.3 Biomechanical Testing 

The aggregate modulus decreased by about 40% between UT samples and cABC treated 

samples (p<0.05), and by about 65% between UT and cABC+collagenase samples (p<0.05) (figure 

21-a).  The decrease in aggregate modulus between cABC and cABC+collagenase samples was 

not found to be significant (p=0.16).  The permeability showed a decreasing trend from UT to 

cABC to cABC+collagenase groups, but there was no significant differences between groups 

(p=0.72) (figure 21-b).  

 

Figure 21: Results of biomechanical testing.  Mean (+SD) for the (a) Aggregate modulus and (b) 

Hydraulic permeability (*p<0.05).  (Biomechanical results courtesy Cox, Collins, Kim, 

McNulty) 

3.3.4 MR Imaging Analysis 

T1rho and T2 analyses were performed on each treatment.  There was a significant 

increase in T1rho relaxation times with each sequential treatment (figure 22-a).  There was 

approximately an 11% increase in T1rho relaxation times from UT to cABC (p<0.05), a 7% 

increase from cABC to cABC+collagenase (p<0.05), and a 20% cumulative increase from UT to 



 

48 

cABC+collagenase (p<0.05).   T1rho color maps visually indicated an increase in T1rho values 

throughout the cartilage as well (figure 23-a).  The average T2 relaxation times did not 

significantly increase from UT with cABC treatment (figure 22-b).  There was, however, a 

significant increase in T2 with collagenase treatment.  An approximately 19% increase in T2 was 

observed from cABC to cABC+collagenase treatment (p<0.001), and a cumulative increase of 

about 20% from UT to cABC+collagenase (p<0.001) (figure 22-b, 23-b).   

 

Figure 22: T1rho and T2 analysis results.  Mean (+SD) for the (a) T1rho relaxation times and (b) 

T2 relaxation times (*p<0.05, **p<0.001).  
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Figure 23:  Color maps for (A) T1rho of untreated, cABC, and cABC + collagenase digested 

cartilage, and (B) T2 of untreated, cABC, and cABC + collagenase digested cartilage.  Visible 

increases in T1rho and T2 values in the cartilage map can be seen with each digestion. 

 

3.4 Discussion 

Quantitative MR imaging techniques were used to non-invasively assess cartilage before 

and after enzymatic depletions.  Cartilage samples were T1rho and T2 imaged in their untreated 

state, following enzymatic depletion with chondroitinase ABC (cABC) targeting 

glycosaminoglycan (GAG), and following subsequent collagen targeted enzymatic depletion with 

collagenase.   Histological analysis provided visual evidence of an increase in structural 

degeneration and a loss of staining indicative of proteoglycan loss in both cABC and 

cABC+collagenase treated cartilage, in comparison with untreated cartilage.  Biochemical analysis 

confirmed that cABC treatment specifically caused a decrease in GAG content, while subsequent 

collagenase treatment resulted in a specific increase in percent of extractable collagen.  

Biomechanical testing indicated a decrease in aggregate modulus and a decreasing trend in 

hydraulic from untreated to cABC treatment and from cABC to cABC+collagenase treatment.  
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T1rho and T2 relaxation times were selectively increased independently of each other in response 

to the stepwise cABC and collagenase digestions. T1rho relaxation times increased significantly 

with each sequential treatment.  T2 relaxation times increased with collagenase treatment 

(cABC+collagenase group) compared to only cABC and untreated.   

The goals of cABC and collagenase digestion were specifically targeted GAG and 

collagen depletion, respectively.  cABC successfully resulted in the targeted depletion of S-GAG 

content, while subsequent collagenase digestion resulted specifically in the disruption of the 

collagen network.  cABC digestion specifically affected GAG content within the cartilage and 

resulted in a significant decrease in GAG content compared to its prior untreated state; but it did 

not result in a change in total collagen content or percent extractable collagen.  A significant 

decrease in measured GAG content with no corresponding decrease in collagen content with 

cABC digestion was also reported by Basalo et al. [43].  Following cABC digestion and 

quantification, collagenase digestion was used to specifically target collagen depletion.  No 

change in total collagen content was observed with collagenase digestion, but a significant 

increase in percent extractable collagen content, compared to cABC and untreated, was detected.  

Similarly, Choi et al. noted no change in total collagen content with collagenase digestion, but 

observed a loss of type II collagen staining in their immunohistochemistry analysis [20].  

Together, these results suggest that collagenase digestion disrupted the collagen network of the 

cartilage through the cleaving of collagen (percent extractable collagen is a measure of cleaved 

collagen), but did not cause cleaved collagen to leave the cartilage extracellular matrix and, 

therefore, did not affect the total collagen present in the cartilage.  The use of cABC digestion and 
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subsequent collagenase digestion in this study was successful with regard to the stepwise 

disruption of GAG and collagen within the cartilage.  

The changes in cartilage biochemical composition from enzymatic digestion resulted in 

changes to the cartilage biomechanical properties.  A significant decrease (about 40%) in 

aggregate modulus resulted from cABC digestion (GAG loss) compared to untreated, while an 

additional but not significant decrease (about 25%) in aggregate modulus was seen with the 

subsequent collagenase digestion.  A similar trend in results was seen by Wayne et al. in their 

study of the enzymatic digestion of patellar cartilage explants, using either cABC or collagenase 

to mimic the cartilage degeneration seen with OA [44].  A 70% decrease in aggregate modulus 

was reported from cABC treatment, and the decrease in aggregate modulus was correlated with 

the decrease in PG content, while only a 30% decrease was seen with collagenase treatment.  Our 

results indicate that both the loss of GAG and the disruption of the collagen network result in a 

decrease in aggregate modulus (with GAG loss due to cABC digestion having a more significant 

effect), demonstrating the relationship between biochemical composition of cartilage and its 

biomechanical properties. 

T1rho relaxation times were significantly increased with cABC treatment, and 

additionally increased with subsequent collagenase treatment.  These findings suggest that T1rho 

values increased as a result of both a decrease in GAG content (cABC digestion) and a disruption 

of the collagen network (collagenase digestion).  Similar results have previously been indicated in 

the literature.  Regatte et al. enzymatically induced proteoglycan (PG) loss in cartilage and found 

a significant correlation between the percent of original PG content remaining in the tissue after 

digestion and the inverse of T1rho relaxation times [18]; indicating that T1rho relaxation times 
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increased as PG content in the tissue decreased.  Wheaton et al. also used enzymatic depletion to 

decrease PG content and observed a correlation between PG loss and corresponding decrease in 

aggregate modulus with increased T1rho relaxation times [19].  Our work indicates that in 

addition to reflecting a decrease in PG content, increased T1rho also resulted from the disruption 

of the collagen network from collagenase digestion.  Choi et al. also saw a significant increase in 

T1rho values in collagenase digested cartilage, as reflected in a loss of immunohistochemistry 

staining for collagen type II, in comparison with a control group [20].  The results of the current 

study indicate that T1rho relaxation times increase with both decreases in GAG content and 

disruption to the collagen network, and T1rho is capable of detecting changes in both the GAG 

and collagen within cartilage. 

T2 showed significantly increased relaxation times with collagenase (and cABC) 

digestion, but not with only cABC digestion.  The change in GAG content from cABC digestion 

had no detectable effect on T2 relaxation times.  It has previously been shown that there is no 

correlation between T2 and the PG content remaining after enzymatic treatment [18].  

Collagenase treatment resulted in a significant increase in T2 relaxation times, indicating that T2 

is sensitive to disruption of the collagen network.  Nieminen et al. also observed a significant 

increase in T2 relaxation in superficial cartilage with collagenase treatment [21].  The results of 

the current study indicate that T2 specifically reflects changes to the collagen network in 

cartilage, but not to PG content.    

The current study has been designed to allow for the changes in biomechanical and 

quantitative MR imaging measures to be distinguishable as either being caused by decreasing 

GAG content or by disruption of the collagen network, while also accounting for the inherent 
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variability between samples through sequential digestion.  This experimental design is 

specifically useful with regard to the validation of T1rho and T2 relaxation times as indicators of 

specific cartilage biochemical changes.  The study is also unique in that T1rho and T2 relaxation 

times were selectively changed independently of each other in response to different stepwise 

enzymatic depletions targeting PG and collagen.  On a molecular level, T1rho imaging detects the 

interaction proton spins and their environment [16], suggesting that T1rho can be used to 

characterize the interaction between PG and water within cartilage.  The use of T1rho to detect 

changes in PG content within cartilage has been validated.  Additionally, T1rho relaxation times 

have also been shown to reflect changes to the collagen network (perhaps because the disruption 

of the collagen network causes changes to the interactions between PG and water within the 

cartilage).  T2 imaging detects the interaction between water molecules through spin-spin 

exchange [16].  The integrity of the collagen network dominates this dipolar interaction [16], 

suggesting that T2 relaxation assesses the collagen network and the interaction of water within it.  

This validates the ability of T2 relaxation to specifically indicate changes to the collagen network.  

Through the use of this repeated measures design, this work is able to uniquely demonstrate 

stepwise increases in T1rho in response to GAG depletion and collagen network disruption, as 

well as an increase in T2 specifically in response to collagen disruption.  The ability to selectively 

increase T1rho and then T2 through stepwise enzymatic depletions is a unique contribution of 

this study to the literature.  The use of T1rho and T2 relaxation times to evaluate osteoarthritic 

cartilage provides important information regarding whether cartilage changes are associated 

with PG loss, change in the collagen network, or both. 
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T1rho and T2 relaxation times reflect the biochemical composition and biomechanical 

properties of cartilage.  The progression of OA begins with a reduction in PG content and an 

increase in water content within the tissue, followed by increased synthesis, degradation, and 

disorganization of the collagen network [1].  Together with general knowledge regarding disease 

progression, T1rho (changes in PG and collagen) and T2 imaging (changes in collagen only) are 

potentially useful for determining the stage or status of disease progression of a patient, and the 

specific biochemical changes that have occurred to the patient’s cartilage.  The selectivity of these 

measures, with respect to changes in PG content and collagen organization, demonstrates the 

potential of this method to provide direct insight into the changing composition of degenerating 

cartilage. This work represents a significant step in the validation of the use of T1rho and T2 as 

tools for the in vivo detection and diagnosis of changes in cartilage composition associated with 

early OA.   
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4. The Effect of Dynamic Activity on Localized T1rho 
Relaxation Time in Knee Cartilage 

Note: This study was completed as a collaborative effort.  I did the superficial and deep T1rho 

analysis for the femur in this study.   

4.1 Introduction 

During general daily activities, the articular cartilage in the knee experiences mechanical 

loads several times greater than body weight.  Acute changes occur within cartilage as a result of 

this dynamic loading.  Interstitial water within the cartilage extracellular matrix is exuded in 

response to the mechanical loading, and causes an increase in the relative proteoglycan content 

within the tissue.  This subsequently changes the charge density within the cartilage ECM and 

the osmolarity of the tissue [45].  Chondrocyte metabolism of the ECM is affected by the results of 

this osmolarity change [31].  Under normal circumstance, this response maintains tissue health, 

and dynamic loading has no adverse effect on the joint tissues [31].  However, there is strong 

evidence indicating that abnormal loading due to altered biomechanics can lead to changes in 

cartilage composition and chondrocyte metabolism.  Changes to the normal balance of 

chondrocyte metabolism are reflected in progressive degeneration of articular cartilage, and 

further alter the responses of the cells to loading [31].  Altered mechanical loading and abnormal 

cartilage physiology are major contributing factors to the development of early OA.  The 

relationship between biomechanical loading and molecular composition of cartilage, as related to 

cartilage degeneration, suggests that a better understanding of the effects of various types of 

biomechanical loading exercises and conditions could improve our understanding of OA 

initiation. 
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T1rho relaxation times have been shown to be sensitive to changes in cartilage that are 

associated with degeneration.  Numerous studies, including the previously mentioned work by 

Guilak et al. [31], have indicated a strong inverse correlation between T1rho relaxation times and 

PG content [18, 19, 46].  T1rho represents a powerful tool for non-invasive assessment of cartilage 

components and provides a method for the in vivo assessment of acute changes to cartilage 

biochemistry (especially relative PG content) associated with mechanical loading.  Both the 

effects of short term mechanical loading due to exercise and the long-term mechanical unloading 

due to a time period of non-weight bearing recovery have been previously studied [29, 30].   

Long term joint unloading (6-8 weeks of non-weight bearing) has been shown to cause a 

significant increase in T1rho values in the cartilage throughout the joint, which subsequently 

returned to near baseline four weeks after resuming normal weight-bearing activities [29].  These 

results may indicate an increase in water content within the cartilage during long-term 

unloading, resulting in a relative decrease in PG content and increased T1rho.  After resuming 

normal weight-bearing activities, mechanical loading would cause the water content within the 

cartilage to return to normal levels, resulting in a relative increase in PG and a decrease of T1rho 

values, essentially equivalent to the baseline (pre-non-weight bearing) values.  This analysis 

suggests that reversible changes to cartilage composition occur as a result of mechanical loading. 

The short-term effect of loading (due to exercise) on cartilage is also of interest.  T1rho 

has been shown to be significantly decreased throughout the entire tibiofemoral joint following 

thirty minutes of running, as compared to values directly before running [30].  These results 

further demonstrate that mechanical loading changes the cartilage micro composition, including 

the exudation of interstitial water, resulting in a relative increase in PG content.  This increase is 
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successfully indicated by the decrease in T1rho relaxation times post-exercise.  There results 

further suggest that T1rho is a potentially useful tool for the better understanding of how 

mechanical loading affects cartilage. 

This study aims to quantify the localized effect of dynamic activity on T1rho relaxation 

times in the tibiofemoral joint.  Site-specific changes in T1rho values, determined using a 

mathematical registration technique and a grid system for cartilage sampling, will be examined 

(as opposed to the previously reported more global measurements) in order to determine 

localized changes in response to mechanical loading.  Previous work within our lab (Duke 

Orthopaedic Biomechanics) has indicated that significant cartilage strain occurs in response to 

dynamic single leg hopping activities, with the highest strain occurring in the lateral 

compartment [47].  This study is focused on measuring T1rho changes in response to the same 

hopping activity.  The goal is to test the hypothesis that an overall decrease in T1rho values will 

be observed post-activity, compared to pre-activity, with the largest changes occurring within the 

lateral compartment. 

4.2 Materials and Methods 

4.2.1 Subject Protocol 

Following IRB approval, 10 adult male subjects (24-30 years of age, average BMI 24.014) 

with no history of injury or surgery to either knee were selected for this study.  All subjects were 

studied in the morning and no strenuous activity was performed prior to testing.  Subjects first 

lay supine for 50 minutes to allow for cartilage equilibration, and then were wheeled to the MRI 

suite.  The dominant knee of each subject was MR Imaged.  Subjects were then wheeled to the 

activity area where 60 single legged hops of 0.6m using their dominant leg.  Hops were 
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performed while keeping the contralateral leg strictly non-weight bearing.  Subjects were 

instructed on the proper execution of the hopping activity, and each subject was able to perform 

this activity without any issues.  A post-activity follow-up MRI of the dominant leg was done 

immediately after the completion of the hopping activity. 

4.2.2 MR imaging 

MR imaging was performed using a 3T scanner (Siemens Tim Trio) with an 8 channel 

knee coil.  3D T1rho-weighted spin-lock pulse sequence was used (matrix=256x256, TR/TE-

3500/13ms, B1=500Hz, Thickness=3mm, TSL=5, 10, 40, 80 ms).  Sagittal images were imported into 

Rhinoceros (solid material modeling software, Robert McNeel and Assoc.) and the bony cortex 

and cartilage surface was segmented and converted to a 3D mesh (figure 24).  Pre and post-

activity T1rho images were registered using an iterative closest-point technique (Geomagic 

Studio, Geomagic, Inc) [48].  A previously validated grid system was used to sample areas of 

cartilage for image intensity analysis (figure 25) [49].   
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Figure 24: Image segmentation of the bony and articular surfaces to construct a 3D mesh model 

of the bone and cartilage. (figure courtesy of Kwadwo Owusu-Akyaw) 

 

Figure 25: Grid system used to measure site-specific changes in T1rho relaxation times.  Each 

grid point represents a location where T1rho relaxation times were measure before and after 

activity. (figure courtesy of Kwadwo Owusu-Akyaw) 
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T1rho relaxation time was calculated for areas of cartilage that were 2.5mm in length and 

centered on each grid point.  Post-processing was performed in Mathematica 8.0 (Wolfram 

Research).  Articular surface and subchondral tidemarks were selected using canny filter edge-

detection to generate cartilage masks for each area.  Pixel-by-pixel raw intensity data for T1rho 

masks was fitted to a decaying exponential function (S(TSL)= S0e-(TSL/T1rho)) to determine T1rho 

relaxation times for each pixel (figure 26).  These relaxation times were used to generate color 

maps for each MR slice pre and post-activity (figure 27).  Pre and post-activity average global 

T1rho relaxation times were computed for each grid point as well and compared using a 2 way 

ANOVA.  This allowed for both exercise (pre or post) and location to be considered as individual 

variables for relaxation time.   

 

Figure 26:  Sample T1rho relaxation curve.  T1rho values for each pixel within the cartilage 

area were calculated by fitting exponential relaxation curves to image intensity versus the 

spin-lock time.  This study used four relaxation times to reduce the time required to acquire 

the MR image and minimize the cartilage recovery post-activity during the imaging. 
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Figure 27: Representative T1rho color maps at one grid point location before and after activity.  

(figure courtesy of Kwadwo Owusu-Akyaw) 

A layer T1rho segmentation analysis was subsequently performed to evaluate differences 

in cartilage composition between the superficial and deep layer of cartilage due to activity and 

location.  The T1rho maps from general analysis were re-examined.  Each regional point was 

divided into superficial and deep sections through individual pixel selection, such that an equal 

number of pixels appeared in each region (figure 28).  An average T1rho value for each layer at 

each grid point was determined. 

 

Figure 28: Representative T1rho color maps at deep and superficial layers of cartilage.  All pre 

and post grid points were segmented into superficial and deep layers.  
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4.3 Results 

4.3.1 Femoral Condyle 

The femoral condyle had an overall decrease in T1rho relaxation times of 8% (p<0.001) after 

activity (figure 29).  T1rho relaxation times were higher on the lateral condyle than on the medial 

condyle (p=0.02).  There was no significant interaction between location and activity (p=0.2).  An 

overall decrease of 7% was seen in medial femoral cartilage, while an overall decrease of 9% was seen 

in lateral femoral cartilage following activity.   

 

Figure 29: T1rho results for the femoral condyle.  Mean (+/- SD) in medial and lateral femoral 

compartments.  Significant differences were seen with exercise and location but no significant 

interaction between exercise and location was seen. (figure courtesy of Kwadwo Owusu-

Akyaw) 

4.3.2 Tibial Plateau 

Tibial plateau had an overall decrease of 3% (p<0.001) in T1rho relaxation after activity 

(figure 30).  No statistically significant effect of location was seen (p=0.7).  Additionally, there was 

no significant interaction between location and activity (p=0.7).  An average decrease of 3% was 
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seen in the lateral compartment following activity, while an average decrease of 4% was seen in 

the medial compartment.  

 

Figure 30: T1rho results for the tibial plateau.  Mean (+/- SD) in medial and lateral femoral 

compartments.  Significant differences were seen with exercise but no significant difference 

was seen with location and no significant interaction between exercise and location was seen. 

(figure courtesy of Kwadwo Owusu-Akyaw) 

 

4.4 Discussion 

T1rho relaxation times were used to assess changes in articular cartilage with a dynamic 

hopping activity.  Relaxation times in the femoral condyle and the tibial plateau were compared 

before and after a single leg hopping activity.  Relaxation times observed in the post-activity 

scans were significantly decreased in comparison to the pre-activity scans in both the femoral and 

tibial cartilage.  Femoral condyles had a significantly larger change in T1rho values in the lateral 

compartment than in the medial compartment, while no significant difference bases on location 
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was observed in the tibial plateau.  No substantial interaction between T1rho values was detected 

on the basis of location and activity, on either joint surface.  

Significantly lower T1rho relaxation times were observed in post-activity scans than in 

pre-activity scans.  This is in agreement with our hypothesis, which states that water is extruded 

from the cartilage extracellular matrix in response to dynamic activity, which causes a relative 

increase in PG concentration and, therefore, results in a decrease in post-exercise T1rho relaxation 

times.  Sutter et al. demonstrated a decrease in tibiofemoral cartilage thickness in response to a 

similar hopping activity [47].  It is expected that the associated compressive strains would result 

in a relative increase in PG content due to the exudation of water from the ECM. Subsequent 

decreases in cartilage thickness were consistent with the resulting decreases in T1rho relaxation 

times, as T1rho is inversely related to PG content within cartilage. 

Our results demonstrate that larger changes in T1rho relaxation times were observed in 

the femoral condyle than in the tibial condyle.  Additionally, location on the condyle appeared to 

have an effect on T1rho relaxation.  A significantly larger decrease in lateral femoral cartilage was 

detected than in medial femoral cartilage.  No significant difference due to location was observed 

in the tibial plateau, and no significant interaction between location and activity was seen in 

either the femur or the tibia.  These location-based results are in contrast to previously results 

reported by Subbaraj et al., who considered both pre- and post-30 minute run scans in search of 

short term effects of cartilage loading on T1rho [30].  Significant decreases in T1rho values in all 

regions of cartilage, except the lateral tibia, were seen in post-run compared to pre-run scans, 

with greater changes measured in the medial compartment, indicating greater proportional 

loading in the medial compartment during running [30].  The differences between these results, 
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which indicated a greater change in medial compartment, and our results, which indicated a 

greater change in the lateral compartment, potentially indicate a dissimilarity in the loading 

mechanism between running and hopping activities.   

A layer analysis was performed to isolate the superficial and deep layers of cartilage in 

an effort to distinguish which region of cartilage experienced the greatest change in response to 

loading.  Results of the T1rho layer analysis are currently under examination to determine the 

effect of layer, exercise, and location, as well as the interactions between these parameters, on 

relaxation times.  Based on previous work, we hypothesize that a greater decrease in relaxation 

times will be observed in the superficial layer of cartilage, indicating a greater loss of water and 

relative increase in PG content near the cartilage surface as compared to near the cartilage-bone 

interface.  Rubenstein et al. reported that the superficial layer of cartilage had a larger 

deformation (more water displacement and collagen fiber deformation) than the deep layer in 

response to cadaveric joint loading [50].  Similarly, Kaufman et al. reported that the superficial 

layer of cartilage lost water more rapidly than other areas of the tissue in response to 

compression of cadaveric joint with a loading cell [51].  Together, these results suggest that joint 

loading alters cartilage more in the area of tangential fiber orientation in the superficial layer than 

in the radial fibers within the deep layer.  The biomechanical response to cartilage compression 

loads is not uniform and varies across the cartilage from the articular surface to the bone-cartilage 

interface.  The effect of location on the changes in relaxation time with exercise, and the 

difference in changes between superficial and deep layer, will provide further insight into the 

distribution of loads throughout the joint.  The ability to localize the effect of loading on cartilage 
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can further assist in the development of a better understanding of the mechanism behind 

cartilage degeneration. 

The results of this work provide important information regarding the effects of 

physiological loading conditions on the biophysical environment of cartilage.  Altered patterns of 

mechanical loading can change the local osmotic environment of chondrocytes, which can 

disrupt normal cartilage matrix metabolism and lead to disease initiation and progression [31].  

Consequently, the characterization of the mechanism through which mechanical loading alters 

the local environment of chondrocytes is fundamental to understanding the initiation and 

progression of OA.  The methodology of this study provides a powerful tool for evaluating this 

relationship between biomechanical loading and local molecular composition.  This methodology 

can also be used to evaluate how cartilage changes in patients with altered biomechanics, and 

how biomechanical factors contribute to cartilage degeneration and the development of OA.    

Statistically significant decreases in localized T1rho relaxation times were observed as a 

result of dynamic activity.  The combination of T1rho analysis and measurements of localized 

cartilage strains provides an effecting tool for evaluating how biomechanical factors affect the 

biophysical environment of chondrocytes.  This work is significant in that it allows for the 

quantification of the effects of loading on local PG concentration in cartilage, which is important 

for understanding how biomechanical factors affect the development of cartilage degeneration.  

This technique can also be applied to a variety of other dynamic activities, and on patients with 

increased risk factors for other types of disease development that result in altered biomechanics 

(i.e. ACL injury, meniscal injury, obesity). 
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5. Conclusions and Future Work 

The described results validate T1rho and T2 quantitative MR imaging as non-invasive 

indicators of changes in biomechanical and biochemical properties of cartilage.  T1rho and T2 

relaxation times can be used to detect changes in cartilage due to OA progression, and 

collectively these results validate quantitative MR imaging analysis as an in vivo tool to diagnose 

early OA. 

This work demonstrates that T1rho relaxation times are sensitive to the changes in both 

PG content and collagen content and organization within cartilage.  Increased T1rho values are 

shown to be correlated to decreases in PG content and collagen content, and OA development.   

Additionally, increases in T1rho relaxation times were shown to be associated with decreases in 

the compressive mechanical strength of cartilage.  Consequently, this imaging method provides a 

non-invasive technique for detecting changes in the biomechanical strength of cartilage, 

including an indication of cartilage is softening, which is an early sign of cartilage degeneration.  

T1rho relaxation times were also shown to decrease immediately following joint loading activity 

(i.e. hopping on one leg) compared to before loading.  The use of T1rho imaging to assess acute 

changes in cartilage with activity provides valuable insight into the joint loading mechanism and 

distribution of loads within the knee.  Together, these results demonstrate that T1rho relaxation 

times are a very valuable indicators of changes in cartilage biochemical and biomechanical 

properties, both acutely and progressively over time. 

T2 relaxation times were shown to be associated with changes in the collagen content and 

organization of cartilage.  Increased T2 values were correlated to increased percent extractable 

collagen in enzymatically depleted cartilage.  However, decreased T2 values were observed 
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within the areas containing severe OA defects, which is possibly due to the loss of the more 

highly organized superficial layer of cartilage (which is associated with higher T2 values) due to 

severe wear.  These results, in addition to other results found in the literature, suggest that an 

initial increase in T2 relaxation times are observed in early and moderate OA, while a decrease in 

T2 values are associated with severe OA in which there is complete degeneration of cartilage 

structure and tissue disintegration.  This work demonstrates that T2 relaxation times indicate 

changes in collagen concentration and organization, and additionally could provide a useful 

method to distinguish between early/moderate OA and severe OA. 

The validation of these MR imaging techniques supports their use as a powerful tool for 

the non-invasive assessment of cartilage in future research.  These techniques are exceptionally 

valuable tools for in vivo studies focused on developing a better understanding of cartilage 

changes that lead to the development of OA.   

In addition to the completed studies and research described in this thesis, there are 

currently several other ongoing projects in our lab (Duke Orthopaedic Biomechanics) that are 

using T1rho analysis to better understand and evaluate cartilage changes that occur in 

populations with an increased risk of developing OA, including ACL injury and 

overweight/obese populations.  Previous ACL injury is a great risk factor for the development of 

OA.  ACL injuries are associated with altered joint biomechanics and degenerative changes to 

cartilage occurring at far younger ages than in normal knees [52].  ACL reconstruction has been 

associated with up to a 50% occurrence of radiographically evident OA 10-15 years post-surgery 

[53].  A comparative study examining the cartilage strain and T1rho relaxation times in healthy, 

ACL deficient, and ACL reconstructed patients is focused on examining the effect of ACL injury 
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on cartilage loading and health.  The previously described strain mapping technique [47] will be 

used to determine loading patterns within the articular cartilage of the knee.  T1rho imaging will 

be used to locate areas with altered cartilage biomechanical and biochemical properties.  

Comparisons of areas of high strain and corresponding T1rho values is expected to aid in 

understanding the changing biomechanics due to ACL deficiency or repair when correlated with 

locations of early cartilage degeneration.  Detailed consideration of the areas of increased 

cartilage strain, together with groups and areas of increased T1rho values, will provide insights 

into the mechanism of OA development in patients with previous ACL injury. 

Obesity is another factor associated with a higher risk of developing OA, although the 

exact mechanism associated with this relationship is not fully understood.  It is unclear if the 

increased rate of cartilage degeneration in obese subjects is the result of altered joint loading due 

to high body weight, increased inflammation that occurs within their joints, changes in 

biomechanics, or most likely an interaction of biomechanical and metabolic factors [31].  Two 

studies are currently underway to examine how body weight is related to cartilage health. 

In one study, the effect of BMI (body mass index; a relative measure of size accounting 

for height and body weight) on cartilage loading and biomechanical properties is being 

examined.  Patients in different BMI level groups (18-24: healthy body weight, 25-29: overweight, 

and 30+: obese) will be examined to determine the effect that BMI has on cartilage strain, using 

the previously developed strain mapping technique.  Biochemical and biomechanical properties 

are also being examined using T1rho.  Analysis of cartilage strain will provide insight into how 

the increased mechanical load resulting from high BMI changes strain levels observed within 

cartilage.  T1rho analysis will offer insight into how cartilage changes are correlated with body 
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mass.  As previously mentioned, the described validation work demonstrated that increased 

T1rho values are associated with softening cartilage (decreased compressive strength) and, 

therefore, provide a non-invasive method to assess relative cartilage composition and mechanical 

strength.  The use of these two measures is expected to provide interesting information regarding 

the effect of BMI on cartilage, and the mechanism of cartilage change with BMI.  This work will 

provide important insight into how body mass affects biomechanical loading of cartilage.   

In another study, the effect of weight loss on cartilage loading and biomechanical 

properties is being examined.  This study considers an obese population undergoing a weight 

loss protocol in order to determine the effect of decreasing body mass on cartilage strain and 

T1rho relaxation times.  Patients will be imaged prior to beginning the weight-loss program, after 

completing the weight-loss program, and potentially at several time intervals during the weight 

loss.  This study will provide the opportunity to examine how joint loading changes with weight 

loss, which is generally associated with beneficial effects for osteoarthritic joints [31].  The same 

methods as the previously mentioned with regard to the BMI study will be used to gain valuable 

insight into how decreasing body mass affects cartilage health.  

In addition to assessing how risk factors contribute to OA development, quantitative MR 

imaging can also serve as a powerful tool for the assessment of cartilage lesion treatments.  

Cartilage lesions have severely limited intrinsic-healing properties due to the avascular nature of 

articular cartilage.  The presence of even a minor lesion that remains unhealed can create a stress 

concentration in the tissue, requiring the adjacent cartilage to bear a significantly higher 

proportion of the joint load.  This shift in load distribution causes damage to advance, typically 

resulting in osteoarthritic joint degeneration, pain, and disability.  Tissue engineering therapies 
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have the potential to reverse the compromised function and structure of damaged articular 

cartilage, and avert the onset of osteoarthritis [54].  Recent research aimed at the restoration of 

focal defects has resulted in noteworthy developments of mechanically functional tissue 

engineered cartilage constructs in vitro [8, 54, 55].  However, efforts to date have not produced 

constructs able to fully integrate with host issue and regenerate cartilage with sufficient 

properties to function in the demanding joint environment long-term [8].  To advance tissue 

engineering efforts towards clinically relevant functional outcomes, it is important for research to 

progress towards in vivo implantation in humans.   

Working towards the goal of clinically relevant tissue engineered cartilage treatments, 

T1rho and T2 imaging offer valuable tools for the non-invasive evaluation of these developing 

treatments, including microfracture surgery, implanted tissue engineered cartilage constructs, 

and implanted materials that allow for a microenvironment and structural support for 

chondrocyte adhesion and, hopefully, cartilage regeneration.  Quantitative imaging techniques 

are being used to assess tissue engineered cartilage constructs used to treat induced cartilage 

defects in juvenile Yucatan minipig joints, a previously used model for cartilage defects [56].  In 

this ongoing work, four separate defects were made in the trochlear groove of the pig knee.  Each 

defect was repaired using a different treatment method and given 6 weeks to heal; microfracture 

surgery, an implanted hyaluronic acid hydrogel [57], an implanted 3-dimensional PCL woven 

scaffold [58], and a combination of HA gel and woven scaffold.  Following sacrifice and removal 

of these joints, T1rho and T2 analyses are being used to assess the different treatment methods in 

terms of their ability regenerate new cartilage within the defect are and integrate into native 

cartilage.  It is expected that comparisons of T1rho and T2 values of treated defect areas with 



 

72 

native cartilage, in this and similar studies, will provide valuable insight into how cartilage defect 

treatments repair and regenerate cartilage, and will assess the potential of these treatments as a 

surgical repair methods for damaged cartilage. 

In conclusion, the work presented in this thesis is helps to validate T1rho and T2 

relaxation times as non-invasive measures of cartilage biochemical and biomechanical properties.  

Ongoing and future work is focused on using T1rho and T2 relaxation times to better understand 

how certain risk factors lead to the development of OA, in order to improve our understanding of 

the underlying disease mechanism and to further develop and test important treatment methods. 
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Appendix A: Specific Work on Projects 

To clarify the specific work that I performed during my MS thesis research: 

Finished and reported projects: 

· OA Grading Study: All MR imaging analysis 

· T1rho validation study: All MR imaging analysis 

· The Effect of Dynamic Activity on Localized T1rho Relaxation Time in Knee Cartilage:  

Layer analysis for femoral condyle 

Ongoing Projects: 

· BMI study: T1rho data from first seven subjects 

· Obesity and weight loss study:  T1rho analysis for subjects initial visit 

· Quantitative MR imaging analysis of implantable treatments for cartilage defects in a 

mini-pig model:  All T1rho and T2 analysis for 2 controls and 4 treated joints 
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