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ABSTRACT 
 

Osteoarthritis (OA) is the deterioration of the tissue on the surface of the 
articulating joints in mammals. OA is the progression loss of articular cartilage. OA 
affects 50% of people over age 65 and is the leading cause of workplace disability. There 
is no cure for OA and the state of the art treatment is joint replacement. One limitation for 
treating OA is the difficulty of diagnosing OA before tissue failure. Magnetic Resonance 
Imaging (MRI) is capable of detecting early pathologic changes to cartilage but 
challenges remain. The goal of this work is to evaluate how parameters, specifically 
relaxation and diffusion, used for creating imaging contrast in MRI are affected by 
disease in naturally occurring human osteoarthritis. Nuclear Magnetic Resonance (NMR) 
is utilized to measure the diffusion and magnetic relaxation in human OA cartilage 
samples.  

Diffusion Weighted Imaging (DWI) is a proposed imaging mechanism for 
diagnosing OA. The hypothesis is that fluid diffusion is faster in diseased tissue than in 
healthy tissue. We show that diffusion of fluid increases when cartilage is damaged by 
enzymes, such as during OA. We also show that the diffusion of fluid is donor specific in 
human OA cartilage.  Diffusion of proteins in cartilage is also sensitive to enzyme 
degradation and donor as well as to the size and structure of the proteins in cartilage. 
These are complementary measures of the fluid and solid phase of cartilage.  

Relaxation weighted imaging is the most common way to image cartilage and is 
capable of measuring small structure changes due to OA. One limitation of this method is 
that reported relaxation rates vary between studies.  We show that exchange, or motion of 
fluid, between the two sites of relaxation in cartilage alters the observed relaxation. 
Further, we show that the exchange rate is sensitive to donor and enzyme degradation. 
The results suggest that exchange rate is a sensitive measure of structure in cartilage and 
that relaxation should be cautiously interpreted when exchange occurs.  

Overall, this work shows that NMR and MRI are sensitive to the structure of 
cartilage and capable of detecting pathological damage to cartilage. 
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INTRODUCTION 
 
 

This research presented in this thesis explores the use of nuclear magnetic 

resonance (NMR) for studying the porous structure of human osteoarthritic (OA) 

cartilage by quantifying diffusion, relaxation, and diffusive exchange. Diffusion, 

correlation, and exchange NMR spectroscopy measurements were taken to non-

invasively characterize pore scale dynamics and disease characteristics in this complex 

biomaterial. NMR is closely related to Magnetic Resonance Imaging (MRI), which is a 

non-invasive clinically relevant imaging tool used to study and diagnosis disease of the 

soft tissue. The goal of this work is to characterize NMR parameters that are used for 

contrast enhancement in the visualization of cartilage and disease, namely spin-spin 

relaxation, referred to as T2 relaxation, and diffusion.  

The structure of cartilage and the motivation to this work is provided in Chapter 

2. An overview of magnetic resonance, the underlying quantum mechanics, and classical 

mechanics concepts for measuring observable magnetization are presented in Chapter 3 

as well as an introduction to measuring magnetic relaxation and diffusion. Further, 

overview of correlation and exchange NMR, as well as the associated the data analysis 

tools is presented in Chapter 4. 

Experiments performed for this thesis are presented in Chapters 5-8. The results 

for diffusion spectroscopy and relaxation correlations for characterizing human OA 

cartilage are presented in Chapter 5. Experiments include diffusion measurements of 

spectrally resolved fluid and proteins in human OA cartilage cut from the bone as 

compared to standards of collagen and chondroitin sulfate. Results show that the 
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diffusion of fluid is restricted by the porous structure. It was also possible to measure 

collagen and chondroitin sulfate diffusion in cartilage with use of high field gradients. 

Relaxation correlations characterize the restricted rotational mobility of fluid in the pore 

space of cartilage. The spin-lattice relaxation, T1 relaxation, is longer than T2 relaxation 

when the rotational mobility of is restricted as compared to T1 relaxation being equal to 

T2 relaxation in bulk fluid. Two distinct populations of relaxation are observed with T1-T2 

correlations in human OA cartilage samples. Only one population is observed in 

standards of 70 wt% collagen type II, 70 wt% chondroitin sulfate, and phosphate buffered 

saline. This data suggests that cartilage has a unique pore structure and that interactions 

with the surface of proteins within the extracellular matrix (ECM) cannot describe the 

relaxation behavior in cartilage. The manuscript containing this data was published in the 

journal Applied Magnetic Resonance (1).  

The results of spatially resolved one-dimensional diffusion measurements taken in 

8 mm cores of human OA cartilage attached to subchondral bone is presented in Chapter 

6. The spatial dependency of fluid and protein diffusion was measured in ten donors and 

as a function of enzymatic degradation. In addition, the observation time for fluid 

diffusion measurements was altered showing restricted diffusion, similar to data taken in 

other connected porous systems. This restriction of fluid diffusion was reduced when 

cartilage was treated with collagenase while protein diffusion increased. There was no 

depth dependence for fluid or biopolymer diffusion in human OA cartilage, which is 

expected in healthy cartilage. The most significant observed effect was the interaction 

between depth and donor. A linear correlation between depth and donor was observed, 
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with donor clustering occurring as a function of diffusion coefficient in each zone. This is 

evidence for tissue level structural changes associated with OA. This work is being 

prepared for submission to Magnetic Resonance in Medicine.  

The results of a collaboration with Victoria University of Wellington, NZ are 

presented in Chapter 7.  In this work, novel time domain analysis methods are applied to 

study the diffusive exchange in porcine cartilage separated from the bone with a scalpel. 

Using T1-T2 and Diffusion–T2 correlation NMR, two T2 populations in cartilage are 

characterized as belonging to fluid in the porous structure of cartilage. Using T2-T2 

exchange NMR, exchange between these populations is observed with the Inverse 

Laplace Transform and quantified using time domain analysis. The results of time 

domain analysis are applied to better understandT1-T2 correlation data. Predictive 

modeling of the time domain fits show exchange in T1-T2 correlations as well as one 

dimensional T1 relaxation, which was not visible before. This work is being prepared for 

submission to Journal of Magnetic Resonance. 

To expand on the work in Chapter 7, the effect of enzyme degradation, and donor 

on diffusive exchange was studied in human OA cartilage cores. In this study, T1-T2, D-

T2, and T2-T2 measurements were taken and results reported in Chapter 8. The diffusive 

exchange time increases with trypsin and collagenase digestion, showing an increase in 

pore length scale. There is donor variation in diffusive exchange time between 2 seconds 

to 10 seconds and a range of diffusive exchange lengths between 100 and 300 µm, 

consistent with results from Chapter 6 which show donor dependency of fluid diffusion, 

another measure of pore scale. The extent to which exchange effects the observable T1 
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and T2 is dependent on health. The healthier the cartilage, the shorter the relaxation will 

appear due to exchange. This work indicated that diffusive exchange may be a way to 

measure diffusion without the use of magnetic field gradients. This work is being 

prepared for submission to Magnetic Resonance in Medicine. 
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CARTILAGE AND OSTEOARTHRITIS 
 
 

Hyaline or articular cartilage is the thin viscoelastic material that covers the 

surface of articulating joints. The function of articular cartilage is to provide a smooth, 

low friction surface to facilitate joint motion. Cartilage in an avascular tissue with few 

cells and is subject to high compressive and shear loads. Because of this, cartilage has a 

limited healing capacity. Injury and disease, such as osteoarthritis (OA), in cartilage are a 

major cause of musculoskeletal morbidity. The unique structure and loading environment 

make treatment and repair of cartilage difficult. In this work, we study the structure of 

cartilage by utilizing nuclear magnetic resonance (NMR) and magnetic resonance 

imaging (MRI). The goal of this work is to better characterize the fluid and solid phases 

of human OA cartilage and understand how NMR and MRI parameters could be used to 

gain contrast to non-invasively diagnose disease and degradation of cartilage (1).  

 
Extracellular Matrix 

 
 

Cartilage is composed of an extracellular matrix (ECM) and specialized cells 

called chondrocytes. The ECM of cartilage is mainly composed of extracellular collagen 

and proteoglycans. Collagen is a fibril protein that makes up 60% of the wet weight. 

Collagen is a protein consisting of three polypeptide chains that form a triple helix. Type 

II collagen is the primary collagen type in this tissue. Proteoglycans have a central 

protein backbone with covalently charged glycosaminoglycan (GAG) side chains. The 

negative charge of the GAGs bind water. The most common proteoglycan in cartilage is 

aggrecan. Aggrecan has chondroitin sulfate and keratin sulfate side chains and has the 
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ability to interaction with hyaluronan. It forms large aggregates by binding to link 

proteins on hyaluronan.  Other proteoglycans are found in cartilage, such as decorin, 

biglycan, and fibromodulin. They interact with collagen. Decorin and fibromodulin are 

related to interfibril interactions. Biglycan is found immediately surrounding 

chondrocytes and interacts with collagen type IV. The confinement of the proteoglycans 

and bound water by the collagen network creates a large swelling pressure (2).   

 

 

Figure 2.1. Schematic of the ECM of articular cartilage. The two major 
macromolecules are collagen type II and aggrecan. Aggrecan binds to hyaluronan via the 
link protein. Interactions between the aggrecan, which binds water, and the collagen 
causes a swelling pressure within the tissue.  
 
 

Structural Zones 

There are three zones with distinct ECM properties, the superficial zone (SZ), 

middle zone (MZ), and deep zone (DZ). The SZ resists shear stress at the surface of the 

tissue, and makes up about 10-20% of the tissue thickness. The collagen fibers are 

aligned parallel to the surface and tightly packed. Chondrocytes are round in the SZ. The 

MZ resists compressive forces and links the DZ to the SZ. It makes about 40-60% of the 

tissue volume. In the MZ, the collagen fibers are randomly oriented and thicker in 
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diameter than in the SZ.  The chondrocytes in the MZ are round and stacked in vertical 

columns. The DZ provides even greater resistance to compression, with the largest 

diameter collagen fibers oriented perpendicular to the surface and the highest 

proteoglycan content. The chondrocytes in the DZ are also arranged in columns and open 

to the tidemark (1, 3).  

 

 

Figure 2.2. Schematic of zonal organization of collagen in articular cartilage. 
 
 

Biomechanical Function 

The function of articular cartilage is to provide a smooth surface for articulation 

and to transmit loads to the bone.  To characterize the biomechanics of cartilage, we will 

view the tissue as a biphasic material composed of a solid and fluid phase. In the fluid 

phase, water is the primary component, about 80% of the wet weight of the tissue. The 

solid phase is the ECM and forms a porous structure. The interaction between the fluid 
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and the ECM provides compressive resistance, with one study showing that 15 MPa of a 

20 MPa load is supported by fluid pressurization in cartilage (4).  

When a load in applied, there is an increase in fluid pressurization and fluid 

moves out of the ECM. The fluid motion is restricted by frictional drag on the ECM. 

Response to compression is time dependent, with fluid dependent and fluid independent 

mechanisms. The fluid dependent mechanism is the fluid motion out of cartilage and the 

associated frictional drag. This is known as biphasic viscoelastic behavior. The flow 

independent mechanism is related to the viscosity and molecular motion of the ECM (1, 

2).  

 
Modeling to understand cartilage behavior 

 
Since the structure of cartilage is complex modeling is used to better understand 

the mechanical behavior cartilage. Modeling requires assumptions about the fluid phase 

environment and the solid phase elasticity. These models differ in the characterization of 

fluid-solid interactions and the fluid phase.  

Biphasic theory assumes there are two phases in cartilage, a porous and 

incompressible solid phase, and a liquid phase. The interaction between the porous solid 

matrix and the fluid motion into and out of cartilage provide compressive resistance (5). 

In triphasic theory, there is a fluid, solid, and ion phase. The ion phase provides an 

additional chemical potential during fluid flow and is used to account for the interaction 

between solutes in the fluid and the negative fixed charge density of the tissue (6) . In a 

general transport model, cartilage is described with constitutive equations. There are two 
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fluid compartments, intrafibrillar water stored between collagen fibers and extrafibrillar 

water that interacts with the proteoglycans, as well as an ion phase (7).  

 
Solid-Fluid Interactions  

 Another aspect of cartilage dynamics is how the fluid interacts with the solid 

ECM.  Since proteoglycans carry a large negative fixed charged density, fluid and solutes 

are bound to the small pores on the GAG side chains of the PG’s. In 1972, a study of 

osmotic properties of poly-ionic polymers, such as GAG’s, was the first to hypothesize 

that cartilage ECM proteins were mobile. This paper described GAG chains as a 

“muscous polysaccharide.” The first measurement of fluid flow interacting with the ECM 

measured an electrical current when fluid moved out of cartilage during compression (8). 

These results suggest that the GAG chains and the associated solutes in cartilage are 

mobile, instead of a rigid framework as was previously assumed. Recent work utilizing 

atomic force microscopy (AFM) has shown that fluid-solid interactions in aggrecan are 

critical to the stiffening of the cartilage matrix. The static response to loading is 

controlled by electrostatic and steric interactions between solutes and GAG side chains 

spaced ~4 nm apart. In dynamic loading, the solid-fluid interaction determines the 

mechanical response of aggrecan through viscous drag effects and fluid pressurization 

(9). Another AFM study used nanoindentation to show that aggrecan-collagen 

interactions increase to resist indentation in OA models (10). This body of work suggests 

that aggrecan-fluid and aggrecan-collagen interactions determine the local deformation 

environments in cartilage.  
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 In 2002, a study of collagens in articular cartilage (11)showed that a collagen 

II:IX:XI heteropolymer exists as a crosslinked network in cartilage as compared to 

collagen II type alone. Collagen type II is the primary form of collagen found in cartilage. 

Collagen type XI is found on fibril surfaces especially in the pericellular environment. 

Collagen type IX covalently bonds to collagen type II and collagen type IX, with the 

majority of binding being type IX to type IX. The covalent binding increases network 

integrity and provides a frame for entrapped proteoglycans osmotic swelling. Damage to 

this interconnected fibrillary network is a key part of cartilage degradation.  

Other forms of collagen are found in smaller amounts. Collagen type III is found 

co-localized with collagen type II. It is found in the SZ during cartilage degradation and it 

is hypothesized that collagen type III plays a role in wound healing. Collagen types VI, 

XII, XIV are found in cartilage and are not covalently bound to the matrix. They are 

thought to compete with fibril binding proteins such as small proteoglycans in cartilage 

thereby modulating the water content of cartilage.  

 

 

Figure 2.3. Schematic of the collagen II:IX:XI heteropolymer. Collagen type II has small 
end chains that are capable of forming covalent bonds with collagen type IX. Collagen 
type XI is on the surface of collagen type II.  
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Osteoarthritis (OA) 

OA is the degenerative loss of structure and function of articular cartilage. OA is 

a large health burden on the US economy with about 2 billion in medical costs a year 

(12). It is also the leading cause of workplace disability. There is currently no cure for 

OA and the current state of the art treatment is joint replacement.  

The first sign of OA is injury to the collagen fibrils in the SZ. When collagen is 

damaged, the proteoglycans are lost. The chondrocytes in the SZ transition from a flat to 

round shape and are then lost from the tissue. With this injury to the SZ, there is an 

associated increase in proteoglycan content in the MZ and DZ and an increase in 

cleavage of collagen molecules. This is associated with a hypercellularity in the MZ and 

DZ. There is also an associated increase in collagen and aggrecan production to 

compensate for this loss of protein content, but the new proteins are damaged by the 

enzymes used for removal of proteins (13).  These changes in structure and enzymatic 

activity associated with the initial injury to the SZ are described as a compensation 

mechanism. In advanced OA, there is a complete breakdown of cartilage. The cartilage is 

either replaced by a scar like cartilage, fibrocartilage, or the bone is exposed (3).   

 
Pathophysiology of OA 

Cellular signaling molecules and changes in cellular behavior play a role in the 

breakdown of cartilage during OA. Cytokines and growth factors modulate the anabolic 

repair efforts of chondrocytes and catabolic processes that degrade the ECM. For 

catabolic effects, Interleukin (IL)-1, IL-17, IL-18, and tumor necrosis factor α (TNF- α) 
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are linked to an increase in matrix metalloprotease (MMP) synthesis and a decrease in 

their inhibitors. MMP-13 is found in OA joints and breaks down collagen type II (11). 

MMP is less effective at cleaving collagen when the collagen molecules are covalently 

bound. It is therefore most effective after initial injury.  For anabolic effects, insulin life 

growth factor (IGF)-1, transforming growth factor β, fibroblast like growth factors, and 

bone morphogenic proteins (BMPs) are linked to an increase in ECM synthesis.  

The degradation process occurs in three stages. The first stage includes matrix 

degradation, increase in water content, a decrease in the size of aggrecan, and damage to 

the collagen network. The stiffness of cartilage decreases. The second stage includes a 

proliferation of chondrocytes and increased metabolic activity in an attempt to repair the 

tissue damage. In the final stage of the disease, tissue failure occurs and cysts form in the 

subchondral bone (3).  

 
Diagnostic Imaging  

 
 One limitation to treating OA is the difficulty of imaging small, early pathologic 

changes to cartilage, such as structural damage before macroscopic lesion formation. 

Current diagnostic imaging uses x-ray to view joint space narrowing and new bone 

formation. These changes occur during late stages of OA when joint replacement is 

necessary. In comparison to the visualization of joint space narrowing, MRI is capable of 

detecting bone marrow edema-like lesions (BML), subchondral cyst-like lesions, lesions 

in cartilage, and subchondral bone attritional, all of which are important to joint disease 

progression. To study the morphology and structure of cartilage, with the goal of 
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detecting early structural damage, techniques such as T2 mapping, delayed enhanced MRI 

of cartilage (dGEMRIC), T1p mapping, sodium MRI, and diffusion weighted imaging 

(DWI) can be utilized.  

 T2 relaxation is reflective of the chemical and physical environment that protons 

are in. In cartilage, the measured T2 comes from fluid. T2 is short when the fluid is in a 

restricted environment, such as a small pore, and T2 is long when the fluid is not 

restricted, such as in bulk fluid. It has been shown that T2 is dependent on the health of 

articular cartilage. T2 shifts to a longer relaxation during disease. T1p relaxation is similar 

to T2 relaxation but an additional radio frequency field is applied to reduce dipolar 

coupling between spins, which can be a cause of artifacts in imaging. Sodium MRI 

measures the 23Na signal. Since salts are bound to proteoglycans, the sodium signal is 

directly linked to proteoglycan health. dGEMRIC uses a negatively charged gadolinium 

contrast agent, which shortens T1 relaxation. Since proteoglycans are positively charged, 

the gadolinium ions are repulsed and the long T1 is reflective of healthy cartilage. DWI 

utilizes the apparent diffusion coefficient (ADC) to create contrast. If the fluid is in a 

small pore space, the ADC is small and if cartilage is damaged, the ADC becomes long 

(14, 15).  
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THEORY OF NUCLEAR MAGNETIC RESONANCE 

 
Quantum Mechanics 

 
Nuclear Magnetic Resonance (NMR) relies on the quantum property possessed by 

all nuclei called nuclear angular momentum, I. The term I is an integer or half number that 

depends on the number of protons and neutrons in the nucleus and defines the number of 

discrete values for spin angular momentum quantum number m that are possible for the 

nucleus. In the case of hydrogen 1H, I=1/2, m=±1/2 and two discrete energy states are 

accessible. Hydrogen is the most commonly used nucleus in NMR but any nucleus with 

I≠0 can be studied with NMR.  

The principle behind quantum mechanics measurements is that each spin has a 

probability am that it is in state m. The spin state |Ψ> is the linear combinations for all the 

values of m. 

|" >	= 	 &'|('  (3.1) 

However, the act of measuring a spin state causes a spin to exist in a single state 

that represents the two spin states of m=±1/2. The Schrodinger equation describes the time 

dependence of the spin state.  

)ℎ
+

+,
" - >= . " - > (3.2) 

H(t) represents the Hamiltonian energy operator and h is Planck’s constant. If the 

Hamiltonian is constant with time, this equation can be solved. 

/ - = exp	(
45,

6
) (3.3) 

|" >	= U(t)|" - > (3.4) 
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U(t) is the evolution operator.  

 
Spin Magnetism 

To find a solution to the Hamiltonian, the nucleus is defined as a magnetic dipole 

moment µ. The magnet dipole moment is created when the moving electric field of a 

proton and electron interact and produce a magnetic field. In a magnetic field, spins align 

with the magnetic field. The energy required for the alignment, . = −µ ∙ =. If the 

magnetic field is oriented in the z axis, H takes the form of the Zeeman Interaction, 

. = −>ℎ=?( (3.5) 

where γ is the gyromagnetic ratio, a constant associated with each nucleus. The difference 

in energy states described by the Zeeman Interaction is discrete and for hydrogen has two 

integer values, “spin up” when m=+1/2 and “spin down” when m=-1/2.  

 

 

Figure 3.1. Schematic of the Zeeman Interaction for spin states, m=±1/2. The low energy 
state m=+1/2 indicates spins aligned with the magnetic field.  
 

The evolution operator for the Zeeman Interaction is given by: 

/ - = exp	()>=?(-)  (3.6) 
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With a change of variables for angle of rotation, Φ, the rotation operator R describes 

rotation around the magnetic field, in this case z.  

@ ∅ = exp	()∅()       (3.7) 

In a homogenous, constant magnetic field, the spins precess around the z axis at a 

constant frequency, the Larmor frequency.  

B? = >=? (3.8) 

So far, this discussion of quantum mechanics describes measuring a single state. 

In practice, the spin state of an ensemble of spins is measured with NMR. To describe the 

energy difference that leads to an observed magnetization, the Boltzmann Distribution 

describes the mathematical probability of spins occupying the low energy state. Spins 

that align with the magnetic field are in a low energy state, N-, while spins that align 

against the magnetic field, N+, are in a high energy state.  

CD
CE
= exp	(

FG6HI
JK

) (3.9)  

In this system T is the temperature and k is the Boltzmann constant. The difference in 

energy states,  CD
CE

, is the observed magnetization in NMR. To maximize the signal to 

noise ratio of NMR experiments, nucleus with a high γ, 1H, and the use of high magnetic 

field strength, B0= 5.7 T in this study, are used. 

 
Classical Mechanics 

 
With those quantum mechanics concepts and the measurements of large ensembles in 

mind, most NMR experiments can be described by classical mechanics, in which M is a 

vector of magnetization.  
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Excitation 

Because M is much smaller than Bo, it is not possible to detect M unless it is 

moved into away from equilibrium with B0.  This process is called excitation. To tip 

magnetization into the transverse plane, energy is added to excite nuclei that have angular 

momentum, which will be referred to as spins, from thermal equilibrium. This energy 

must be added at the same frequency as the Larmor frequency to interact with M, which 

is in the radio range for nuclear spins. The energy is added to the system by flowing 

oscillating current through a radio frequency coil (RF) at ωo. This produces an oscillating 

B1 field in the xy plane.   

L = )=M cos BQ- − R=M sin BQ- + V=Q (3.10) 

B is in the laboratory frame of reference. A rotating frame of reference can be used 

such that the reference frame is rotating at the Larmor frequency. In this reference frame, 

the excitation field is along the x axis and the effect of the B0 is reduced by spins rotating 

at ω instead of ω0.  

L = )=M + V(=Q −
W

G
) (3.11) 

To reduce the effect of off resonance spins, a large bandwidth is applied to excite a wide 

range of frequencies. This additional field produces a torque, T, on the magnetization 

vector which moves the magnetization away from the z axis. 

X = Y	Z	L (3.12) 

+Y

+,
= >YZL (3.13) 

The tip angle θ that M experiences is determined by the time that B1 is applied.  

[ = >=M- (3.14) 
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To tip the magnetization into the xy plane, a tip angle of 900 is required.  

 
Signal Detection 

The precession of M in in the transverse plane induces a current in the RF coil. This 

current produces a complex oscillating decaying signal in time. The decay is caused by 

relaxation in the transverse plane, T2.  

Y - = )\Q cos BQ- + R\Qsin BQ- exp	(
F,

K]
) (3.15) 

In complex notation, the x component of the signal is the real signal and the y component 

is the imaginary signal. The complex magnetization, M+, can be defined: 

\^ - = \Qexp	()BQ-)	exp	(
F,

K]
) (3.16) 

The voltage signal is given by 

_ - = _Q `Za )∅ `Za )∆B- `Za	(
F,

K]
) (3.17) 

where Φ is the receiver phase and ∆ω is the difference between the Larmor Frequency and 

the reference frequency. This results in an oscillating decaying signal known as a Free 

Induction Decay (FID) [Fig 3.2].  

Analysis of this signal, S, is well suited to the Fourier transform which transforms 

between the frequency, ω, and time domain, t.  

c _(-) = _(-)`F4W,d-
	e

Fe
 (3.18) 

_ - =
M

fg
c _(-) `4W,dB

e

Fe
 (3.19) 
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Figure 3.2. The FID has a Fourier Transform relationship with the frequency of the spins 
in the sample.  
 
 

Each point of the FID is obtained in time after a single 900 pulse with a point 

acquired every dwell time (DW). The DW is the inverse of the sweep width, or the range 

of frequencies that are detected. F(S(t)) is a spectrum of frequencies f(ω) [Fig 3.2] in 

which spins that experience different B fields, such as in porous media, or 1H molecules 

with different chemical compositions can be resolved.  

 Inhomogeneities in the magnetic field causes spins to precess at difference 

Larmor Frequencies. The inhomogeneity in B0 causes a spread in the field across the 

sample, ∆B0. The variation in Larmor Frequencies of the spins causes a dephasing in the 

transverse plane after the 900 excitation. The transverse magnetization phase coherence 

remains for a time on the order of (γ∆B0)-1 which constrains the length of time over which 

the magnetization can be detected. Dephasing due to the variance in static magnetic field 

is reversible by changing the direction of precession by 1800(1). This can be achieved 

with a spin echo, which applies a 1800 pulse after a time τ and causes a refocusing at 2τ. 

The resulting phase coherence is the spin echo. A stimulated echo uses the same principle 

and stores magnetization in the –z during the echo period. The stimulated echo utilizes a 

900 pulse at τ and then recalls the magnetization into the transverse plane at time τ+τ’. 
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The echo center occurs at 2τ+τ’. A gradient echo can also be applied to rephrase the 

signal. A dephasing gradient with a negative amplitude and then a gradient with an equal 

g·t is used to and length d is applied to rephrase the signal.  

 
Relaxation 

 
Relaxation is the phenomena that causes magnetization to decay. The rate of 

relaxation is governed by T1 and T2 relaxation mechanisms. T1 relaxation, or spin-lattice 

relaxation, occurs as spins exchange energy with the environment. It is the time it takes 

magnetization to come to thermal equilibrium with the applied static Bo field. The 

classical mechanics description is given as (2): 

+hi
+,
= −

hiFhI
Kj

 (3.20) 

with solution: 

\k - = \k 0 +\Q(1 − exp	(
F,

Kj
) (3.21) 

T2 relaxation, or spin-spin relaxation, occurs as spins dephase in the transverse 

plane due to molecular interactions. Energy exchange between magnetic dipoles create 

local magnetic fields that dephase spins. The classical description for transverse 

relaxation is given by (2): 

+hn,p

+,
= −

hn,p

K]
    (3.22) 

with solution 

\q,r - = \q,r 0 exp	(
F,

K]
)  (3.23) 
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Both T1 and T2 relaxation are caused by fluctuations. For T1, fluctuations induce 

transitions between spin states and therefore return the system thermal equilibrium. This 

return to equilibrium reestablishes the Boltzmann’s distribution of spin state populations. 

For T2, fluctuations lead a loss of phase coherence. The decay observed in the FID 

discussed before is an effective T2 which represents reversible and irreversible fluctuations, 

termed T2*. The decay caused by irreversible fluctuations as measured by the spin echo (1) 

is the true T2. Irreversible fluctuations include molecular translation and rotational 

diffusion, internal vibrations, and segmental motions of molecules.  

 Spin lattice relaxation is best described in the laboratory frame where the Zeeman 

Interaction is dominant and dipolar interactions are weak in comparison. Using time 

dependent perturbation theory, R1=T1
-1 is proportional to the transition rate W between 

energy levels E for sites m, n (3).  

st' =
M

6]
exp

4 uvFuw x

6
< z ℎ.{ 0 ( >< ( ℎ.{ | z > d| + }. }.

e

Q
 (3.24) 

@M =
M

f

�vw(uvFuw)
]

vw

uv
]

v
    (3.25) 

HD(t) needs to be decomposed into spatial and spin operators to evaluate the expression. 

For a dipolar Hamiltonian, n=m ± q, where q is one or two. The spatial operators HD(0) 

and HD(τ) are part of the correlation functions Gq(τ) which have a Fourier relationship with 

the spectral density functions, J(q)(ω).  

@M =
ÄÅ
Çg

f
>ÇℎfÉ É + 1 [Ö M BQ + Ö f 2BQ ]   (3.26) 

 Spin-spin relaxation is best described in the rotating frame with a transformed 

dipolar Hamiltonian HD
* and the density matrix in the rotating frame ρ*(t).  
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.{
∗ = exp )BQ-Ék .{ - exp	(−)BQ-Ék)  (3.27) 

+â∗(,)

+,
= −) .{

∗ - , ä∗ 0 − [.{
∗ - , [.{

∗ -ã ,
,

Q
ä∗ 0 ]]d-′    (3.28) 

By taking the ensemble average where .{∗ - = 0 and extending the time to ∞, the decay 

of transverse magnetization can be calculated (4). The solution is an exponential decay.  

@f =
ÄI
Çg

f
>Çℎf

ç

f
É É + 1 [

M

Ç
Ö Q 0 +

é

f
Ö M BQ +

M

Ç
Ö f 2BQ ]   (3.29) 

 The rotating frame relaxation time T1ρ can be calculated with the same approach 

as T2. The rotating frame relaxation is the rate at which magnetization decays in the 

transverse plane in the presence of an additional RF field, B1.  When the rotating frame 

Zeeman Energy is greater than the dipolar interactions, the magnetization is spin locked 

(5).  

@Mâ =
ÄI
Çg

f
>Çℎf

ç

f
É É + 1 [

M

Ç
Ö Q 2BM +

é

f
Ö M BQ +

M

Ç
Ö f 2BQ ]   (3.30) 

 The difference in these relaxation modes is the spectral density functions J(q) 

which are dependent on the rotational correlation time, τc and the inter-nuclear distance, 

rij.  

Ö Q B =
fÇ

Méèêë
í

xì
M^W]xì

]     (3.31) 

Ö M B =
Ç

Méèêë
í

xì
M^W]xì

]     (3.32) 

Ö f B =
Mî

Méèêë
í

xì
M^W]xì

]     (3.33) 

The spectral density functions can substituted into the equations for T1 and T2 for a fixed 

Larmor frequency, ω0 [Figure 3.3]. The results show two regions, a solid region when T1 

is much longer than T2 and a liquid where T1=T2. The solid-like materials include highly 
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viscous liquids, concentrated flexible polymers, and semi rigid polymers where the 

rotational tumbling is restricted.  

 

 

Figure 3.3- T1 and T2 relaxation as function of a fixed Larmor frequency and a variable 
correlation time show a dependence on the molecular tumbling rate.  

 
 

Relaxation Measurements 

 To measure T1 relaxation, the inversion recvory pulse sequence is used (6). The 

first 1800 pulse disturbs the system from equilibrium. An inversion time t is waited in 

which spin-lattice relaxation occurs. A 900 pulse is used to bring the magnetization that 

has relaxed into the +z axis into the transverse plane for measurememt (Figure 4.1). The 

signal amplitude is described as: 
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hp ,

hI
= 1 − 2exp	(−- XM

) (3.34) 

One feauture of this experiment is the signal to goes from –z to +z with a zero crossing 

time of 0.693T1.  

 

 

Figure 3.4. Inversion recovery pulse sequence (a) and example of measured 
magnetization for T1 of 2 seconds (b).  
 
 
 To measure T2 relaxation, the spin echo is used (1).  After exciting spins into the 

transverse plane, B0 field spatial inhomogenities will cause spins to have Larmor 

frequencies dependent on position. The detected signal for a single pulse experiment is 

for the ensemble of spins. When spins have different frequencies of precession from the 

bulk magnetization, dephasing occurs and the signal decays. In the spin echo experiment, 

spins dephase for an echo spacing τ before a 1800 pulse is applied. The radio frequency 

field will reverse the precession of magnetization and an echo will be formed at a time 2τ. 

The magnetization at 2τ will be decayed by T2 relxation, or irreversible stochastic 
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molecular interactions while dephasing due to the inhomogeneties B0 are refocused. By 

repeatably applying 1800 pulses seperated by 2τ, the full T2 decay is aquired. This is 

known as the Carr-Purrcell-Meiboom-Gill (CPMG) sequence (7) (Figure 3.5). The 

magnetization decay is described by: 

h ,

hI
= exp	(−- Xf

) (3.35) 

 
 

 

Figure 3.5. The time diagram for the CPMG sequence (A) and the measured 
magnetization (B). The 1800 pulses are used to refocus field inhomogenietes. A T2 of two 
seconds is utilized in this example.  
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Magnetic Resonance Imaging 

 
A variation in the magnetic field will cause a broadening of frequencies in the 

spectrum, f(ω) [Figure 3.2]. Since the frequency is dependent on the magnetic field 

experienced by each spin, a known spatially and temporally varying gradient, B(r), can be 

applied to exploit this relationship and encode for position. This is the basis for NMR 

magnetic resonance imaging (MRI) and diffusion measurements [Figure 3.6].  

To create a frequency dependence on position,  a spatially varying magnetic field 

is applied, with a magnetic field gradient G(r) and the resulting frequency is a function of 

position, r.  

B(ï) = >(=? + ñ	 ∙ 	ó)     (3.36) 

When a gradient, G(r), is applied for time, t, the spins precess at different frequencies 

creating a helix of phase with wavelength, λ. The inverse of λ will be called k.  

V =
Gò,

fg
    (3.37) 

The relationship between the collected signal, S(k), and the spin density function, p(r), is a 

Fourier transform relationship. 

_ ô = a ó ` F4ô∙ó dï (3.38) 

a ó =
M

fg
_ ô ` 4ô∙ó dV (3.39) 
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Figure 3.6. Schematic of magnetic field gradients used to produce a relationship between 
frequency and position. Note: not to scale, Bo is much larger than G(r). 

	

The spin density function is a function of position, r, and represents the amount of 

signal in each location. This is the image seen in MRI. Magnetic field gradients can be 

applied in one, two, and three dimensions to create images.  

 
Displacement and Motion 

 
Measurement of displacement and molecular motion can be made by using 

magnetic field gradients and comparing a spin’s initial position to a later position after an 

observation time, Δ. After excitation, a gradient is applied that encodes for initial location. 

This creates a helix of phase at time zero in which the frequency is a function of position. 

After an observation time, an opposite magnetic field gradient is applied to unwind the 

helix of phase. A spin that moves during the observation time will carry the phase encoded 

at the initial location while spins that did not move will have no change in phase. Therefore, 

any translational motion will create a phase shift. This experiment is called a Pulsed 
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Gradient Stimulated Echo (PGStE) sequence (8, 9) [Figure 3.7]. The magnetization from 

this experiment is a function of gradient applied, g, and the position of the spin, r.  

\^ ó?, - = \^ ó?, 0 exp	(iγ õ tã ∙ ó tã d-′)
,

Q
    (3.40) 

The phase shift ∅ for a spin j with a path rj .  

∅ú - = > õ -ã ∙
,

Q
óù û

ã d-′     (3.41) 

To obtain signal, an echo must be formed, õ(-′)d-′
,

Q
= 0. The normalized signal E will 

be discussed such that relaxation effects can be neglected.  

ü - =
hE(,)†(°)¢I

hE(,)† ° £I
    (3.42) 

The relationship between normalized signal and the average probability (§), of 

displacement, • = óã − ó, is a Fourier transform relationship (8). 

¶ =
Gß®

fg
   (3.43) 

ü ©, ∆ = § •, ∆ `4¶∙ ™ d(•)  (3.44) 

§ •, - = a ó § ó ó + •, - dó   (3.45) 

For unrestricted Brownian thermal motion, a Gaussian distribution of phase shifts related 

to the diffusion of the spins in the sample is obtained. Additionally, in the low q limit, the 

Einstein relation predicts the mean squared displacement, z2, is a linear function of 

diffusion coefficient D. Both of these situations result in the Stejskal Tanner equation (9) 

(Eq. 3.47).  

< ´f >= 2¨∆     (3.46) 

ü õ, ∆ = `FG
]≠]ß]{ ∆Fß ç      (3.47) 
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Figure 3.7. Timing diagram for spectrally resolved PGStE NMR (A). The first line is r.f. 
pulse power. The second line is the gradient pulse used to encode for position. Δ is the 
observation time and δ is the time gradients are applied. Panel B shows the phase of spins 
as gradients are applied. 

 

To derive the Stejskal-Tanner equation, the Bloch-Torrey relationship (2, 10, 11) 

can be used. The Bloch Torrey equations assume that magnetization can be treated as a 

fluid in Eularian space.  

+hq

+,
= >\r =? −

W

G
−
hn
K]
+ Æ ∙ Ø ∙ Æ\q − (∞ ∙ Æ)\q          (3.48) 

To simplify this relationship, scalar diffusion and the rotating frame is used.  

\^ = \q + )\r   (3.49) 

hE è,,

h°(è,Q)
= ± - exp	(−)>ó ∙ õ -ã d-′)	

,

Q
  (3.50) 

The solution to the Bloch-Torrey equation is a function of a modulation factor A(t), the 

helical phase distribution, and magnetic relaxation. The normalized signal is a function of 
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the modulation factor and the helical phase distribution. To obtain signal in a PGStE 

experiment, an echo must be formed, õ(-′)d-′
,

Q
= 0 and therefore the phase distribution 

contribution is equal to 1.  

± - = exp	[−¨>f ( õ -ãã d-′′))fd-′]	exp	[>≤ ∙ õ -ãã d-ããd-ã
,≥

Q

,

Q

,≥

Q

,

Q
]    (3.51) 

The first exponential is the sensivite to diffusion and and the seconds is sensitive to flow. 

For the PGStE sequence: 

( õ -ãã d-′′))fd-′ =
,ã

Q
õf¥f(∆ −

ß

ç
)

fx

Q
   (3.52) 

õ -ãã d-ããd-ã
,≥

Q

fx

Q
= −õ∆¥         (3.53) 

For a system with no velocity, the Stejkal-Tanner relationship is the solution to the Bloch 

Torrey equation.   

 
 

	

Figure 3.8. Timing diagram for the PGStE sequence with a read gradient. A gradient g is 
applied for δ and displacement observation time of ∆ is used to encode for diffusion. A 
read gradient gr with a negative lobe of duration d and positive lobe of duration 2a to 
encode for position.  

 
In Chapter 6 a read gradient is added to the PGStE sequence and the Bloch-Torrey 

equation can be solved for this additional gradient pair. In this sequence, a is the length of 
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the negative lobe of the read gradient and d is the length of the positive lobe of the read 

gradient.  

µz ü(-) = −>f¨[õf¥f ∆ −
ß

ç
+ ∂è(

f+∑

ç
+
(+F∏)∑

ç
) ]    (3.55) 

Another way to solve for the Stejkal-Tanner relationship is by using the low q limit. 

In the low q limit or when δ<<Δ , measurements are less sensitive to small displacements. 

In the low q limit, the variance of the distribution is the mean squared displacement. To 

examime this, the Taylor exspansion is used. In this equation Z is the projection of 

displacement R on q  

ü ©, ∆ = 1 + )¶ § π, ∆ πdπ −
M

f
©f § π, ∆ πfdπ+. . .  (3.56) 

In the expansion, the second term is the mean squared displacement and the third term is 

the variance. When a guassian approximation is used, the mean displacement, <l>, is equal 

to zero and the variance, <l2>, is the mean squared displacement. The Einstein equation 

relates the mean squared displacement to diffusion.  

< µf >	= 6Ø-    (3.57) 

ü ¶, ∆ ≈ 1 −
M

f
©f < µf ∆ >       (3.58) 

In this case, the log of signal is plotted against q2 and the slope of the line is equal to 6Dt 

(12).  

 
Restricted Diffusion 

In porous media, such as cartilage, diffusion of fluid can be restricted by pores. In 

this case, the effective diffusion, Deff, will be less than the free duffsion, D0, of the fluid. 

This experiment is done by increasing the observation time, Δ, in a PGStE experiment. 
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With a short Δ, few molecules interact with the pore walls and l2 linearly increases with 

observation time. With a long Δ, ∆≫	 +
]

î{Å∆
 where d is the length scale of the pore, molecules 

interact with the walls and the diffusion is restricted. When pores are interconnected, the 

effective diffusion is related to the tortuoisty, α. Tortuoisity is the ratio of length a molecule 

travels to go between two points as compared to the shortest distance between the two 

points.  Since Ω̈ææ(∞) cannot be measured directly, a relationship for Ω̈ææ(-) is in the 

short time limit was found. It scales with the surface area to volume ratio, ¿
¡
 (13).  

{¬√√(e)

{Å
=

M

ƒ
   (3.59) 

{¬√√(,)

{Å
= 1 −

¿ {Å,

¡
             (3.60) 

When fluid interacts with the wall, diffraction patterns may also occur. This phenomena 

occurs as spins reflect from the walls and diffusivity appears to be zero. Diffraction has 

been modeled in closed pores and single slits. The solution to this problem shows that the 

normalized signal from a PGStE is related to the structure factor (14).  

Magnetic relaxation can also be used to understand restriction and surface 

interactions. The Brownstein-Tarr model describes net magnetization, M, as a fluid and 

therefore can be modeled with Fick’s first law. 

¨∇fY ó, - =
+Y(ó,,)

+,
               (3.61) 

The boundary condition used to solve this equation states that the walls are reflective 

with a relaxativity p and that the change in magnetization from diffusion normal to the 

surface with a normal vector, n is equal to the loss of magnetization due to suface 

relaxation.  
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Ø∆ ∙ ∇Y ó, - + «Y ó, - |» = 0               (3.62) 

The solution to the equation shows that M(r,t) in a function of un, Tn, and an which are 

Eigen functions, eigenvalues, and constants respectively. The solution can be normalized 

by using an intensity function, I.  

Ét = &t dó…t¡
             (3.63) 

Y - = Y(0) Étexp	(
F,

Kv
)e

t Q       (3.64) 

The solution for M(t) describes T1 and T2 relaxation modes. The parameters that control 

In and Tn are pore size, a, the self-diffusion coefficient, D, and the surface relaxativity. 

When Y(À)
Y(û)

 is plotted versus t, in the fast exchange region, â∏
{
≪ 1, the relaxation scales as 

M

K
≅ ä

¿

¡
. If a bi-exponential curve is seen, the intermediate exchange region, 1 < â∏

{
<

10, is observed. In this region, the relaxation scales as    M
K
≅ &f¨ (15).  
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DIFFUSION, RELAXATION AND TWO DIMENSION CORRELATION 

EXPERIMENTS: DATA ANALYSIS AND DATA AQUISTION 

 
 Using the ideas and equations from Chapter 3, the NMR and MRI  methods used 

in this thesis are discussed in more detail. In porous media systems, data is often multi-

exponential due to the presence of various chemical and physical enviornments, each 

with a unique set of characteristic T1, T2, and D. This chapter covers analysis and 

interpetation these measured parameters in one and two dimensions.  

 
Analysis of One Dimensional Multi-Exponential Data 

 
Multiple methods for fitting multi-exponential data exist. One of the most popular 

methods used to analyze multi-exponential data is Non-Linear Least Squares (NNLS) (1). 

NMR relaxation data can be presented in the discrete form: 

!" = $"%&%  (4.1) 

where yn is an array of n points in the decay, Anm is a matrix of size n x m with kernels for 

relaxation or diffusion, and Sm is an array of unknown amplitudes for the solutions. 

NNLS finds positive values for Sm while minimizing the residual and applying a 

minimum energy constraint by utilizing a regulization term µ.  

| $"%&% − !"
)
%*+ |,-

"*+ + µ| &%|,
)
%*+  (4.2) 

When µ is large, the influence of noise is reduced but the amount of misfit increases. The 

advantages of NNLS is that no assumptions about the number of components is required 

(2).   
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 Other approaches can be used with an assumption of the nunmber of components 

for diffusion and relaxation. These approaches require a known form of the exponential 

decay, or kernel. For relaxation the kernel is given by exp	( +
56
7) and exp	(1 −

2 ;<=
+

5>
7 ) for T2 and T1 respectively. The kernel for diffusion is ;<= −?@  where ? =

−A,(∆ −
C

D
) (3). For clarity, the discussion will focus on the derivation of solutions for 

the diffusion kernel, but the same derivation can be used with the relaxation kernels.  

 For diffusion, the signal attenution is given by the Stejkal-Tanner equation (4).   

E(?) = exp	(−?@) (4.3) 

For multi-component diffusion, analyzing the signal decay with the Stejskal Tanner 

relationship for a single D will result in the mean diffusivity of the system, <D>. If the 

number of components is known, a multi-exponential model can be used to find the 

diffusion of each component m. The contribution of each component is wm.  

E(?) = F%exp	(−?@%)
)
%*+  (4.4) 

Alternatively, the Caputo fractional method can be used to derive a stretched exponential 

where α is the stretch parameter (5).  

E(?) = exp	((−?@)G) (4.5) 

Using this model, the polydispersity of polymers in solution and variation in fluid 

diffusion is evaluated with the stretch parameter.The limitation of this model is that the 

relationship between the width of the distribution and α is difficult to interpret and there 

is no way to extract the mean diffusion coefficent for the system (6).  

 A sample bi-exponential data set with D equal to 1x 10-9 m2s-1 and 0.5 x 10-9 m2s-1  

is fit with the three functions: exponential, bi-exponential, and stretched exponential. The 
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error in the fit is visualized in Figure 4.1A and the results are shown in Figure 4.1B. The 

bi-exponential model is the best fit to the data and demonstrates the accuracy of the 

fitting procedure when the number of components is known a priori. The stretched 

exponential has the second best fit to the raw data but the diffusion coefficient is not 

representative of the system. The exponential had the poorest fit.  

 

 

Figure 4.1. The results of fitting bi-exponential data (black circle) to an exponential (red, 
small dashed line), stretched exponential (yellow, dotted line), and a bi-exponential (blue, 
large dashed line) model. The residual error and error in fitting is shown in Panel A. The 
reported diffusion coefficient is shown in Panel B.  
 
 
 Another approach is to explicity model a superpositiion of exponential decays 

with an assumed form of the probability distribution w(D) for the  distribution of D.  

EH = FI D exp −?@ K@
L

M
 (4.6) 

The advantage of this approach is that the NMR signal is weighted by the number of 

protons contributing to each site and therefore wD is representative of the number of spins 
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in each site. For polymer diffusion, this is particularly advantageous because it gives a 

mass weighted distribution of mobile end groups or polymer chains (6).  Two common 

parametric models for wD(D) are the lognormal and gamma distribution. The lognormal 

distribution is given by: 

FI @ = (@NI 2O)P+exp	(−
(QRS I PTU)

6

,VU
6 ) (4.7) 

where µ is the mean and σ is the standard deviation. The gamma distribution is given by: 

FI @ =
WX

Y(G)
@GP+exp	(−Z@) (4.8) 

where α is the shape factor and β is the rate.  These methods are limited by assuming a 

form of the probability distribution.  

 A sample bi-exponential data set with D equal to 1x 10-9 m2s-1 and 0.5 x 10-9 m2s-1  

is fit with the gamma and lognormal distribution. The peak of the distribution represents 

the mode of the behavior of the system while the spread of the distribution represents the 

variation of diffusion in the system. Both models have a low residual error.  
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Figure 4.2- The results of fitting bi-exponential data (black circle) to the gamma function 
(blue, large dashed line) and the lognormal function (orange, small dashed line). The 
residual error and error in fitting is shown in Panel A. The reported diffusion coefficient 
is shown in Panel B. 
 
 

One and Two Dimension Inverse Laplace Transform (ILT) 

 
The ILT directly returns the probability distribution P(D) of a function. The ILT 

utilizes no assumptions about the shape of the distribution or number of components (3).  

E ? = ℒ \ @ = \ @ exp −?@ K@
L

M
 (4.9) 

\ @ = ℒP+{E(?)} (4.10) 

By taking the ILT of E(b) the distribution of diffusion coefficients is calculated. While 

the the ILT is a useful tool, it is difficult to compute because it is asymetric and ill 

defined. 

 The Laplace transform is an integral known as a Fredholm Integral of the first 

kind with a kernel K(b,d) (7).  
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& ? = _ ?, K a @ K@
H

b
 (4.11) 

The problem is ill posed because with signal S(b) and a known form of K(b,D)=exp(-bD), 

it is not possible to directly find f(D). Numerical approaches need to be used.  

& ?c = ;<=(−)
d*+ ?c@d)a(@d) (4.12) 

For experiment data, the effect of noise, ε must also be taken into consideration.  

& = _a + e  (4.13) 

One solution to the numerical problem is to take the pseudo inverse of the kernel, K in 

which U is an orthogonal NxN matrix and V is an orthogonal MxM matrix. The diagnol 

values of NxM matrix Σ are the singular values of K.  

_P+ = fP+	ΣP+	hP+  (4.14) 

a = _P+	&P+ + _P+	e  (4.15) 

While mathematically this is correct, the matrix K is ill conditioned. The large condition 

number, ||_	|| 	 ∙ ||_P+	||, is the ratio of the fractional error of the solution to the signal. A 

large condition number is indicative of an explosive effect on the error term.  

 This problem was practically solved by requiring that each spectral amplitude is 

positive, that a optimal minimum mean squared error solution be found, and that the 

principle of parsimony is followed[4]. Parsimony requires that the solution has the least 

number of curvature changes possible to fit the data. To implement parsimony, the 

Tikinov Regularization is used. To find the least squares solution, V(α), the residual must 

be minimized.  

| ja |	, = [a′′(@)],K@
Inop

Inqr
  (4.16) 
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f s = ta − u +∝w | ja |,   (4.17) 

To solve this equation, an a priori range of diffusion relaxation rates is assumed. Then, a 

least squares mimization is calculated for an a priori range of α. The χ2 statistic is 

calculated for each α. The α value that minimizes the error without overfitting is chosen 

[7].  

 

 

Figure 4.3. The alpha value is used to minimize the χ2 error of the fit (A), but only until 
the error reaches a steady state. When bi-exponential data is fit with a value of high error, 
in this case α=105, the distribution is wide (blue, solid line). When the data is fit with an 
alpha that minimizes error but no more, α=108, a narrower distribution is observed 
(orange, dashed line). When the data is over fit with α=1010, two populations are 
observed (black, small dashed line).  
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 To solve the ILT in a two dimensional experimient, we now consider signal that is 

a function of diffusion and relaxation, such as a D-T2 experiment. In the solution, i=1 .. 

N1 to j=1 … N2.  

& ?c, 7d = ;<=()6
x*+

)>
y*+ −?c@y)a @y, zx ;<= −7dzx + ec,d (4.18) 

& = _+	a	_, + e (4.19) 

The goal is to find the solution f(D,R). To do this the matrix S (Eq 4.18) is the 

multipication of matrices size N1 x M1, M1 x M2, M2 x N2 . To solve this as a one 

dimensional problem, S and f  can be made into concatenated vectors and K0  would be 

the single outer product matrix of K1 and K2. The dimesions of the vectors are N1 x N2 and 

M1 x M2 and the size of K0 is N1 x M1 x M2 x N2. The computing time and memory 

required make this approach unrealistic on a home computer.  

To solve the two dimensional ILT, the size of the matrix needs to be reduced. The 

solution uses singular value decomposition to reduce the matrix size thus making the 

problem solveable on desktop computers. In the SVD, the diaganol components are 

arranged by decreasing size. The matrix size is truncated when the singular values 

become sufficiently small as compared to a threshold value. The threshold value removes 

values in f that are smaller than the threshold. This reduces the problem to a solvable size 

(8).  

Resolution in the ILT is based on the bin size. A bin size is defined by the number 

of steps used to solve the ILT and the range of Dmin to Dmax. The bins are analogous to 

bins in a histogram. They have a discrete size and the intensity is the probability of 

finding the diffusion coefficient within the bin range.  
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Figure 4.4. The number of bins in the ILT affects the resolution of the results. When 20 
bins are used (blue x), the location of the slowly diffusing population is shifted. When 60 
(red diamond) and 100 (yellow triangle) bins are used, the location of diffusion peaks are 
stable.  
 

ILT Relationships for Multi-Dimensional NMR 

This work utilizes D-T2 (9)and T1-T2 (10) correlation spectroscopy as well as T2-

T2 exchange spectroscopy (11). D-T2 uses a PGStE sequence followed by a Carr-Purcell-

Meiboom Gill Sequence (CPMG) sequence. The max of each echo in the CPMG 

sequence is measured. The signal is a function of q and the CPMG acquisition time, t2 

(12-15). In T1-T2, a variable inversion recovery delay followed by a CPMG sequence. 

The signal is a function of the inversion recovery time t1 and the CPMG time t2 (12, 13, 

15, 16). In T2-T2, a variable number of echoes, n, in a CPMG train is used in the encoding 

period followed by a mixing time and a CPMG sequence. The signal is a function of t1=n 

x echo time, and the CPMG acquisition time, t2.  The ILT kernels used in this work are 

shown.  
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+
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K

+

56
 (4.22)  

 
Relaxation in Inhomogenous Media 

 
 Samples may show multi-exponential relaxation when multiple regions of 

relaxation rates are present such as multiple pore sizes and samples with a bulk fluid 

relaxation and a surface relaxation. In these samples, there is an interaction between 

diffusion and relaxation. One approach for analysis is to define phases within a material, 

each with a different relaxation rate. Another approach is to use a geometric description 

in which the bulk fluid relaxation is differentiated from fluid at the interface with the 

solid matrix. Mechanisms for relaxation are relaxation sinks at the pore surface when 

paramagnetic ions are represent and local restriction of rotational motion caused by 

enhanced dipolar interactions. Spins diffuse between these regions of differing relaxation.  

 
Exchange Between Sites 

There is a characteristic exchange time τe for diffusion between sites (3). Each 

relaxation site has an associated T1, T2, and occupancy P. The occupany is the amount of 

magnetization in each site and ΣP=1. In the case of slow exchange, the exchange time is 

much slower than the relaxation rates. The magnetization is multi-exponential and the 

intrinsic relaxation rates for each site i are measured.  

)(|)

)}
= \cexp	(

P|

5q
)c  (4.23) 
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In the fast exchange region, only one relaxation rate is observed.  

+

5
= \c

+

5q
c  (4.24) 

For intermediate exchange multi-exponential relaxation is also observed but these 

relationships do not apply.  

 
Exchange Between Free and Bound States 

 Free and bound water water are found in biological tissues and mineral systems. 

For free water, the rotational correlation time is on the order of 10-12 s in comparision to 

the slower rotational correlation times of bound water, 10-8 s. For bound water, the slower 

rotational correlation time leads to a reduced T2 relaxation, as described by exchange 

models (17). The exchange between these processes is due to chemical exchange of 

protons at the interface and molecular diffusion. Chemical exchange is comparably slow, 

on the order of millisends per proton exchange, while the rate of molecular self diffusion 

is faster. In this manner, molecular self diffusion is the dominant process determining the 

exchange rate between bound and free water. For fast exchange, the effect of the 

exchange on the single observed relaxation time can be calculated where f indicates free 

and b indicates bound water (18-20).  

+

5>
=

+

5> ~
+ \H{(

+

5> H
−

+

5> ~
} (4.25) 

 
Exchange and Surface Relaxation  

 Another source of relaxation is surface relaxation for spins expieriencing 

restricted diffusion. This problem was solved by Brownstein and Tarr (21) using the 

classical diffusion approach and assumes magnetization obeys Fick’s Law.  
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@∇,Ä Å, 7 =
Ç)(Å,|)

É|
 (4.26) 

M(r,t) describes the probability of finding a molecule at (r,t) that has not relaxed. The 

boundary condition and initial condition respectively for partially absorbing walls with a 

surface relaxativity, ρ, and volume, V, are given by: 

@Ñ ∙ ∇Ä Å, 7 + =Ä Å, 7 |Ö = 0 (4.27) 

Ä Å, 0 = Ä(0)/f (4.28) 

The form of the solution is: 

)(|)

)(M)
= à"exp	(−

|

5r
)L

"*M  (4.29) 

à" = s" KÅâ"ä
 (4.30) 

For a cylindrical geometry, the specific solution is: 

à" =
ãå>

6(çr)

çr
6[å}

6 çr éå>
6 çr

 (4.31) 

è" =
b6

Içr
6 (4.32) 

This solution represents both T1 or T2 relaxation as long as the corresponding value for 

surface relaxivity is chosen. The parameters that determine In and Tn, the eigenfunction 

and eigenvalues, are the self diffusion coefficient D, pore size a, and surface relaxivity ρ. 

In the fast exchange limit êb
I
≪ 1, relaxation is dominated by the slow relaxation rate, 

èM
P+~=

ì

ä
 where S/V is the surface to volume ratio.  

Intermediate exchange êb
I
~1 and slow exchange êb

I
≫ 1 show multi-exponential 

decay. Intermediate exchange is dominated by the slowest relaxation rate. Slow exchange 

is dominated by ξ0~1. For slow exchange, the relaxation time is related to the time it 
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takes to diffuse across the pore space where each spin that interacts with the surface is 

lost due to relaxation. In the slow exchange regime, the higher modes of relaxation Tn
-1 

have little dependence on surface relaxivity and are on the order of a2/n2π2D. The ratio of  

the longest relaxation T0 and the initial fast decay Ti can be used as a probe for pore size 

distributions when multi-exponential relaxation is observed.  

5}
5q
= ï

êb

I
 (4.33) 

Alpha is a scaling parameter for known geometries, ie α=0.35 for cylindrical geometries.  

The  solution to the general Fick’s Law with the given boundary condition is (22): 

Ä Å, 7 = s"â" Å exp	(−
|

5r
)L

"*M  (4.34) 

In the solution, un and Tn are the eigenfunctions and eigenvalues of the Helmhotz 

equation: 

ñr
5r
+ @∇,â" = 0 (4.35) 

with boundary condition 

@Ñ ∙ ∇Ä Å, 7 + =â"(Å)|Ö = 0 (4.36) 

This approach will  be used in two dimensional NMR.  

 

Relaxation Exchange Spectroscopy (REXSY) 
 
 

 One way to measure exchange between sites is with T2-T2 exchange sprectoscopy 

(11). REXSY correlates the T2 relaxation rates at two different times [Figure 4.5A]. The 

pulse program consists of an initial encoding period t1 with m echoes followed by a 

mixing time τm in which spins diffuse between regions. The relaxation is measured with 
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single point acquisition at the center of each echo during a second CPMG train with n 

echoes. To encode for a range of T2’s, a variable number of echoes m is used in the 

encoding period. Both CPMG trains have echo spacing τ. A short τ is used to reduce the 

amount of dephasing due to diffusion in inhomohenous fields associated with magnetic 

suspectibility.  

The first use of this two dimensional experiment was McDonald et al. who 

measured exchange in white cement paste with fixed seperation times (23). This was the 

first demonstration of the use of the 2D Inverse Laplace Transform to measure exchange 

cross peaks. An example 2D ILT REXSY data set for cartilage is shown in Figure 4.5B. 

Washburn and Callaghan used REXSY to measure the exchange rate of fluid in 

Castlegate Sandstone (24). This was done by utilizing a three dimensional experimental 

design with a variable mixing time, a variable number of echoes in the encoding period, 

and the measured relaxation. After the mixing time, spins that remain in their original 

chemical and physical enviornment appear as an on-diagonol peak in the 2D ILT. Spins 

that change environment during the mixing time will appear as off diagonol peaks 

[Figure 4.5B]. As long as the mixing time is shorter than T1 and exchange time is longer 

than T2, the relative number of spins that exchange environments is found by integrating 

the off-diagonol peaks. The cross peak intensity NAB as a funciton of mixing time was fit 

to an exponential curve to find the exchange time between two sites, A and B, τex
AB.  

óòô 7 =
-öõúö
õúöéõöú

(1 − exp −ù7 ) (4.37) 

In this system, ù = ûòô
P+ + ûôò

P+ and ûü†òô = ùP+. A model data set is shown exchange as a 

function of mixing time [Figure 4.5C].  
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Figure 4.5. The pulse sequence for REXSY (A) utilizes an initial encoding period 
composed of a CMPG train with a varying number of echoes, n, a mixing time, τm, and a 
CPMG train with m echoes. ILT analysis of REXSY data (B) shows off diagonal 
components when a molecule has exchange environments during the mixing time. The 
cross peak intensity as a function of mixing time (C) reaches a plateau at the 
characteristic exchange time τex.  

 

Time Domain Analysis for REXSY data 

Another analysis method for REXSY data utilizes model fitting of time domain 

data. The advantages of this analysis mode are that it requires one mixing time, fits the 

T1, T2, M, and the exchange rate, k for each site, and is capable of finding exchange times 

for systems with exchange longer than T1 and faster than T2. The use of a single mixing 

time reduces the experiment from a three dimensional to two dimensional experiment 

thereby reducing experiment time by a factor of 10 or more. This is especially important 

in biology where samples may decay ex vivo. The model fitting provides a measurement 

of intrinsic relaxation rates, magnetization site sizes, and the exchange rate which is more 

information than can be easily extracted from the ILT analysis. The ILT analysis finds 

the observable relaxation rates and exchange rate. Finally, it is capable of finding the 
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exchange time when exchange is faster than T2 and slower than T1. When the exchange 

rate is faster than the T2, pure relaxation encoding during the encoding and measurement 

CPMG trains is not possible. The exchange is not restricted to the mixing period and the 

exchange peaks in the ILT cannot be interpretted as pure exchange probabilities. In the 

slow exchange limit when the exchange time is slower than T1, pure relaxation encoding 

does occur and the cross peaks do represent exchange probabilies (25). In this case, the 

exponential growth of the exchange peaks (Figure 4.5C) cannot be observed and the 

exchange rate cannot be found (24). The limitation of this method is that a number of 

magnetization sites needs to be assumed. This discussion will focus on two site exchange.  

Magnetization, M, associated with pores a and b  is described by coupled 

differential equations (26)  

É)o
É|

= −°bÄb + °HÄH + zb(Äb
ü¢ − Äb) (4.38) 

É)£

É|
= −°HÄH + °bÄb + zH(ÄH

ü¢ − ÄH) (4.39) 

where k is the exchange rate, R is the intrinsic T1 or T2 relaxation rate, and Meq
 is the 

equilibrium magnetization. The initial conditions for T2 relaxation is Meq=0 and for T1 

relaxation is Meq=M0. For a balanced system and under conservation of magnetization 

(27), the exchange rates are coupled 

°b = °H
)£
}

)o
} (4.40) 

Under these conditions the change in magnetization can be described as a function of 

relaxation rate and exchange rate,  



53 
	

K Äb −Äb
ü¢

K7
K ÄH −ÄH

ü¢

K7

=
−zb − °b °H

°b −zH − °H

Äb −Äb
ü¢
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§ +t = [
−zb − °b °H

°b −zH − °H
] (4.42) 

The exchange and relaxation, R+K, effect the observable magnetization, M. The 

eigenvalues of the matrix R+K are the measured exponential decay rates (25). These are 

the relaxation rates observed in the Inverse Laplace Transform (ILT) as well as in one 

dimensional measurements of the relaxation. The solution to equation 4.41 is pulse 

program specific. For REXSY (Fig 4.5A), the solution is:  

• 7, + 7% + 7+ = exp §w + t 7, exp	( §+ + t 7% < exp §w + t 7+ ¶ 0 −

¶ß +¶ß (4.43) 

Using equation 4.41 or 4.43 to fit time domain data, R+K and M(0) are found. 

Another advantage of this method is that the predicted observable relaxation and 

magnetization can be modeled once the intrinsic relaxation rates, magnetization pool 

sizes, and exchange rate are known. With the ILT method, this is not possible and 

additional experiments have to be run on the sample to obtain the same data. The 

eigenvalues and eigenvectors, U1,2, of R1,2+K can be used to predict the amplitude and 

coordinate of observable magnetization (28) in REXSY and T1-T2 correlations. The 

solution is pulse program specific. For the timing diagram in shown in Figure 4.5A, the 

coordinates and amplitudes of the magnetization peaks are given by P,  

®©wP©w = w ™w
P´¨≠Æ §´ + t 7% ™w °[™w

P´¶(0)´´≠∞™w]© (4.44) 
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Here ο represents elementwise matrix multiplication and 1ixj is a matrix of ones. The 

coordinates of exchange peaks and observable magnetization can also be predicted for T1-

T2 correlations (28). Timing diagram is shown in Figure 4.6A.  

®©´P©w = w ™w
P´¨≠Æ §´ + t 7+ ¶(0) °[´´≠∞™w]© (4.45) 

These modeled magnetization behaviors can be compared to measured T1-T2 correlation 

and T2-T2 exchange maps to validate the fitting method and interprete exchange peaks. 

The P matrix is capable of predicting small magnitude magnetization pools, less than 1% 

of the signal, where the ILT analysis is not capable of measuring this behavior.  

 
T1-T2 Correlation NMR 

 
 The first two dimensional ILT experiment was the T1-T2 relaxation correlation 

experiment to study porous rock samples (10). This experiment encodes for T1 relaxation 

with a variable inversion recovery time, t1. This is followed by a CPMG train with multi-

echo acquisition (Figure 4.6A). The signal is given by: 

& 7+, 7, = (1 − 2 exp −7
+
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) exp −7

+

56
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+
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,
+

56
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+

5>
K

+

56
  (4.46) 

To find the distribution of relaxation rates a +

5>
,
+

56
, the ILT is used. An example data set 

for cartilage is shown in Figure 4.6B. In the resulting data, T1=T2 corresponds to free 

fluid and spins that are not rotationally restricted. When T1>T2, the fluid is restricted and 

the spins are rotationally restricted.  
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Figure 4.6. The timing diagram for T1-T2 correlation measurements (A) and a 
representative T1-T2 correlation map (B).  

 

 The ILT is constrained to find positive amplitudes for a +

5>
,
+

56
. Under certain 

circumstances, negative off-diagonal peaks may appear (28), and this is problematic for 

the use of the ILT. One source of negative peaks is surface relaxation. This description 

utilizes the Browstein-Tarr relaxation model of relaxation for the T1-T2 pulse sequence,  

Ä Å, 7+ = sêâ+,ê Å exp	(
P|>
5>,±
)L

ê*M  (4.47) 

Ä Å, 7+, 7, = ?¢â,,ê Å exp	(
P|6
56,≤
)L

¢*M  (4.48) 

where un and Tn are the eigenfunctions and eigenvalues, and ?¢ = â,,¢
∗ Å Ä Å, 7+ KÅ. 

There are different boundary conditions for T1 and T2 relaxation.  

@Ñ ∙ ∇â+," + =+â+," Å |u = 0 (4.49) 

@Ñ ∙ ∇â,," + =,â,," Å |u = 0 (4.50) 
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Negative peaks in the ILT are representative of non-orthogonality in the normal modes, 

u1,n and u2,n. When the surface relaxivities for T1 and T2 are equal, the modes are equal 

and there are no off-diagonal components. If both T1 and T2 are in the fast diffusion limit, 

ê>,6b

I
≪ 1, both zero order modes u0 are the same and no-off diagonal components are 

present. Off-diagonal components appear as T1>T2 in the intermediate diffusion limit 

ê>,6b

I
~1 (27). Negative off-diagonals peaks also appear when spins diffuse between pores 

(22, 28).  

 In the case that negative peaks appear, the ILT is no longer stable. The conditions 

for solving the numerical ILT is that the peak amplitudes must be positive. While the 

negative peaks are not visible, the resulting spectra is distorted.  One way to visualize if 

the data has negative modes is to plot the time domain data. The amplitude of inversion 

recovery data at a given CPMG echo is normalized to the shortest inversion recovery 

time amplitude for the same echo (29). A positive slope is observed when the system is 

not in the fast diffusion limit and there is diffusing coupling between pores.  
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Figure 4.7. Visualization of the slope of inversion recovery data when the ILT is stable 
(A) and when it is unstable (B).  

 

D-T2 Correlation NMR 

 
In solids, the T2 relaxation time is short and diffusion is restricted due to 

interactions with pore walls. In liquids, the T2 relaxation is longer and diffusion is faster.  

D-T2 correlations can give information about multi-compartment systems such as 

intracellular and intercellular fluid (12), fluid mixtures with various phases and fluid 

inside porous medias (30-35).  The measurement consists of a PGStE sequence to encode 

for diffusion followed by a CPMG train that measures relaxation properties (14). The 

signal is described by: 

& {, 7 = exp	(−A,@ ∆ −
C

D
exp −7

+

56
a @,

+

56
K@K

+

56
   (4.51) 

To extract a @,
+

56
, the ILT is used.  

The interpretation of the results is based on the diffusion sensitivity and resolution 

of the measurement. During diffusion encoding, diffusion and relaxation attenuate the 
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magnetization (36). If the relaxation is too fast, diffusion information cannot be obtained 

and a @,
+

56
 cannot be found. A dimensionless parameter α compares the effect of 

diffusion and relaxation in the given pulse program (Figure 4.8A).  

ï = (
¥6µ6I

ã∂
)
+
Dè,  (4.52) 

When α < 1, a @,
+

56
 cannot be found. The contrast between diffusion and relaxation 

effects is given by: 
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To optimize the contrast, the gradient duration and ∆ are altered based on the T1/T2 ratio. 

When T1=T2, the optimal solution is 2π = Δ. The use of the Hahn spin echo sequence 

give the maximum contrast for 5>
56
< 3.6 when T1 is sufficiently long for the desired ∆. 

When T1>3T2, the optimal solution is given by: 

(
5>
56
)
+
Dï = (

¥6µ6I5>56
6

+,
)
+
D (4.54). 
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Figure 4.8- The timing diagram for D-T2 correlation measurements (A) and a 
representative D-T2 correlation map (B).  
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T1-T2 CORRELATION AND BIOPOLYMER DIFFUSION WITHIN HUMAN 

OSTEOARTHRITIC CARTILAGE MEASURED WITH NUCLEAR MAGNETIC 

RESONANCE 

 
Abstract 

 
 

Cartilage is a load-bearing tissue that provides smooth articulation during motion 

of human joints like the knee and hip. Cartilage deterioration in the form of osteoarthritis 

(OA) causes painful joint motion in more than 100 million patients worldwide, and thus 

there is great interest in improving our understanding of cartilage to further clinical 

treatment. Previous studies have examined many aspects of cartilage mechanics, 

including the flow of interstitial water and repulsion of neighboring glycosaminoglycan 

chains. However, the contributions of specific molecules to overall tissue properties 

remain unclear. In this study, we use nuclear magnetic resonance (NMR) diffusometry 

and relaxometry to examine the molecular dynamics of water and cartilage polymers in 

OA human articular cartilage. To our knowledge, this is the first identification of two 

macromolecular populations corresponding to collagen and proteoglycan in human 

cartilage through their diffusive properties. Further, we performed NMR T1-T2 correlation 

studies on human cartilage and observed two populations of water distinguished by 

differing NMR relaxation corresponding to a solid-like component and a liquid-like 

component. These results provide fundamental insight on the water behavior and 

polymeric interactions that drive the functional mechanics of cartilage. This study 
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provides a basis to both expand our understanding of basic cartilage mechanics and 

provide molecular dynamics data for design of novel biomaterials to improve joint health. 

 

Introduction 

 

Articular cartilage covers the ends of bones to provide low-friction surfaces in 

joints such as the knee and hip. Deterioration and degeneration of cartilage results in 

osteoarthritis (OA) affecting more than 100 million people worldwide. Current research 

seeks to understand OA to diagnose, repair, and regenerate this unique tissue, but clinical 

treatment remains limited. Therefore, we seek to improve our understanding of cartilage 

using Nuclear Magnetic Resonance (NMR) which has the potential for future clinical 

applications. 

Cartilage consists of chondrocytes sparsely distributed in a hydrated extracellular 

matrix (ECM) (1). The ECM comprises more than 90% of the volume of the tissue. 

Typically, cartilage fluid is defined as interstitial water, which comprises 70-80% of the 

total wet mass of the tissue. The solid-phase of the ECM is a network of multiple 

polymeric species consisting mostly of type II collagen and hydrated macromolecules 

known as the proteoglycan aggregate (Figure 5.1). The proteoglycan aggregate includes 

aggrecan core proteins that are glycosylated with anionic glycosaminoglycans (GAGs). 

Multiple glycosylated aggrecan molecules form aggregates with hyalaronan which are 

considered part of the solid phase (2), although recent data suggest that these molecules 

also exhibit fluid-like properties (3, 4).  
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In addition, cartilage is spatially organized into three structural zones, 

corresponding to functional mechanical differences. The surface of the tissue is the 

superficial zone (5) where collagen fibers are closely packed and aligned parallel to the 

surface. In the middle zone, collagen fibers are oriented randomly and in the deep zone 

they are oriented perpendicular to the tissue surface (5). Proteoglycan content increases 

with depth from the surface. Mechanical behavior of cartilage is governed by the fluid 

phase, the solid phase, and interactions between these phases. Since the primary function 

of cartilage is mechanical, understanding how the ECM contributes to tissue-level 

mechanical properties may yield clinical insight into cartilage pathology and repair. NMR 

is one clinically relevant technique that provides insight into cartilage molecular 

properties. 

 

 

Fig 5.1. Cartilage samples and major structural biopolymers for NMR studies of 
molecular dynamics. (A) Representative donor sample from OA human hip. This study 
used n = 8 samples to examine molecular dynamics within cartilage. (B) Cartilage was 
shaved from the hip and placed into 5 mm NMR tubes. (C) Relevant biopolymers of the 
cartilage extracellular matrix. The aggregate includes negatively charged  
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Figure 5.1 Continued. glycosaminoglycan chains bound to an aggrecan core protein and 
forms a hydrated macromolecular complex. This study measured molecular dynamics of 
two biopolymer populations which are consistent with collagen and the proteoglycan 
aggregate.  

 

The NMR contrast parameters used in clinical imaging of articular cartilage 

include T1, T2, and fluid diffusion. Previous relaxation-based NMR studies have 

correlated cartilage T1 and T2 values to biological parameters (6-13). In vivo studies of 

human articular cartilage have shown T2 values are dependent on the orientation of 

collagen fibers, age, load, and mechanical properties of the tissue (14, 15). T1-T2 

correlation measurements have been measured in mammalian tissue, including healthy 

and diseased articular cartilage(16, 17). Here, we further explore relationships between T1 

and T2 through correlation analysis to characterize the molecular environment in articular 

cartilage and define constituents within the multiphase material. Previous NMR diffusion 

studies have provided insight on function of animal cartilage by measuring bulk diffusion 

of water and solutes (18-23). Here, we measure biopolymer molecular motion in human 

cartilage. To the best of our knowledge, these measurements have not been reported 

previously and this work extends studies on animal tissues and models to human samples.  

The objective of this study was to examine the molecular mobility of ECM 

constituents in human OA articular cartilage using NMR diffusometry and relaxometry. 

Because these NMR techniques provide insight into specific (e.g. fluid or solid) 

components of the ECM, we examined motion across multiple time scales. In particular, 

these results differentiate between fluid and polymer components within the cartilage 

samples based upon their diffusion characteristics. Further, we use T1-T2 correlation 
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analysis and observe two molecular populations, one liquid-like and another solid-like. 

These data provide a means to further study the molecular structure of cartilage, which 

drives mechanical function. This insight may be used to develop improved quantification 

techniques for clinical magnetic resonance imaging (MRI) studies of human OA. 

 

Methods 

 

Preparation of samples 

Cartilage samples were obtained from donors undergoing total hip replacements 

under an IRB-approved protocol. Shavings of articular cartilage were removed using a 

scalpel in a 4x4 mm2 square region of interest on the femoral head. All samples were 

harvested from the same region on the femoral head, approximately as shown in the red 

box in Figure 5.1. The shavings were washed in phosphate buffered saline (PBS), and 

then placed randomly oriented in a 5 mm NMR tube. PBS was added to maintain tissue 

hydration, following similar procedures used in NMR studies of animal cartilage (19, 20). 

Shavings from the surface were taken to sample the surface zone and shavings from 

deeper in the tissue near the subchondral bone were used to represent the deep zone 

structure.  

Standards of type II collagen and chondroitin sulfate (CS) were created by mixing 

70 wt% type II collagen (Sigma Aldrich C9301) and 70 wt% chondroitin sulfate sodium 

salt (Sigma Aldrich C4384) respectively in solution with PBS at a pH of 7.4.  
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Experimental Design 

The gender, age, and grade of OA for each human hip cartilage sample is known 

and provided in a table (Table 5.1). All donors except one had a Kellgren-Lawrence 

grade of IV indicating severe OA.  

 

 

Table 5.1. Human samples from osteoarthritic patients. The gender, age, and grade of OA 
for each human hip cartilage sample is provided. All donors except one had a Kellgren-
Lawrence grade of IV indicating severe OA.. (-- indicates information not available.) 

 

NMR equipment 

Measurements were taken on a Bruker 5.78 T vertical wide bore superconducting 

magnet coupled with an AVANCEIII spectrometer operating at 250 MHz for the 1H 

resonance frequency. The pulse field gradient was generated by a Bruker Diff30 with a 

maximum gradient strength of 17.81 T m-1 at 60 amperes.  The radio frequency (rf) coil 
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was a 5 mm diameter birdcage. A purpose-built Bruker semi-solids probehead was used, 

which allowed for short rf pulse durations of 10 µs for a 180○ pulse at 80 watts. All data 

was collected using Topspin 3.2 software.  

 

T1-T2 Measurements 

To measure T1-T2 correlations, a modified T1 weighted Carr-Purcell-Meiboom-

Gill (CPMG) sequence (Figure 5.2A) was used (24). In this sequence, a 180˚ inversion 

recovery rf pulse is applied, and after an inversion delay t1 the T1 weighted signal is 

brought back into the transverse plane with a 90˚ rf pulse. Data is collected during the 

CPMG echo train (echo time TE = 0.3 ms) that follows. A repetition time TR of 10s 

allows for ~5T1 between signal acquisitions. For the T1 encoding, 32 logarithmically 

spaced steps with t1 ranging from 0.01 to 50 seconds were applied. For the CPMG echo 

train, N = 6000 echoes gave a total echo sampling time N*TE of 900 ms. A 16 step phase 

cycle and 32 averages resulted in a total experiment time of 9 hours 23 minutes.  

 



72 
 

 

Fig 5.2. NMR pulse sequences. Schematic representation of the modified T1 weighted 
Carr-Purcell-Meiboom-Gill (CPMG) sequence (A) and the pulsed gradient stimulated 
echo (PGStE) sequence (B). In the modified CPMG sequence, a 1800 inversion 
radiofrequency pulse followed by an inversion delay time t1 precedes the CPMG echo 
train, where t2=N*TE = 900 ms is the total acquisition time. N is the number of echo 
(blue lines) centers acquired, and TE is the echo time, or time between the CPMG 
radiofrequency pulses. In the PGStE sequence, ∆ is the observation time and δ is the 
duration of the motion encoding gradient pulses. 

 

The Inverse Laplace Transform (ILT) was performed using established code in 

Matlab for fitting of 2D multi-exponential data (24). All noise was moved off the edge of 

the window so no binning occurred outside of the available relaxation rates. The position 

of each peak (T2,T1) was identified and the total signal associated with that peak was 

determined by summing within the region defined by the local minimums. 

To eliminate peaks in the 2D ILT fit that were a result of noise in the data, the 

peak positions from the 2D ILT were compared to the separate 1D ILT results from 
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analysis in each single dimension, T1 and T2. .  In the T1 dimension, the data from the fiist 

CPMG echo was used, and in the T2 dimension, data from the shortest T1 inversion 

recovery delay was used. If a peak in the 2D ILT fit was not observed in the 1D ILT fit, 

then that peak was excluded from further analysis, and does not appear in the results.  

 

PGStE Measurements 

The apparent self-diffusion coefficients of water and biopolymer were measured 

with a standard pulsed gradient stimulated echo (PGStE) sequence (Figure 5.1B) (25). 

The observation time Δ was 50 ms, the gradient duration δ was 1 ms, and g varied from 0 

T/m - 17.81 T/m. To study water diffusion, the gradient value g was varied from 0 - 0.4 

T/m.  Because signal associated with water was 95% attenuated by 0.5 T/m, larger 

gradient values of 2.05-17.81 T/m were applied to study the biopolymer dynamics. The 

repetition time TR was 8.5 s and the echo time TE was 0.50 ms.   

For measurements of the water diffusion coefficient Dwater (using smaller g 

gradient values), the spectra were single, narrow Lorentzian peaks at the resonance 

frequency of water (0 Hz on Figure 5.4A). These peaks exhibited mono-exponential 

signal decay (Figure 5.4C) that was analyzed using the Stejskal-Tanner relationship (26) 

to calculate apparent diffusion coefficients. When measuring biopolymer diffusion (using 

larger g gradient values), the water signal is largely attenuated (more than 99%) and the 

spectra of the remaining signal is complex with one peak near 0 Hz and several peaks 

away from 0 Hz resulting from different species of polymers in the cartilage (Figure 

5.4B). To minimize any overlap of the water peak with the biopolymer peaks, the signal 
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was integrated between 10-20 kHz. Multiple diffusing species contributing to the 

polymer signal resulted in a multi-exponential decay of the signal (Figure 5.4D). To 

determine diffusion coefficients for the biopolymer signal, the signal decay fit was 

performed as described by Alper and Gelb (27). Similar methods, as described by Reiter 

et al (28), have been used for fitting multi-exponential signal decay in relaxation 

measurements. A bi-exponential model was used,  

! " = ! 0 %&exp	(−"-!& ∆ − /
0 )

2
&34   (5.1) 

where N=2, w=fraction of signal, " = 567, and D= the diffusion coefficient (m2s-1).  

All model fitting was performed with 10 Monte Carlo simulations of Gaussian 

noise and 10 initial starting points. The mean squared error was calculated using time 

domain signal analysis from the fits. Two polymer diffusion coefficients associated with 

the more rapidly decaying signal (Dp fast) and the more slowly decaying signal (Dp slow) 

were obtained from each fit. 

 

Results and Discussion 

 

T1-T2 Correlations 

Clinically, T1- and T2- weighted MRI images are utilized for visualizing articular 

cartilage in OA patients (6). Longer T2, due to motional averaging of the dipolar 

coupling, is associated with liquid-like materials, and shorter T2 is associated with 

strongly dipolar coupled solid-like materials. Protons within articular cartilage inhabit 



75 
 
multiple molecular environments (1, 5, 29). For example, water in the interfibrillar space, 

solvent water closely associated with the polymeric components, and hydrogens 

corresponding to the polymer components themselves all contribute to the signal 

resulting in multiple relaxation populations (30-32). Typically, protocols for clinical 

imaging at present do not provide quantitative data for resolving multiple relaxation 

components (7). 

Previous studies have correlated T2 and T1p values obtained from relaxation-

weighted images with physicochemical properties of human and animal articular cartilage 

(8, 9). T2 is dependent on both the structural zone within canine cartilage (10) and on the 

angle between the magnetic field and cartilage orientation (31, 33) due to the magic angle 

effect for dipolar coupling in cartilage (7). Differences in T2 between OA and healthy 

samples have been observed, an effect enhanced for measurements made with the sample 

held at the magic angle of ~550 from the applied magnetic field (10). While most of these 

relaxation contrast imaging studies have provided a single relaxation value per pixel, 

Wang and Xia (31) used a non-linear least squares method to resolve multi-component T2 

in canine cartilage, resulting in a distribution of relaxation times that was dependent upon 

the imaging method.  T1-T2 correlation measurements have recently been performed in 

healthy and diseased human articular cartilage at a low 2.35 T (100 MHz) magnetic field 

strength, demonstrating the potential of multi-dimensional NMR correlation experiments 

and presenting preliminary hypotheses on the origin of the multiple populations 

observed(16, 17). However, further studies are needed to elucidate the connection 

between relaxation populations and the molecule structure of cartilage.  
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Fig 5.3. T1-T2 correlation analysis identifies distinct liquid-like and solid-like populations 
of water in human articular cartilage. T1-T2 correlation maps were acquired and analyzed 
for the Collagen type II standard (A), the chondroitin sulfate standard (B), saline (C) and 
shavings of human articular cartilage (D). The cartilage map is for Donor 4 (as identified 
in Table 1) and is representative of the other cartilage maps. The abscissa is T2 [sec], 
while the ordinate is T1 [sec]. The values of T1 and T2 at the peak maximums were found 
for all samples. In (E), the T1 and T2 values were averaged for all samples (n=4 donors 
[Donors: 2,4,7,8], 2 replicates per donor) as no statistical difference was found between 
samples. There is clearly a difference in relaxation between the two populations, liquid-
like and solid-like, with a higher percentage of the total signal in the solid-like 
population. The T1/T2 ratios of collagen, chondroitin sulfate and saline are consistent with 
the liquid-like population in articular cartilage (F).  
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 T1-T2 correlation measurements of randomly oriented shavings of osteoarthritic 

human articular cartilage are shown in Figure 5.3. With random orientation of the 

shavings, the magic angle influence is averaged. Relaxation correlation studies measure 

T1 and T2 in the same experiment and their relationship to each other can be expressed 

through the T1/T2 ratio. The T1/T2 ratio provides additional insight into the molecular 

environment of the cartilage components and therefore cartilage structure. The T1-T2 

parity line, T1/T2 =1, corresponds to spins that have molecular dynamics of bulk 

unrestricted liquids. Decreases in T2 indicates rotationally-restricted motion, whereas 

increases in T1 values indicates crystalline or amorphous ordering in solid phases (25). 

Therefore in ordered solid materials, T1 becomes long while T2 shortens, resulting in an 

increasing T1/T2 ratio. Data appearing to the left of the parity line, is a result of the 

presence of more solid-like material, whereas data appearing closer to the parity line is 

the result of more liquid-like material.  

Analysis of the T1-T2 correlation maps for the human articular cartilage samples, 

identified two populations corresponding to (i) solid-like rotationally restricted molecules 

(Figure 5.3D; T1=1.66 s, T2=0.064 s,T1/T2 = 26.84) and (ii) liquid-like components with 

greater rotational mobility (Figure 5.3D; T1= 3.09 s, T2= 1.08 s, T1/T2 = 3.37).  

Previous studies observed a longer T2 population, consistent with our liquid-like 

population and attributed it to surface water of the cartilage and therefore neglecting it in 

their analysis(12). With the addition of the T1 dimension in our measurements, it is clear 

that the longer T2 population, since it lies off the parity line, is not completely free water. 

However, it is possible that surface water could be rotationally restricted due to 
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interactions with polymers on the cartilage surface. However, alternatively, this 

population may be associated with fluid in large interstitial pore spaces.  

Wang and Xia (31) discussed a single T2 population for canine articular cartilage 

in PBS solution ranging from 30-40 ms depending upon angle relative to a 7 T applied 

field.  This value os consistent with the solid-like population observed in the human OA 

samples in our study. The measured T2 distribution values for our human OA degraded 

samplesagree within an order of magnitude of the amplitude for measurements on 

chemically degraded bovine nasal cartilage at 9.4 T field strength (30). Reiter et al (30), 

observed two short T2 populations  (T2 ~ 30 ms and 100 ms) with occurance of a longer 

T2 population upon collagenase degradation(T2 ~ 400 ms). Our T2 value for the solid-like 

population (T2 solid like= 64 ms) is between the two shorter populations in Reiter et al (30).  

Warner et al (16) identified five populations in T1-T2 correlation measurements of 

human articular cartilage oriented 0˚ to a 2.35 T magnetic field (100 MHz). While the 

absolute values of the relaxation times can not be compared directly, as their 

measurements were performed at a lower magnetic field strength, the ratio of T1 to T2 can 

be quantitatively compared. The dominant population in their results showed T1/T2 = 

27.87 and 22.02 for healthy and diseased cartilage respectively. This is consistent with 

the dominant solid-like population in our results.  Warner et al (16) also found a lower 

intensity peak with a T2 that is only slightly lower than T1, which is consistent with our 

liquid-like population. Since values of the relaxation times were not reported directly, this 

conclusion is based off estimates obtained from their relaxation maps. The other three 

populations seen by Warner et al had very short T2 values and high T1/T2 ratios (ranging 
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from ~ 37 to ~ 660) (16). These populations were not present in our data once we 

eliminated peaks that seemed to result from noise in the data. 

In order to connect the observed relaxation populations to molecular level 

structural characteristics of the cartilage, which would move the technique forward in 

clinical relevance, T1-T2 correlation measurements were performed for standards of type 

II collagen and chondroitin sulfate (CS) at 70 wt% in solution of phosphate buffered 

saline, as well as for saline alone. Collagen type II is the primary polymer component in 

cartilage and is responsible for the structural integrity of the ECM, i.e. the solid polymer 

matrix. Chondroitin sulfate is the primary component in the proteoglycan aggregate, 

which controls hydration and swelling of the cartilage that are important for mechanical 

function. The type II collagen standard exhibits a single liquid-like population (T1 =2.08 

s, T2 = 0.65 s; T1/T2 =3.02. Figure 5.3A). The CS standard shows a single liquid-like 

population near the parity line (T1 =2.96 s, T2 = 2.39 s; T1/T2 =1.24,  Figure 5.3B).  The 

saline standard shows a single liquid-like population near the parity line (T1 = T2 = 2.95 

s; T1/T2= 1,  Figure 5.3C). The liquid-like populations are not located directly on the 

parity line for the collagen type II and CS standards as chemical exchange of protons 

from the water to the polymer molecules reduces the water T2 relaxation slightly.   The 

T1/T2 ratios in both the Collagen type II and CS standards (T1/T2 =3.02 and 1.24 

respectively), are consistent with the more liquid-like population observed in cartilage 

(T1/T2 =3.37, Figure 5.3D), reinforcing the idea that this population in the cartilage is 

from surface or institial water not closely associated with the solid polymer matrix (the 

ECM).  
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The more solid-like population observed in human articular cartilage (T1=1.66 s, 

T2=0.064 s,T1/T2 = 26.84, Figure 5.3D) can be attributed to fluid closely associated with 

the ECM in cartilage, having the potential to inform on the structure of the polymer 

matrix and possibly the polymer molecules themselves. Changes to the T1/T2 ratio of this 

solid-like population may be a good indicator of ECM degradation and could be a 

clinically relevant parameter. This hypothesis is supported by observations that the T2 of 

the solid like population changes with degradation to canine cartilage (10).  

These data measure NMR T1-T2 correlation in human articular cartilage and make 

advances towards understanding the molecular origin of the relaxation as related to the 

cartilage structure. Significant potential exists for future NMR relaxation correlation 

studies of articular cartilage under varying experimental conditions where 

characterization of the local molecular environment is key, such as loading and disease. 

Effective diffusion 

To further analyze characteristics of diseased tissue and understand the differing 

molecular dynamics from the relaxation correlation maps, PGStE NMR was applied to 

measure both the water and biopolymer diffusion in human OA hip articular cartilage. 

These spectrally resolved data clearly show the existence of three molecular populations: 

a rapidly diffusing population associated with water and two more slowly diffusing 

populations of macromolecules. The macromolecule diffusion coefficients indicate 

distinct biopolymer species with different mobility. To aid in identification of the 

molecular populations, diffusion coefficients were also measured for standards of 

Collagen type II and chondroitin sulfate. 
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The average diffusion coefficient Dwater was 9.94 x 10-10 m2s-1 (Figure 5.4E), 

slightly lower than is typical for free diffusion of water (2 X10-9 m2s-1). Analysis of the 

polymer signal with the bi-exponential model revealed two separated linear decay regions 

that correspond to faster (D p fast~10-11 m2s-1) and slower (D p slow< 10-13 m2s-1) diffusion 

respectively (Figure 5.4E).  

 

 

Figure 5.4. Molecular dynamics of the water and biopolymers in cartilage from PGStE 
NMR diffusion measurements. A representative spectra (A) is shown at a low gradient 
amplitude (g=0.07 Tm-1). The reference frequency is set so that the frequency of water 
for the applied Bo is at 0 Hz. The overall signal is dominated by the water in the sample. 
A representative spectra from Donor 3 (B) is shown at a large g (g=2.05 Tm-1), where the 
water signal has been attenuated and only peaks corresponding to polymer signal remain. 
The Stejskal-Tanner plot for the water signal is shown (C). The Stejskal-Tanner plot for 
the biopolymer signal, integrated from 10-20 kHz to avoid overlap with any residual 
water signal, is shown in (D). The water signal decay is a single exponential with 
effective diffusion coefficient Dwater on the order of 10-10 m2s-1. The biopolymer signal 
decay is multiexponential, with distinct fast and slow diffusing components represented 
by the red and blue lines respectively. Effective diffusion coefficients of Dp fast and Dp slow  
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Figure 5.4 Continued. on the order of 10-11 m2s-1 and 10-13m2s-1 respectively were found. 
As no statistical difference in the values of the diffusion coefficient between samples 
(p>0.1) was observed, average diffusion coefficient values over all samples are shown in 
Panel (E).  

 

To determine if degradation ex vivo had an impact on PGStE measurements, 

experiments were completed from 0 to 400 hours after samples were surgically removed 

from the donor. Dwater and Dp fast did not change with time from harvest, while Dp slow 

showed a slight increasing trend with time likely due to polymer breakdown (data not 

shown). Therefore, for data reported in this paper all experiments were done within 100 

hours to minimize the effect of degradation ex vivo. Within this time frame, Dp slow 

increased by less than 5%, which is smaller than the standard error for Dp slow. 

NMR diffusion measurements have previously been applied to characterize 

cartilage and cartilage damage in animal nasal and articular cartilage tissue . These 

studies show that fluid self-diffusion in cartilage is dependent on lesions (21), fluid 

content (19), strain (22), enzyme degradation (18, 23), and wet weight (34). Prior NMR 

diffusion studies have primarily measured bulk diffusion of water and solutes, and 

inferred information about the structure of the ECM and cartilage function in animal 

models (18-21). Here we were able to differentiate between water diffusion, from the 

fluid in the interfibrillar space of the cartilage, and polymer diffusion, corresponding to 

the polymeric components of the ECM, by spectral resolution of the NMR signal. We 

identified two populations of polymer diffusion (Dp fast and Dp slow) with different 

molecular mobilities (Figure 5.4). To our knowledge, this is the first direct spectrally 
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resolved NMR measurement of the polymer diffusion corresponding to the ECM of 

human articular cartilage.  

To better understand which cartilage biopolymer structures (i.e. the collagen 

matrix or proteoglycan aggregate) contribute to Dp, fast and Dp, slow, PGStE studies were 

repeated for the type II collagen and chondroitin sulfate standards (Figure 5.5). When the 

water signal is suppressed at high g values, the spectra for collagen and chondroitin 

sulfate are consistent with the spectra for the biopolymer signal in cartilage (Figure 5.5A-

C), indicating that the signal defined in human articular cartilage as biopolymer signal 

does indeed correspond to collagen and proteoglycan. While the signal for the different 

polymer components cannot be distinguished due to the overlap of the broad spectral 

lines, the molecular mobilities provide a distinctive signature.  

After water suppression, the effective diffusion coefficient measured for collagen 

(Dcollagen) is on the order of 10-13 m2s-1, consistent with the slowly diffusing population of 

biopolymer signal in cartilage Dp, slow, while the effective diffusion for CS is consistent 

with the fast component of diffusion in cartilage biopolymer signal Dp, fast ~10-11 m2s-1 

(Figure 5.5D). It is interesting to note that the diffusion of the polymer components in 

solution (the type II collagen and CS standards) is not significantly different than for the 

same polymer components interacting within the ECM. So while the T1-T2 correlation 

measurements show that the rotational mobility of the fluid associated with the polymer 

molecules is sensitive to the ECM structure, the diffusion measurements indicate that the 

translational mobility of the polymer molecules are not. 
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Figure 5.5. NMR spectra and molecular dynamics of collagen, chondroitin sulfate and 
cartilage biopolymers from PGStE NMR diffusion measurements. The water suppressed 
spectra for collagen (A) and chondroitin sulfate (B) in solution are shown at a large g 
(g=2.05 Tm-1). The reference frequency is set so that the frequency of water for the 
applied Bo is at 0 Hz.  A representative water suppressed spectra for human articular 
cartilage is shown in (C) at g=2.05 Tm-1. The table (D) summarizes the effective 
diffusion coefficients found by integrating the signal from 10-20 kHz. The effective 
diffusion coefficient for collagen was on the order of 10-13 m2s-1, consistent with the slow 
diffusing population of biopolymer in cartilage Dp slow. The effective diffusion coefficient 
for chondroitin sulfate was on the order of 10-11 m2s-1, consistent with the fast diffusing 
population of biopolymer in cartilage Dp fast.  

 

Structural Zone Variation 

The peak locations for the T1-T2 maps did not show a statistical difference 

between samples taken from the surface and from near the subchondral bone or with 

gender for the human articular cartilage sample set in this study. Previous relaxation-

weighted imaging studies performed on healthy canine cartilage showed depth 

dependence from T2 anisotropy (10, 33). The imaging method selected as well as spatial 

resolution can impact the values of T2 measured in relaxation contrast imaging (31). Our 
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approach differs from relaxation-weighted imaging techniques that extract an average T2 

time at each pixel (30, 35) in that we attempted to spatially segregate the samples before 

measurement.  The degree of variation in T2 observed in previous imaging studies (31) is 

comparable to the width of the distributions measured here. 

Neither water (Dwater) or polymer diffusion (Dp, fast and Dp, slow) demonstrated a 

statistical difference between samples taken from the surface and near the subchondral 

bone (p>0.1). Previous studies in animal cartilage (21) have observed differences in water 

mobility as a samples taken from the surface and near the subchondral bone. This data is 

consistent with the idea that as the surface becomes fibrillated due to cartilage damage 

during disease, the water within the ECM can move more freely.  

It should be noted that it is likely that the shavings taken near the surface do not 

accurately represent the surface of healthy cartilage due to surface loss in the degraded 

OA cartilage used here. Therefore we are unable to observe differences in this study that 

other researchers have demonstrated.  Future studies will using healthy cartilage are 

likely to find differences between diffusion rates  and T1-T2 maps as a shavings taken 

near the surface. 

 

Donor Variation 

As with all studies involving human samples, patient to patient variation is large 

and multiple factors such as sampling time post-surgery and patient-specific 

characteristics related to joint health; such as BMI, diet and activity level; cannot be 

controlled. This study also used cartilage shavings, which could have caused structural 
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damage to the pore structure of the cartilage at the shaved surfaces. However, previous 

studies with PGStE NMR have used stacked sections of cartilage (19, 20, 23, 36), and we 

expect the shaving process had minimal impact since only the boundary would be 

effected. The focus here was OA joints, but future human studies could expand on these 

results with healthy controls and animal studies, where donor-to-donor can be carefully 

controlled, may provide further insight into molecular mobility in normal and OA 

cartilage.  

 

Conclusions 

 

In conclusion, NMR T1-T2 correlation analysis and PGStE NMR measurement of 

diffusion provide novel insight into molecular mobility within human articular cartilage 

from OA joints. T1-T2 maps indicate two distinct populations of molecular dynamics.  

Further insight into the molecular origins of these populations was determined via 

comparison to type II collagen and CS standards. PGStE NMR quantified the water and 

polymer diffusion within human articular cartilage samples.  The polymer diffusion 

demonstrated bi-exponential behavior indicating two distinct mobile populations that 

correspond to collagen and proteoglycan. These studies support polymer dynamics as 

mechanisms of intrinsic matrix viscoelasticity as has been previously proposed (37-41). 

The polymer diffusion data measured in human cartilage samples is complementary to 

animal cartilage studies (19-21) and provides the groundwork for more detailed future 

studies. The relaxation and diffusion measurements access different aspects of molecular 
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dynamics. The T1-T2 correlation provides information on the water interaction with the 

ECM structure, whereas the diffusion results give the molecular mobility of the different 

polymer components of the cartilage directly. Future studies will involve diffusion-T2 (D-

T2) correlation measurements to deepen our understanding of the water-polymer 

interactions and mobility.  NMR measurements of molecular dynamics in human 

cartilage has the potential to have far reaching implications for both molecular level 

biomaterials engineering of cartilage replacements and clinical evaluation of cartilage 

health.  
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PULSED GRADIENT STIMULATED ECHO (PGSTE) NMR SHOWS SPATIAL 

DEPENDENCE OF FLUID DIFFUSION IN HUMAN STAGE IV OA CARTILAGE 

 

Abstract 

 

Human Osteoarthritic (OA) articular cartilage was investigated with spatially 

resolved pulsed gradient stimulated echo (PGStE) nuclear magnetic resonance (NMR) 

using strong gradients. Previous NMR diffusion studies focused on studying the fluid 

diffusion in healthy animal cartilage and modeling OA with enzyme degradation. In this 

study, the diffusivity of fluid and biopolymer was characterized as a function of depth 

within human OA cartilage cores. This data demonstrates that fluid diffusion is sensitive 

to both depth within cartilage and damage to the cartilage structure, while biopolymer 

diffusion is not sensitive to either. Biopolymer and fluid diffusion are donor specific for 

human OA cartilage samples. This data supports that fluid diffusion is sensitive to the 

structure of cartilage while biopolymer diffusion is sensitive to the molecular weight of 

the biopolymers. The results show that diffusion of fluid and biopolymers in articular 

cartilage are sensitive to OA and provide complimentary information. 

 

Introduction 

 

Osteoarthritis (OA) is the most common joint disease worldwide and affects 50% 

of the population over age 65 (1). OA causes cartilage degradation and changes to the 

tissue structure. Further development of non-invasive diagnostic tools to monitor changes 
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and damage to the cartilage molecular structure would aid in diagnosis and evaluation of 

interventions for the treatment of OA.  

Cartilage is a spatially heterogeneous, viscoelastic material that lines the joint 

surface. It consists of chondrocytes in a hydrated extracellular matrix (ECM) (2), 

composed of a fluid phase (70-80% of the wet weight) and solid phase (20-30% of the 

wet weight). The solid phase of the ECM is composed of multiple biopolymers, mainly 

type II collagen and proteoglycans (PGs). Collagen forms a fibrous network resulting in 

tissue tensile strength. PGs form large hydrophilic macromolecular aggregates with 

negative fixed charge that provides swelling pressure and compressive resistance. The 

heterogeneity of cartilage is due primarily to collagen fiber orientation and results in 

three spatially-distinct structural zones. In the superficial zone (SZ), nearest the cartilage 

surface, collagen fibrils are oriented parallel to the surface. The fibrils become randomly 

oriented in the middle zone (MZ) and perpendicularly oriented near the bone in the deep 

zone (DZ). The PG content also increases with depth from the surface (2).  

The hierarchical structure of cartilage is responsible for its mechanical properties, 

such as low coefficient of friction at the surface and resistance to compression in the DZ 

(3-5). In OA, there is damage to the collagen in the SZ and an associated release of PG’s 

from this region. The damage to collagen in the SZ is accompanied by an increase in the 

synthesis of collagen and PG, but these new molecules are frequently damaged (6). In 

this stage of disease, there is a net loss of collagen and a compensatory increase in the PG 

content of the MZ and DZ (6). The goal of this study is to characterize the spatially depth 

resolved self-diffusion of fluid and matrix biopolymers in human stage IV OA cartilage. 
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This provides baseline data on which to build a better understanding of how naturally 

occurring OA impacts both the fluid and solid phases of cartilage can be developed. 

Previous studies using diffusion nuclear magnetic resonance (NMR) in cartilage have 

shown that load (7), enzyme treatment (8, 9), and lesions(8) alter fluid diffusion. Fluid 

diffusion increases after damage to the structure of healthy cartilage (8-14) and is faster 

in OA lesions (8). Recently, the bulk diffusion of cartilage matrix biopolymer molecules 

in addition to fluid diffusion was measured in human OA Stage IV cartilage (15). Here, 

we use strong pulsed field gradients to non-invasively measure the diffusion of fluid and 

matrix biopolymers as a function of depth in cartilage cores. Cartilage from 20 donors 

was analyzed, providing evidence for structural compensation between the hierarchical 

zones in cartilage during OA.  

 

Methods 

 

Preparation of Cartilage Samples 

8 mm cartilage cores were taken from post-operative tissues belonging to patients 

between the ages of 59-75 undergoing joint replacement knee or hip replacement surgery. 

Cores were equally sampled between male and female donors. All samples were taken 

from patients diagnosed with Stage IV OA. Samples were tested within 100 hours post-

surgery to prevent significant degradation, which was confirmed by a time control 

sampled over 100 hours (data not shown). All samples were washed in phosphate 

buffered saline (PBS) on a stir plate for 1 hour to remove residual blood and fat.  



97 
 

The cores were loaded into 10 mm NMR tubes and immersed in PBS. Samples 

were taken from n=17 donors to study both fluid and biopolymer diffusion.  Additional 

samples were taken from n=3 donors and only used to collect fluid diffusion data. To test 

the effect of charge screening on PGs, n=3 samples were treated with 50 mM NaCl (14, 

16). To test the effect of damage to collagen, n=3 samples were treated with 5 mM 

collagenase for 6 hours. The same three samples were each tested in a control, salt, and 

collagenase conditions. 

 

PGStE NMR Measurements 

To measure one dimensional (1D) spatially resolved diffusion profiles, a standard 

pulsed gradient stimulated echo (PGStE) sequence with the addition of a read imaging 

gradient (Figure 6.1) was used (17-19). The gradient duration δ was 1 ms. Observation 

time ∆ was varied between 3 ms – 300 ms to study restricted diffusion (20). Gradient 

strengths, g, from 0.05 to 1.5 Tm-1 were used with 8 linearly spaced gradient steps to 

measure fluid diffusion (Figure 6.2A, 6.3A), whereas gradient strengths from 2.50 to 

17.81 Tm-1 were used with 32 linearly spaced gradient steps to measure biopolymer 

diffusion (Figure 6.3B). These gradient values were determined from non-spatially but 

spectrally resolved data with complete fluid signal dephasing occurring at 2.5 Tm-1 (15). 

When measuring the biopolymer diffusion, at the minimum gradient value of 2.5 Tm-1, 

the fluid signal was fully decayed and only signal corresponding to biopolymer remained. 

All diffusion measurements were made in the z-direction, along the vertical bore of the 

magnet and perpendicular to the surface of the sample.  Resolution in the 1D profile 
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dimension was 128 µm/pixel. 16 averages and 32 averages were used for fluid and 

biopolymer diffusion studies respectively. The experiment times were 20 min with 16 

averages and 2 hours 47 min with 32 averages for fluid and biopolymer diffusion 

measurements respectively. A repetition time of 10 seconds was used for all 

measurements to avoid T1 weighting of the signal. 

 

 

Figure 6.1. Timing diagram for the PGStE sequence with a read gradient. In this 
sequence, a gradient g is applied for δ and displacement observation time of ∆ is used to 
encode for diffusion as a read gradient gr with a negative lobe of duration d and positive 
lobe of duration 2a to encode for position. A 16 point phase cycle is used.  

 

NMR equipment and Methods 

Measurements were taken on a Bruker AVANCEIII spectrometer operating at 250 

MHz for the 1H resonance frequency. We used a Diff30 probe that generates a maximum 

gradient strength in the z direction of 17.81 T m-1 and a 10 mm radio frequency coil on a 

Micro5 probe base.   
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Data and Statistical Analysis 

The data was analyzed in PROSPA (3.1, Magritek, Wellington, NZ) and 

MATLAB (2016b, Mathworks, Natick, MA, USA). Fourier Transformation of the 

collected echo at each gradient value was used to generate diffusion-weighted one 

dimensional profiles. The self-diffusion coefficient, D, which is the diffusion along the z-

axis, was evaluated by a bi-exponential fit to:  

ln # #$%&' = exp	(−/&01(2131 ∆ − 5
6 + 281 19:

6 − 9;< :

6 )1
&>?    [1] 

where γ is the gyromagnetic ratio of the 1H observed nucleus (18). The quality of the fit 

was evaluated with 100 Monte Carlo simulations of Gaussian Noise and 100 initial 

starting points (21).  

To statistically compare between donor and zone measurements, 2-way ANOVA 

was used. Examination of the relationships between zones was obtained using linear 

regression.  The SZ, MZ, and DZ are defined as follows: 0- 300, 301-600, and 601-1000 

µm from the surface (2). 

 

Results 

 

Restricted diffusion of fluid 

The bulk diffusion coefficient of fluid normalized by the free diffusion of water 

D0=2.1 x 10-9 m2s-1 (i.e. not spatially resolved) was studied as a function of displacement 

observation time ∆. As the displacement observation time increases, the diffusion 
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coefficient decreases, indicating restriction in motion (Figure 6.2), as is well known in 

porous media (22). For fluid confined within a solid matrix, which in the case of cartilage 

is the elastic network of the ECM, the fluid molecules are restricted by the presence of 

the matrix. These results are consistent with prior studies in healthy animal cartilage(9, 

14). After treatment with salt or collagenase, the diffusive dynamics become less 

restricted than observed in the same untreated cartilage core sample. A time control over 

100 hours shows that the time between the collagenase and naïve measurement does not 

significantly impact the diffusion measurements.  

To examine the pore structure, the normalized diffusion is plotted against a 

normalized diffusion length, (Do∆)1/2 (Figure 6.2). For fluid in the pore space of a well-

connected porous media, diffusion characterizes the pore size and interconnectivity of the 

solid matrix (23). The short-time limit is proportional to the ratio of pore surface area to 

pore fluid volume, S/Vp. In the long displacement time limit, diffusion in a well-

connected media approaches a non-zero value , @ ∆→B
@C

= ?
D.  

The normalized diffusion coefficient is reduced from free diffusion by a 

geometric factor, tortuosity, α=lpath/lgeom, a measure of inter-connectivity of the pore space 

(23). This analysis approach has been applied extensively in porous media research (22). 

Cartilage consists of an interstitial fluid phase and the ECM, an elastic solid network., 

Therefore, it can be considered a porous material. Indeed, the time dependent diffusion 

data (Figure 6.2) exhibit the characteristic long and short-time behaviors of porous 

systems. The short-time regime is not accessible due to the short length scales of S/Vp 

(~10-6 m). Tortuosity corresponds to the network structure connectivity of the ECM and 
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changes in the tortuosity correlate with a more connected network due to charge 

screening and enzyme degradation. 

The distance a molecule needs to diffuse to reach the full asymptotic long-time 

limit is longer than that accessible with NMR due to spin-lattice (T1) relaxation, as 

indicated by the continued decrease in D/D0 at the longest diffusion length scales 

accessed in Figure 6.2. Hence, we cannot calculate a true tortuosity from these data.  

However, the long-time normalized diffusion clearly decreases as the ECM of cartilage is 

chemically damaged by enzymes (Figure 6.2) and structural barriers to diffusion are 

removed. The normalized diffusion coefficient, D/D0, at 300 ms and 0.5 mm from the 

surface, with a 128 µm pixel size increases from naïve D/D0~1/α~0.075 to ~0.192 after 

collagenase treatment. The addition of salt causes an increase from D/D0~1/α~0.075 to 

~0.154, a slightly smaller effect than collagenase.  Data was analyzed at 0.5 mm from the 

surface to neglect the effect of surface degradation due to OA, which would be more 

sensitive to collagenase.   
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Figure 6.2. Diffusion coefficient D/D0 of fluid phase in cartilage as a function of 
diffusion length (D0∆)1/2, where the free diffusion of fluid at 250C D0=2.1 x 10-9 m2s-1. In 
the short-time limit for liquid confined within a solid matrix, the decrease in diffusion 
corresponds to the ratio of pore surface area to pore fluid volume, S/V. For longer 
diffusion lengths, the diffusion begins to plateau to a constant value approaching the 
long-time limit where the diffusion coefficient is equal to the inverse of the tortuosity 1/α 
The long-time normalized diffusion coefficient increases from that in the naïve cartilage 
(diamonds) when treated with salt to disrupt PGs (squares) and collagenase to disrupt 
collagen (circles). 

 

Diffusion as a function of depth from the surface 

The diffusion of fluid as a function of depth from the surface has been measured 

previously in healthy cartilage animal models (8, 24).  Fluid diffusion was faster after 

cartilage was treated with an enzyme (9, 10, 12, 13). In this study, the fluid diffusion rate 

in human OA articular cartilage increases by a small amount with charge screening and 

with degradation by collagenase enzyme (Figure 6.3).  We observed increases in fluid 

diffusion from naïve for salt and collagenase respectively (Figure 6.3A). In comparison, 
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the biopolymer diffusion did not change with salt treatment but increased with enzyme 

treatment (Figure 6.3B).  The time control (data not shown) showed a 1.20 and 0.86 fold 

change for fluid and biopolymer respectively. When averaged across donors, little 

difference in fluid and biopolymer diffusion is observed as a function of distance from 

the surface.   

 

 

Figure 6.3. Diffusion as a function of depth and treatment group for a single donor for 
fluid (A) and polymer (B).  Fluid diffusion increases from naïve (diamond) with 
alteration of the ECM by salt (square) and collagenase (circle) (A), but biopolymer 
diffusivity does not change due to salt (B). Little variation is seen as a function of depth 
from the surface in this sample.  

 

Study of Depth 

To graphically compare the fluid and biopolymer diffusion in different 

histological zones, we averaged the diffusion coefficients in each zone from all donors 

(Figure 6.4). The SZ, MZ, and DZ are defined as follows: 0- 300, 301-600, and 601-1000 

µm from the surface (2). In OA cartilage, the SZ is damaged and may be eroded in spatial 

extent (6), this may contribute to error in the definition of the SZ and MZ in our OA 

cartilage samples. There is a statistically significant interaction between donor and zone 
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in human OA cartilage (n=10, p<<0.005) for both fluid and biopolymer in a two way 

ANOVA.   

  

Figure 6.4. Fluid diffusion (A) and polymer diffusion (B) averaged over N = 10 donors 
are not statistically different between zones in human OA Stage IV articular cartilage (A).  
2-way ANOVA compared effect of donor and zone. There is a statistically significant 
interaction between donor and zone (n=10, p<<0.005) for fluid (A) and polymer (B) 
diffusion. The error bars represent standard error and reflect donor variability.  

 

Study of Donor Variability 

When plotting the diffusion coefficients of fluid and biopolymers obtained from 

the DZ and MZ against each other, we observed donor-dependent clustering and a linear 

relationship between all samples (r=0.949, 0.946 and n=10) (Figure 6.5). This correlation 

was observed between all zones (SZ vs DZ and SZ vs MZ -data not shown), with all p-

values << 0.05.  
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Figure 6.5. Fluid (A) and biopolymer (B) diffusion is correlated between zones, r=0.949, 
r=0.956 respectively. This correlation shows donor dependent clustering. The middle 
zone is defined as 301-600 micrometers from the surface and the deep zone 601-1000 
micrometers from the surface. The slope of the linear fit for fluid and biopolymer 
respectively is 1.02 and 0.738, respectively. Each symbol represents a different sample 
(N=10). 

 

Discussion 

 

Cartilage has been heavily analyzed with T2 and diffusion NMR studies showing 

that a correlation between these NMR parameters and cartilage damage exists (10, 25-

29). Previous NMR work demonstrated that fluid diffusion is sensitive to the structure of 

animal cartilage during degradation by enzymes (8-10, 13, 14, 24, 30) which are models 

for OA. Specifically, it has been established that fluid diffusion in cartilage and in 

solution with proteins, collagen and PGs, follows the Mackie and Maeres model, @@C =

(?;EF?GEF
)1, which implies that the diffusion coefficient of fluid depends on total biopolymer 

fraction, φp (12, 31).  



106 
 

When biopolymers are lost due to structural damage in OA, water content 

increases (2, 6). Faster fluid diffusion in cartilage is linked to an increase in water content 

(12, 14). Further, this increase in fluid diffusion is not related to structural differences 

between anisotropic articular cartilage and homogenous nasal cartilage (12). These two 

relationships, i.e. diffusion related to biopolymer content and water content, make fluid 

diffusion an ideal candidate for the study of late-stage OA. 

Fluid diffusion also increases when healthy cartilage is degraded using trypsin 

and collagenase enzymes (8, 9, 12). Trypsin cleaves methyl, methylene, and alpha and 

beta carbons in cartilage (32). These are found in the side chains of amino acids on 

collagen. Collagenase causes damage to the collagen backbone thereby releasing collagen 

fragments (12). In previous studies, with 60% PG loss, trypsin resulted in a 21% increase 

in diffusion while collagenase caused a 12% increase (8). These previous findings 

support the current observations that diffusion NMR is sensitive to the structural state of 

the biopolymers in human cartilage as well as total protein and water content.   

The current study shows that fluid and biopolymer diffusion are sensitive to 

damage to the ECM in the form of OA disease pathology in human stage samples. To 

further understand how damage affects OA cartilage, the cartilage was degraded with 

collagenase and interactions between PGs were disrupted by screening electrostatic 

charges through the addition of salt (14, 16). Enzyme degradation of collagen caused a 

trend toward an increase in the fluid diffusion that agrees with prior studies (8, 14) 

(Figure 6.3A). Additionally, after these treatments, the restriction of fluid motion is 

decreased, i.e. the long observation time diffusion coefficient increases, indicating 
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damage to the structure of cartilage (Figure 6.2).  Salt also caused a donor dependent 

increase in fluid diffusion (Figure 2, 3A), related to fixed charge density of each sample. 

OA is known to change the fixed charge density of cartilage and therefore the varying 

response to salt treatment reflects OA disease pathology between donors. Interestingly, 

the biopolymer mobility is unchanged by the physical charge screening by salt but 

increases due to chemical degradation (Figure 6.3B). The salt alters the network structure 

without changing the biopolymer motion.  

To compare between donors, we examined aggregate measurements from n=10 

human OA samples (Figures 6.4-6.5). The advantage of using cartilage samples with 

naturally developed OA is that the limitations and assumptions of in vitro models are 

avoided. One such limitation is simulating the initial damage and excluding any repair 

processes that occur in vivo. Another limitation is that damage in vivo is a complex 

process and occurs by action of multiple enzymes over decades of time. When comparing 

fluid and biopolymer mobility across donors, we found a statistically significant 

interaction between zone and donor (Figure 6.4-6.5). This finding indicates a donor-

specific change in the ECM of human cartilage in naturally occurring OA.   

The difference in biopolymer mobility between donors and collagenase digestion 

but not salt screening (Figure 6.3B and 6.5B) shows that biopolymer molecular structure 

is related to biopolymer mobility. Salt screens the negative charge of the PG groups but 

does not damage the biopolymer structure (16). Collagenase cleaves bonds on the 

collagen backbone (12). These findings suggest that biopolymer mobility is an intrinsic 

property of the cartilage macromolecules, based on molecular structure of the 



108 
 
macromolecule not concentration. This is consistent with studies of polymer melts that 

observe the diffusion rates are dependent on the molar mass distribution of the polymers 

(33, 34). Further work has shown that the diffusion of polymers in solution is mass 

weighted for main chain polymer signal and number weighted for end group signal (35). 

Since this work did not spectrally resolve the biopolymer diffusion, it remains unknown 

if the diffusion coefficient is mass or end group weighted, however it is clear that the 

change in biopolymer diffusion is due to a difference in biopolymer chemical structure 

and molecular weight, while the ECM network structure depends on the physical 

interactions between biopolymers. 

Studying OA cartilage is necessary because damage to cartilage and the cellular 

mechanisms for repair (6) are difficult to model ex vivo. When plotting MZ and DZ 

diffusion coefficients for fluid and biopolymers (Figure 6.5), we observe donor-

dependent clustering along a linear relationship (p<<0.005). Since diffusion of fluid is 

related to biopolymer and water content, this suggests that a water content increase in one 

zone is related to a uniform water content increase throughout the cartilage sample.  

 

Conclusions 

 

A comprehensive understanding of how OA affects the structure of cartilage 

would move the field toward better diagnostics and new treatments. These data show that 

fluid diffusion in human OA cartilage is sensitive to damage to the structure of articular 

cartilage. We provide evidence that OA causes damage to articular cartilage that is not 
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mimicked with a single enzyme treatment. The damage from OA, which typically occurs 

in the SZ, causes an increase in fluid diffusion throughout the tissue in a donor specific 

pattern. Further, we provide measurements of biopolymer diffusion in cartilage. 

Biopolymer diffusion is donor-specific. Our data indicate that biopolymer diffusion is 

dependent on molecular weight, not the concentration of biopolymer due to physical 

crosslinking. As part of OA disease progression, it has been shown that the PG structure 

is damaged (6). Together fluid and biopolymer diffusion measurements are 

complimentary. Fluid diffusion is sensitive to biopolymer content (12) and wet weight 

(14) while biopolymer diffusion is sensitive to the biopolymer molecular weight (33). In 

future work, the biopolymer structure and diffusion of extracellular matrix molecules in 

healthy and OA samples will be studied to further test this hypothesis. These findings and 

hypothesis are consistent with histological findings (2, 6, 36, 37) and previous diffusion 

NMR in arthritis models (8-10, 12, 14, 24).   
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QUANTIFYING NMR RELAXATION CORRELATION AND EXCHANGE IN  
 

ARTICULAR CARTILAGE WITH TIME DOMAIN ANALYSIS 
 

 
 

Abstract 

 

The measurement of multi-component NMR transverse relaxation rates in 

articular cartilage has been shown to be related to parameters such as solvent, data 

acquisition methods, data analysis methods, and angle that the sample makes with respect 

to the applied magnetic field. In this study, we show that diffusive exchange occurs in 

porcine articular cartilage and impacts the observed relaxation rates. By using time 

domain analysis of T2-T2 exchange spectroscopy, the diffusive exchange time is 

quantified using a single mixing time. The characteristic exchange time is commensurate 

with T1 and impacts the observed T1 behavior and shows that fluid is moving between 

two environments within the cartilage.  

 

Introduction 

 

Biological tissues have been widely studied by NMR relaxation methods (1-10). 

For example, in cartilage, T2 relaxation has been correlated to the tissue health with 

increases in observed T2 values occurring when cartilage is damaged (5).  Though T2 

weighed magnetic resonance imaging (MRI) has been used to track disease-caused 

degradation of cartilage in conditions such as arthritis, the standard for clinical diagnosis 

of arthritis in the USA is still x-ray imaging and not MRI.  
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One aspect which limits MRI methods in the clinic is the wide variability in 

reported T2 relaxation rates across studies (11). It is also difficult to connect the 

observation of multiple sites, populations of spins with different rotational and molecular 

mobility, to disease progression and diagnosis.  Relaxation in cartilage has been shown to 

be multi-exponential depending on experimental conditions.  Observation of multi-

component T2 in articular cartilage depends on several experimental parameters and 

results from imaging experiments indicate from one to five distinct T2 relaxation rates (1, 

2, 4, 11-14).  

 Exchange of material between sites can also lead to observation of multiple 

relaxation rates in cartilage (15-19).   In healthy human cartilage, relaxation exchange 

spectroscopy (REXSY) measured two site exchange at a mixing time of 12 ms (20). 

Exchange between protons experiencing the magic angle artifact and protons in the bulk 

pore fluid was shown in canine cartilage soaked in phosphate buffered saline (PBS) (12). 

These studies did not determine an exchange rate in cartilage but demonstrated that the 

exchange rate impacts the observable relaxation in cartilage and that the time scale of 

exchange can be probed with NMR. An important aspect is the values of relaxation 

measured must be considered in the context of exchange processes.  

A consideration in the general use of NMR relaxation methods in biologic 

materials is that such methods involve long experiment times.  For example, the T2-T2 

REXSY experiment is composed of two Carr-Purrcell-Meiboom-Gill (CPMG) pulse 

trains separated by a mixing or storage time in which spins are stored in the longitudinal 

axis (15) (Fig 1a).  The duration of these experiments can take from 30 minutes to several 
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hours depending on signal-to-noise considerations and the phase cycles needed to provide 

useable data.  The usual practice is to repeat measurements for a range of mixing times 

leading to three-dimensional datasets and extremely long experiment times (15, 21).  In 

contrast to samples from petrophysical sources (porous rocks) and engineered materials, 

biological samples are subject to degradation with time ex vivo and long-duration 

experiments for in vivo measurements are difficult, if not impossible.  Therefore it is 

critical to reduce experiment time in multi-dimensional relaxation methods by better 

understanding of the physical processes in a material and improving on sampling 

strategies (22). 

In this study, we present the analysis and use of multi-dimensional NMR 

measurements of relaxation and diffusion to provide clear evidence of two distinct sites 

in porcine cartilage samples that that are randomly oriented with respect to the magnetic 

field.  These results demonstrate that exchange of water occurs between these sites on the 

time scale of seconds.  By applying relaxation-exchange models, we show how the 

exchange between these cartilage-component sites impacts measured relaxation rates and 

that taking such impacts into account enhances the understanding of NMR relaxation 

measurements in cartilage. These results could lead to improvements and extension in 

their use in research and clinical settings.  

 

Background and Theory 

 

Magnetization relaxation in cartilage has been shown to be multi-exponential with 

a dependence on a range of experimental factors.  The accurate measurement of T2 in 
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cartilage is dependent on factors including data analysis methods, data acquisition 

parameters and methods, and sample preparation (2-6, 8-11, 13, 14, 23-27).  One factor 

that is not well quantified in articular cartilage is exchange of water amongst the various 

structures and regions in a sample. Previous studies have shown that exchange in 

cartilage leads to a change in relaxation characteristics of the sites within the sample (12), 

reducing the number of distinct relaxation times that are observed.  

As noted, the usual aim of measuring relaxation processes in cartilage is to 

associate specific relaxation times with specific anatomical features of the cartilage.  To 

accomplish this aim, studies need to be clear about how both the number of sites 

observed and the values of the NMR parameters that characterize the sites are 

determined.  Multi-dimensional relaxation-time measurements in cartilage and other 

structured materials can then be used to answer two important questions about the 

material.  First, are there distinct sites in a material and, if so, how many are there? If 

multiple distinct sites are observed for a sample, the next question is then what are the 

values of the NMR parameters that distinguish them. Only after these questions are 

answered can relaxation rate be related to tissue health in a straightforward manner. 

The assessment of sites and their number is typically answered by determining 

whether or not there is more than one distinct mode or peak in a relaxation-time 

spectrum.  Since NMR relaxation processes are often first-order processes, the key tool 

here is the inverse Laplace transform (ILT) that converts the time-domain data from an 

experiment into a suitable relaxation-time spectrum (28, 29).  The modes in these spectra 

are identified by the relaxation time along with an amplitude or fraction.  Though there is 
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still discussion as to the exact meaning of the peaks in an ILT of a relaxation experiment 

(16), a properly computed ILT provides a powerful tool for assessing NMR relaxation in 

a sample. 

If there are multiple peaks in a relaxation spectrum, the question of what 

parameters best characterize the sites that give rise to the peaks is often addressed by 

extracting NMR parameters through data-fitting.  Though the peaks in an ILT can be 

used for this purpose (18, 21), the approach taken in this study is to use the methods of 

time-domain analysis (30).  These methods proceed by proposing a model of the 

underlying exchange processes in a sample and then adjust the parameters of that model 

to achieve some sort of best fit to the data. 

Time domain analysis of multi-dimensional relaxation experiments (16-18, 30, 

31) such as the single-mixing-time REXSY has been shown to effectively quantify the 

exchange rates between sites in borosilicate and soda-lime glass bead packs (32), cement 

(18), urea samples (17), and a silica bead pack (16). In this work, the goal is to extend 

this method of data analysis to cartilage and quantify the exchange phenomena between 

sites.  

The time-domain model that will be used here is a two-site specialization of the 

multi-site relaxation model that was first introduced by McConnell in 1958 (33).  Briefly, 

this model can be developed from a magnetization balance and is expressed as, 
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where Ra and Rb are the intrinsic relaxation rates either longitudinal or transverse for the 

two sites (a and b), and ka and kb are the exchange rate coefficients that characterize 

transfer from site a to b and site b to a, respectively.  In these expressions, Ma and Mb are 

the site magnetizations with Ma,eq and Mb,eq providing the site magnetization values that 

are in equilibrium with the applied field. The balance in Eq. 7.1] can be written in 

compact form as 

                                                              dM/dt = A M   (7.2) 

where M is a two-element vector of the site magnetizations and the matrix A holds the 

combination of relaxation and exchange coefficients as 

                                               , = - +/ =	 [−*# − +# +(
+# −*( − +(

]  (7.3) 

The time-domain approach uses Eq. 7.2 to model the evolution of the magnetization 

during inter-pulse portions of a particular pulse sequence with the relaxation terms 

accounting for transverse or longitudinal relaxation processes as appropriate to an 

interval.  Initial conditions for the solution of Eq 7.2 for each interval in a pulse sequence 

is provided by the rf pulses preceding magnetization evolution.  Fitting is accomplished 

by adjusting the parameters in the A matrices for the sequence so that the predictions of 

the model match the data of the experiment in a least-squares sense (16, 17, 30).   
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The analytical solution to Eq. 7.2 is possible and has been provided for particular 

pulse sequences discussed here by Van Landeghem, et al. and Dortch, et al. (16, 17). A 

useful outcome of these solutions is the ability to use them to predict the ILT peak-

matrix, P. The elements of this matrix provide the amplitudes of the peaks that would be 

observed in the ideal ILT of the signal predicted by the analytical solution (17).  

Expressions for the P matrices for the pulse sequences discussed in this paper are 

                                   34545 = 5 65789:; *< + / '= 65 °[6578?(0)88:C65]4    (7.4) 

for the T2 -T2 sequence (Fig 1a) and  

                                      	34845 = 5 65789:; *< + / '< ?(0) °[88:C65]4   (7.5) 

for the T1 -T2 sequence (Fig 1b). In these expressions eigenvectors, U1,2, are the matrix of 

eigenvectors obtained from the matrix R1,2+K , M(0) is the initial magnetization for the 

sequence, typically the equilibrium magnetization, t1 and tm are specified by the timing 

diagrams [Fig 1] and 11xN is an N-element row vector of ones. The symbol ο represents 

element-wise matrix multiplication between two factors.  The reader is referred to the 

reference of Dortch, et al. (17) for further details on these expressions.  

Another time domain visualization method for T2-T2 data is used to confirm 

diffusive coupling (34). The signal is described by function S(t1,t2) with timing from 

Figure 1a which is the sum of the contributions from each population. In a model where 

spins exchange between sites a and b, the signal for symmetric exchange peaks is given 

by 



 
 

 

122 

                     D '<, 'F = 0.5 exp −'<*F# − 'F*F( + 0.5 exp −'<*F( − 'F*F#   (7.6). 

On diagonal peaks exist at R2a and R2b.  Using principle axes around the symmetric axis 

of the T2-T2 data, relaxation can be defined as *L = 1
2 (*F# + *F() and *O =

1
2 (*F# − *F() and symmetry time domain axes as PL = '< + 'F and PO = '< − 'F. By 

substituting this into Eq 7.6, a simplified expression for exchange peaks is derived  

                                              D PL, PO = exp −PL*L x	cosh	(PO*O) (7.7). 

Plotting the acquired signal at a fixed τs and when exchange occurs such that Rd ≠ 0, a 

hyperbolic cosine will be observed as evidence of exchange (34).  

 

Experimental Methods 

 

Articular cartilage samples were obtained from the shoulder joint of skeletally 

mature pigs. For the measurements reported here, cartilage from three distinct individuals 

was used to assess repeatability and accuracy of the methods.  Cartilage samples were 

cylindrical with 4mm diameter and heights that reflect the full thickness of the cartilage, 

about 1 to 2 mm, as it was separated from the bone with a scalpel. The samples were 

washed in phosphate buffered saline (PBS) for 20 minutes to remove blood and fat.  Each 

NMR experiment used a 5mm glass NMR tube containing ten cartilage cylinders which 

were randomly oriented within the tube and, hence, with respect to the static field.  The 

fluid in the tubes was only that held by the cartilage samples. No solvent was present in 

the inter-cylinder space within the tubes. 
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Relaxation experiments consisted of traditional one-dimensional methods for T1 

and T2 measurement and two-dimensional methods.  One-dimensional measurements for 

T2 estimation were made using a CPMG sequence (35) with single point acquisition.  An 

echo spacing (TE) of 0.50 ms was used and the acquisition of 2048 echoes provided an 

acquisition time of 1.05 seconds.  With a 4-step phase cycle and 4 averages per phase-

cycle step, total experiment time was 45 seconds.  Analogous measurements for T1 were 

made with an inversion-recovery sequence (36).  The 900-1800 rf inter-pulse delays were 

logarithmically spaced from 0.001 seconds to 6 seconds for 30 values.  A recovery delay 

of 10 s was used along with 4 step phase cycle and 4 averages for each phase-cycle step. 

Total experiment time for these T1 measurements was 40 minutes. 

Pulse sequence diagrams for the two-dimensional relaxation-measurement 

methods are shown in Fig 7.1.  The REXSY (T2-T2 ) experiment in Fig 1a (15) consists of 

a CMPG encode period with m echoes to encode for T2, followed by a T1 storage period 

with a mixing time, tm, from 5 ms to 1000 ms and then single-point measurement of the 

CPMG echo train comprised 2048 echoes with an echo spacing 2τ of 0.50 ms.  Pulse-

sequence repetition time was 60 seconds to eliminate sample heating.  A 16-step phase 

cycle was used with 16 averages per step to give a total experiment time was 4 hours. The 

T1-T2 measurement method (29) is given in Fig 1b.  In the first section of the pulse 

sequence, a 180o inversion recovery sequence is used with a 30 delay times 

logarithmically spaced from 0.001 s to 6 s as in the 1D experiment. After the inversion 

delay, a single-point CPMG echo train comprised of n=2048 echoes with a 0.5 ms 1800 

pulse spacing. Pulse-sequence repetition time was 10 seconds.  A 4-step phase cycle with 

8 averages per phase-cycle step leads to a total experiment time of 25 minutes.  
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 Diffusion T2 relaxation correlation measurements were made with the D-T2 

sequence (37, 38) (Fig 7.1c).  The sequence consists of a pulsed gradient stimulated echo 

(PGStE) sequence that encodes for self-diffusion coupled to the acquisition of a single-

point echo train of 2048 echoes with an echo spacing of 0.5 ms. For PGStE, a 

displacement observation time (Δ) of 50 ms and a gradient duration time (δ) of 1.6 ms 

were used.  Gradient strength, g, was varied from 0 to 8 Tm-1 in 32 linearly spaced steps. 

The pulse sequence repetition time was 10 s and an 8-step phase cycle with 16 averages 

per phase-cycle step led to a total experiment time of 2.5 hours. 

 

 

Figure 7.1. Pulse sequence diagrams for (a) T2-T2 correlation experiments (REXSY), (b) 
T1-T2 correlation experiments and (c) D-T2 correlation experiments. For all CMPG 
acquisitions, τ is the echo spacing, n is number of echoes in the encoding period, and t2 is 
the time of the detection period. For T2-T2 correlation experiments, t1 is the time of the 
indirect encoding period, tm is the mixing time, m is the number of echoes in the encoding 
period, and.  For the T1-T2 experiment, t1 is the indirect encoding period and t2 is the 
detection period.  For the D-T2 experiment (c), a pulsed gradient stimulated echo (PGStE) 
is used to encode for displacement with a gradient amplitude g, duration δ, and 
observation time ∆.  
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Measurements were taken on a Bruker 9.4 T vertical wide bore superconducting 

magnet with an AVANCE spectrometer operating at 400 MHz. A Bruker Diff60 with a 

maximum magnetic field gradient strength in the z-direction of 35 Tm-1 at 60 amperes 

was used. A 5 mm saddle radio frequency coil with 900 and 1800 pulses of 5 µs at 50 W 

provided signal excitation and detection. Data was collected using TopSpin 2.1 software 

(Bruker Biospin, Karlsruhe, Germany). 

The one and two-dimensional Inverse Laplace Transform (ILT) are used for data 

analysis of multi-exponential decays (29). Bi-exponential expressions are fit to time 

domain analysis of one dimensional time domain data (39).Specifically, they are used to 

analyze one-dimensional inversion recovery and CPMG data, to extract relaxation modes 

and site sizes complementary to the one-dimensional ILT results. The data are helpful in 

providing starting points for the data-fitting methods described by Van Landeghem et al. 

and Dortch et al. (16, 17) for finding the parameters in the two site model of Eq. 7.2.  

 

Results and Discussion 

 

The first goal is to use the measurements to establish if there are distinct sites in 

the material and, if so, how many sites there are.  Fig 7.1a and 7.1b show one-

dimensional relaxation spectra for transverse and longitudinal relaxation experiments 

determined by the ILT. The table in Fig 7.2c summarizes the biexponential fits in the 

time domain for the three samples used in the study to provide mean and standard 

deviation of the values of the parameters and percent total signal in each population.  
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There are two peaks in the T2 spectrum and the T2 fit summary indicates that the 

values determined from the time domain fit are statistically different in all three samples.  

However, there is only one mode in the T1 spectrum (Fig 7.2b).  Attempts to fit a 

biexponential model to the T1 time domain data do not deliver any statistical support for 

two distinct T1 values.  Based on the T2 results, we tentatively conclude that there are two 

distinct sites in the material.  Confirmation of this result and interpretation of why there is 

only one observed T1 value will be provided in the discussion of the time-domain fitting 

results below. 

 

 

Figure 7.2. One-dimensional T2 (a) and T1 (b) relaxation-time spectra as computed by the 
ILT. The table in (c) summarizes the parameter fits for biexponential models with the T2 
average and standard deviation over the three different cartilage samples used in this 
study. Biexponential fits to the T1 time domain detected a single T1 value. Magnetization 
pool sizes, M, for each population were found using time domain bi-exponential fitting of 
one dimensional CPMG data. 
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Establishing the existence of two mobility sites in this material will be carried out 

by observing differences in the macromolecular environment of water as determined by 

the T2 parameters. A key first step is to ensure that neither population can be interpreted 

as a free solvent site in terms of the measurement of T1-T2 (19, 29, 40) and D-T2 spectra 

(41). Sites are physical domains of varying mobility in the material which generate 

populations of a certain amplitude in the data. These two-dimensional experiments 

provide diffusion and T1 trends and values that allow better understanding of the state of 

the fluid in the cartilage matrix. T1-T2 measurements (Fig 7.3a) build on the 1D T2 

spectral results and show two well-defined sites in this cartilage material. The 

populations are located off the parity line T1=T2 where data representative of a free 

solvent site would appear. The further a population is from the parity line, the more the 

rotational mobility of the molecules is restricted (29).  The appearance of two sites with 

the same T1 value indicates one of the populations could be an exchange cross peak (17). 

The T1 and T2 values as well as the relative amplitudes of the peaks in the table in Figure 

3c are consistent with the values found with one dimensional scans (Fig 7.2c).  

D-T2 measurements (Fig 7.3b) also show two well-defined sites and confirm the 

existence of two sites in the material that are restricted in the pore space of the cartilage 

matrix. Though the sites have different T2 environments, both sites have essentially the 

same translational mobility characterized by a diffusion coefficient, D=1.47 x 10-9 m2s-1 

and D=1.35 x 10-9 m2s-1, that is about 75% that of free water (D0 = 2.1 x 10-9 m2s-1 at 

25˚C).  Additionally, there is little sample-to-sample variability (Fig 7.3c).  This indicates 

that the translational mobility of the fluid in both of these sites is restricted by 

interactions with the cartilage matrix and suggests the measured fluid phase in the sites 
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are associated with the cartilage structures and not simply external to the cartilage as free 

solvent.  

To summarize, the T1-T2 and D-T2 correlations support results from the 1D T2 

spectra that there are two distinct mobility environments in these samples.  Both of these 

sites contain a fluid phase that is associated with the cartilage matrix, resulting in similar 

restricted translational diffusion represented by D values and different rotational mobility 

represented by T2 values.  

 
 

 

Figure 7.3. The T2 populations in articular cartilage show restricted rotational and 
translation mobility. Both T1-T2 populations in articular cartilage (a) are not on the parity 
line where T1=T2, which represents liquid like behavior. TheT1/T2 ratio (c) show that both 
populations are in sites of restricted mobility off the parity line and are fluid inside the 
cartilage matrix. The D-T2 shows two populations with a restricted diffusion coefficient 
(b). Since D/D0 < 1, these populations represent the fluid phase inside cartilage. The 
average and standard deviation shown in (c) is taken over three cartilage samples. 
 
 

The D-T2 and T1-T2 relaxation and diffusion experiments present results that serve 

to establish the existence of the number of distinct sites in a sample.  These experiments 
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also provide insights into the mobility and relaxation environments that lead to these sites 

being unique.  The final aspect to consider is the degree of interaction between the sites, 

i.e. exchange processes.  Since the samples in this study have distinct T2 characteristics, 

the assessment of exchange can be explored in an effective manner via the T2 -T2 

experiment.   

An aspect of the T2 -T2 experiment that is absent in the T1 -T2 and D-T2 experiment 

is availability of an experimentally controlled mixing time tm.  By varying this mixing 

time, T2 -T2 measurements can be used to probe the exchange processes between sites 

(16-18, 21, 30, 31, 42).  In this study, the mixing time was varied between 1 to 1000 ms 

as shown in Figure 7.4. At 1 ms, exchange peaks are not visible (Fig 7.4a), and by 1000 

ms, the exchange peak signal makes up about 1.5% of the total signal (Fig 7.3c). The 

appearance of exchange peaks at 1000 ms suggests that exchange between the sites is 

occurring on the time scale of about one second (16, 17) and hence a rough estimate of 

the exchange rate coefficient is ka ~ 1/sec. 
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Figure 7.4. T2-T2 exchange spectroscopy results with a varying mixing time of 1 ms (a), 
500 ms (b), and 1000 ms (c) show that exchange occurs at 1000 ms. The exchange peak 
intensity at 1000 ms is about 1.5% of the total signal respectively.   
 
 

We can refine this estimate of ka by fitting the 2-site relaxation-exchange model 

(Eqs. [2] and [3]) tuned specifically for the T2 -T2 sequence.  The fitting process not only 

provided a value for ka, but also estimates of the intrinsic T1, and T2, values for each site 

as well as the site population percentage, M.   The results for the three samples in this 

study using measurements with mixing times of 500 ms are summarized in Table 7.1 

along with comparable results from the 1D methods.    

 

 

Table 7.1. Results of time domain fitting of the one dimensional models and the two 
dimensional T2 -T2 model to observed data for a representative sample and the average 
and standard deviation of the results for the three samples used in this study.  
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Agreement between the parameter values measured by the one- and two-

dimensional approaches is good with the best performance obtained for the T2 values.  As 

was the case with the 1D T1 data fitting discussion, the 2D model predicts essentially the 

same T1 value for both sites.  This result can be clearly explained by the two-site model 

as being due to the fact that the time-scale for exchange between the two sites (about 1.5 

seconds) is approximately that of the time-scale for longitudinal relaxation.  The rate of 

mixing between the sites is such that the two sites display a single, averaged relaxation 

time that is extracted by the 1D fits and clearly suggested by the 2D results.  In the case 

of the 2D results, the introduction of the parameter ka allows some separation of the T1 

values in the two sites for individual samples.  However, that separation is dominated by 

the sample variability of the average. On the other hand, the time scale for transverse 

relaxation is an order of magnitude shorter than the time scale for exchange and so there 

is little to no mixing effect on T2.  The 2D results thus provide two distinct, intrinsic 

values for T2 and those same values are also found by the 1D T2 fitting process. 

Insight into the cartilage physical structure and the data-fitting process is obtained 

by comparing the ILT domain of the data and model fit predictions. In Figures 7.5 and 

7.6, ILT’s of the data, time domain fitted model, and the analytical model results are 

presented for a representative sample.  In each, (a) is an ILT of the data from the 

experiment, (b) is the ILT of the predictions of the 2D time domain model using the best-

fit parameter values and (c) the analytical model results that are predicted by the elements 

of the peak matrix, P, for the sequence (Eq. 7.7 for T2 -T2 and Eq. 7.8 for T1 -T2). 

Comparison of ILT predictions for the T1-T2 sequence (Fig 7.5) shows similar 

results for the data and the fitted model.  Two sites are present in both plots and while 
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two T2 values are identified, only one T1 value is observed.  The ILT predicted by the 

elements of the analytical model peak matrix (Fig 7.5c) shows clearly that the two 

primary peaks consist of a single on-diagonal value that picked up by the 1D fitting in 

Table 1 at T2 ~0.2 s and an exchange peak at the same T1 and T2 ~0.07 that shows the 

strong mixing that is occurring on the time scale of longitudinal relaxation in the system 

(43-46).  We also note that the amplitude of the off-diagonal peak located below the 

diagonal of the set of peaks is predicted to be negative, indicated by the square in Fig 

7.5c.  The ILT of both the data (Fig 7.5a) and the model predictions (Fig 7.5b) do not 

show a peak with this characteristic due to the elimination of negative peaks from the 

spectrum that occurs in the regularization process in the ILT computation (28). 

 
 

 

Figure 7.5. ILT analysis of a representative porcine cartilage sample T1-T2 data (a) show 
agreement with time domain model predictions (b) and analytical results from the two 
dimensional fitting of the data (c). The ILT distribution of the measured data (a) has a 
wider distribution as compared to the ILT distribution of the modeled relaxation and 
exchange (b) due to the presence of noise. The ILT of the data and the modeled 
relaxation and exchange both show two sites within the same order of magnitude. The 
analytical predicted magnitude and peak locations (c) show an additional two amplitude 
small peaks, a negative eigenmode (square) and an on diagonal peak. The exchange peak 
with the same T1 as the long T1 population and a short T2, is the largest population. The 
small amplitude on-diagonal peak is not resolved in the ILT of the data.  
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A comparison of the ILTs and time domain analysis for the T2-T2 measurement at 

500 ms is presented in Figure 7.6. The exchange peaks in the ILT of the data are small in 

amplitude and quite close to the noise level in the computed result (Fig 7.6a).  The 

exchange peaks are more clearly visible in the ILT of the model predictions (Fig 7.6b) 

and it is evident that their amplitudes are less than 10% of the total signal. There is good 

agreement, however, on the location and amplitude of peaks on the diagonal across all 

three analyses of this data. The data and analysis demonstrate a limitation of the ILT for 

resolving small peaks in the T2-T2 exchange experiments. To confirm that this is a 

limitation of the ILT for the given data set (a), time domain visualization of exchange (d) 

is used. When exchange occurs, a hyperbolic cosine shape is observed with this change of 

variables. A clear hyperbolic cosine is observed at τs =110 ms, indicating exchange is 

occurring although it is not visible in the ILT of the data (a). 

 
 

 

Figure 7.6. ILT analysis of the data (a) time domain fit (b) analytical model (c) and 
experimental time change of variable signal voltage data (d). The ILT distribution of the 
measured data (a) has a wider distribution, and the presence of a shoulder, as compared to 
the ILT distribution of the modeled relaxation and exchange (b) due to the presence of 
noise and pearling in the ILT. The ILT of the data and the modeled relaxation and 
exchange both have two sites and cross peaks with the same order of magnitude. The 
cross peaks are not visible in the ILT of the data (a) due to the presence of noise. The 
predicted analytical model magnitude and peak locations (c) show similar results. A 
hyperbolic cosine shape is observed in T2-T2 data when exchange occurs with a change of  
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Figure 7.6 Continued. variables to a τd  projection at τs =0.110 s shows a hyperbolic 
cosine shape and therefore evidence of exchange (d). 
 

 

Quantifying the exchange rate via relaxation measurement data fitting indicates 

the measured exchange process is translationally diffusive in nature based on the time 

scale measured. Previous observations of T2 averaging in cartilage with a change in 

solvent have been attributed to chemical exchange (12) due to proton exchange in an 

aqueous phosphate buffer being faster than proton exchange in water (47). The time scale 

measured here is 1.54 seconds a value outside of the range for chemical exchange 

processes. Using the average diffusion coefficient from the D-T2 correlations (Figure 2C), 

the diffusive length, l, of fluid molecules can be determined using the Einstein Equation 

(31), U = 6W+7< . An average diffusive length of 113 µm is predicted for the material 

studied here. This diffusive length is in agreement with the spatially varying T2 relaxation 

rates observed in healthy canine cartilage oriented at 00 to the magnetic field (6). 

Specifically, a long T2 population exists at about 100 µm from the surface and a short T2 

population exists at the surface and from 300 to 500 µm from the surface of canine 

articular cartilage tissues with a thickness between 400 and 500 µm. The T2 gradually 

changes as a function of distance between the minimum and maximum. While the 

porcine cartilage studied here is thicker, between 500 and 1000 µm in thickness, the 

diffusive length between the superficial zone with a long T2 and short T2 in the deep zone 

should be about equal since the zones will be thicker. Additionally, the apparent T2 values 

in this study agree with a study of healthy porcine cartilage at 00 to the magnetic field, 
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which the shortest T2 relaxation rate observed in the superficial zone and the longest 

relaxation rate observed in the deep zone (48).  

To further identify the source of the two observed T2 populations (Fig 7.2a) the D-

T2 correlation (Fig 7.3b) and the length scale for exchange is reconsidered. It has been 

shown that the diffusion of fluid is restricted by the cartilage biopolymer network which 

forms a matrix that resists translational diffusion space(49). By correlating these T2 

populations to a restricted diffusion coefficient of about 75% of water, a value consistent  

with water in cartilage (49), it can be concluded that these T2 populations represent fluid 

in the cartilage matrix. Further, since both populations have similar diffusion coefficients, 

they are associated with similar length scale restricted translational mobility environment. 

This is consistent with previous studies which have attributed the multiple T2 populations 

to fluid in a pore and fluid interacting with collagen (8, 10).  

In the porcine cartilage studied here, the observed T1 relaxation rate is impacted 

by exchange and is not the intrinsic relaxation rate. In this system, there are two observed 

sites each with its own T2 relaxation rate.  The measured populations display a common 

T1 relaxation rate (Figs 7.2-7.4). The appearance of a single T1 indicates that averaging of 

T1 has occurred because the frequency of exchange is within a decade of the observed T1. 

Since exchange is on the order of T1, the intrinsic T1 relaxation of this system was not 

directly measured (Fig 7.5a). This is visible as an exchange peak in the T1-T2 correlation 

of the analytical model. The peak in the T1-T2 map at T2 ~ 0.07 s is an artifact of 

exchange. While time domain analysis was not capable of finding the intrinsic T1 
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relaxation, the fitted values for intrinsic relaxation rates and T1-T2 correlations (Fig 7.5c) 

are an important tool for understanding relaxation in systems with exchange.   

Since cartilage is an avascular tissue, diffusion of fluid and nutrients from the bone 

and synovial fluid is essential for cell survival and tissue function (50). It has been 

hypothesized that fluid in different environments in cartilage, such as associated with 

macromolecules and in the pore space of cartilage, contribute differently to the response to 

loading(51). It is also believed that fluid associated with the macromolecules stores and 

binds nutrients and signaling molecules(50). Data on diffusive exchange and coupling 

between these environments can provide new information about the function of fluid in 

this complex material.  

 

Conclusions 

 

A combination of 1D and 2D relaxation and diffusion measurements show 

exchange of solvent molecules occurs in randomly oriented porcine articular cartilage on 

the time-scale of T1 relaxation processes.  This exchange impacts the observed T1-

relaxation measurements.  The use of two- dimensional time domain analysis decreased 

total experiment time making it possible to find the exchange rate before sample 

degradation occurred. Since observed T2 relaxation is also dependent on angle to the 

magnetic field, imaging resolution, solvent, and tissue structure (11), future work will be 

done to further understand how observed relaxation is impacted by exchange due to 

interplay of such factors. Since diffusion and T2 in cartilage are dependent on the health 
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and structure of the tissue, understanding how diffusive exchange is related to tissue 

health will provide greater structural characterization of cartilage. The results presented 

here also provide a mean to better quantify how diffusive exchange impacts measured 

relaxation in other soft matter porous systems. Experiments exploring diffusive exchange 

dependence on protein content, enzyme degradation, and presence of lesions will further 

illuminate the effect of exchange and diffusion during diseases such as arthritis and 

explain some of the variability observed in relaxation in cartilage. Currently work is 

being done make spatially resolved T2-T2 possible (22) and information about exchange 

throughout the depth of cartilage will be valuable knowledge. 
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RELAXATION EXCHANGE IN HUMAN OA CARTILAGE IMPACTS THE 

OBSERVABLE T2 RELAXATION RATES 

 
Abstract 

 
Purpose: T2 relaxation is correlated to cartilage structure and has been shown to 

increase when cartilage is damaged due to disease such as Osteoarthritis (OA). One 

limitation for using T2 relaxation as a diagnostic tool is the variation in reported values of 

T2 across studies. One reason for this variation is exchange. The goal of this study is to 

quantify exchange in human OA cartilage as a function of donor and enzyme 

degradation. 

Methods: Two dimensional T1-T2 and D-T2 correlation and relaxation exchange 

(REXSY) NMR are utilized to study the structure and exchange in human OA cartilage 

cores. Time domain analysis of REXSY data at a single mixing time is used to find the 

exchange and intrinsic relaxation rates.  

Results: We measure two T2 relaxation rates that are associated with fluid 

interacting with the extracellular matrix in human OA cartilage cores. The average 

diffusive exchange rate for fluid moving between these sites is 0.31 ± 0.038 s-1 with a 

exchange time of 3.14 s. This exchange rate is on the same time scale as relaxation and 

therefore alters the observed T1 and T2 relaxation. The exchange rate decreased when 

cartilage was treated with trypsin.  

Conclusion: The observed relaxation rates in cartilage are weighted by exchange 

processes and are not intrinsic relaxation rates. Since the relaxation is weighted by 
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exchange, it is a measure of not only the chemical and physical environment but also the 

diffusive exchange length.   

 
Introduction 

 
Osteoarthritis (OA) is a progressive disease of the articular cartilage and affects 

more than 50% of people over age 65 (1). During OA, the structure and biochemical 

environment of cartilage are altered. These changes include a damage to protein and loss 

of protein content, specifically collagen and proteoglycan, a decrease in cartilage 

thickness, increase in water content, and reduction in biomechanical properties. In 

advanced stages of disease, all of the above will lead to a complete loss of articular 

cartilage (2). Any changes in the collagen and proteoglycan microstructure, such as 

fibrillation of collagen, alters the molecular environment of the remaining collagen, 

proteoglycans, and water. 

Clinical diagnosis of early structural damage to cartilage remains challenging. 

Clinically, radiography is used to evaluate joint-space narrowing and new bone 

formation, changes that are associated with tissue failure (3, 4). Magnetic Resonance 

Imaging (MRI) has been shown to visualize changes in cartilage thickness before tissue 

failure and monitor changes to tissue structure with T2 weighted imaging (5-11).One 

issue with using MRI to diagnose OA is the variation in observed T2 across studies. These 

differences are due to experimental parameters including imaging resolution, field 

strength, angle to the magnetic field, acquisition method, and exchange (11). These 

parameters affect the measurement of mono-component and multi-component relaxation 
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in cartilage, which lead to observations of one to five T2 relaxation rates depending on the 

experimental conditions (5, 6, 11-15). 

One cause of variation in observed relaxation times is the physical exchange of 

protons between molecular environments.  This exchange occurs on a time scale similar 

to that of the measured relaxation rates, T1 and T2 (11, 13, 16-21). For two sites, when the 

time scale of exchange is comparable to relaxation, a shift from intrinsic relaxation rates 

to exchange weighted relaxation rates is observed. If exchange is fast compared to 

relaxation, a single relaxation rate impacted by the longest relaxation rate and the 

exchange rate will be observed.  In a previous study, it was shown that there was an 

observed exchange rate on the order of milliseconds in healthy canine cartilage (11, 13). 

In another study, it was shown that exchange rate in porcine cartilage was occurring at 

the same rate as T1 so that only one T1 population was observed due to exchange 

averaging.  

One reason exchange has not been extensively studied is the long experiment time 

needed to quantify the exchange rate. A single, two-dimensional relaxation exchange 

spectroscopy (REXSY) (22) experiment can require several hours depending on the 

signal to noise ratio, desired resolution, and necessary phase cycling. If the Inverse 

Laplace Transform (ILT) analysis methods is used, mixing time is needed as a third 

dimension (23) to estimate exchange rates. Total experiment time can range from 4 hours 

to longer than a day. While this approach has been used routinely to study engineered 

materials and porous media, its use with biological samples that decay with time ex vivo 

has many challenges. Time domain analysis can be used to reduce experiment times by 
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making exchange rate estimates from an experiment with a single mixing time (17, 18), 

making quantification of the exchange rate reasonable in cartilage.  

In this study, we utilize multi-dimensional NMR relaxation methods, T1-T2, D-T2, 

and T2-T2 to obtain observable and intrinsic relaxation, diffusion, and exchange rates of 

fluid within human OA cartilage. By quantifying the effect of exchange on observable 

relaxation, we show that the observable T1 and T2 relaxation in cartilage is not the 

intrinsic relaxation. The results also demonstrate that these parameters are donor specific 

and sensitive to enzymatic damage to the cartilage structure. Quantifying the effect of 

exchange enhances understanding of observable relaxation and can lead to improvements 

in measurements and interpretation of relaxation in the clinic.  

 

Methods 

 

Human stage IV OA cartilage samples were obtained from the knee. Cylindrical 

cores with a 3 mm diameters and 1-2 mm heights reflecting the full thickness of the 

cartilage were separated from the bone. Cores were placed immediately in the NMR tube 

and pressed into the bottom to reduce swelling. A stack of cartilage samples from the 

same region in the knee were placed in an NMR tube, such that they filled the sensitive 

region of the radio frequency coil, about 20 mm. The samples were rinsed with phosphate 

buffered saline (PBS) to remove excess blood and fat. To mimic bulk degradation to the 

cartilage structure, samples were incubated 1 mg/mL trypsin (24)for 60 minutes. After 

enzyme degradation, samples were washed three times to remove any excess enzyme. A 
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time control was run for all experiments. No difference in measured values was seen for 

up to 100 hours of experimentation.  

Bulk T2 relaxation was measured using a Carr-Purcell-Meiboom-Gill (CPMG) 

sequence (25) with single point acquisition. An echo spacing of 1 ms with used with an 

acquisition of 2048 echoes. Total acquisition time was 1.05 seconds. A recovery decay of 

10 seconds was used to avoid T1 relaxation weighting. A 16 step phase cycle and 16 

averages was used. Experiment time was 3 min and 40 seconds.  

For T1-T2 measurements (26), an initial encoding period consisting of an inversion 

recovery delay was coupled to a CPMG acquisition period with an echo spacing of 1 ms 

and 2048 echoes. An inversion recovery with 32 inversion times logarithmically spaced 

from 0.001-50 seconds was used.  A 16 step phase cycle with 16 averages was used and a 

recovery delay of 10 seconds was used for an experiment time of 2 hours and 20 minutes.  

For D-T2 measurements (27), a Pulsed Gradient Stimulated Echo (PGStE) 

sequence used to encode for diffusion was coupled to a CPMG acquisition period with an 

echo spacing of 1 ms and 2048 echoes. For PGStE encoding, a diffusion observation 

time, ∆, of 50 ms and a gradient duration time, δ, of 1 ms was used. Gradient strength, g, 

was varied from 0 to 17.81 Tm-1 in 32 linearly spaced steps. A repetition time of 10 

seconds and a 16 step phase cycles was used with 16 averages for an experiment time of 

1 hour 43 seconds.  

The REXSY, or T2-T2, experiment (22), was performed with a variable echo 

number CPMG encode period, followed by a mixing time of 0.5-1.5 second, and a 

CMPG acquisition time with an echo spacing of 1 ms and 2048 echoes. The number of 

echoes in the encode period was varied from 0-2048 in 32 steps. A repetition time of 15 
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seconds was used with a 16 step phase cycle and 16 averages for an experiment time of 2 

hours and 40 minutes.  

All experiments were run on a Bruker AVANCE III Spectrometer operating at 

250 MHz for 1H resonance frequency, which has a field strength of 5.8 T. A custom built 

high resolution probe allowing up to 1 µs pulses at 100 W and a Diff30 gradient set with 

a maximum gradient strength of 17.81 Tm-1 at 60 amps was used.  

The Inverse Laplace Transform (ILT) was used to analyze and create distributions 

for all two-dimensional data sets (26). The ILT is a non-linear least squares operation that 

used the Tikinov regularization and singular value decomposition to solve for the 

distribution of relaxation or diffusion rates.  

For time domain analysis of REXSY data with a 1 second mixing time, two site 

time domain fitting was used (19-21). Methods previously developed by Van Landeghem 

et al and Dortsch et al are used (17, 18). Briefly, the magnetization, M, from two 

relaxation environments, a and b, are described by a set of coupled differential equations 

(28) when the exchange rate, ka,b does not equal zero.  

!"#
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In this system, the relaxation rates, R represent the intrinsic relaxation rates, T1 or 

T2. Meq is the equilibrium magnetization, where Meq=0 for T2 relaxation and Meq=M0, for 

T1 relaxation. For a steady state, balanced system (20), the principle of detailed balance 

requires 
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Under balanced conditions the system of equations can be viewed in matrix form,  
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The exchange and relaxation rates, R+K, effect the observable relaxation rates, T2
obs and 

T1
obs. The coordinates of the peaks in the ILT are the eigenvalues, λ, of the matrix R+K 

(17).  

Data was fit to equation 8.4 to find the intrinsic relaxation rates, R, magnetization 

pool sizes, M, and the exchange rate, ka, for each sample. Using the R+K matrix and M 

vector, the amplitude and coordinate of the observable relaxation rates in the ILT is 

predicted for T1-T2 experiments (18): 

9:;<:= = = >=
<;?@A 5; + 6 4B C(0) °[;;@F>=]

: [8.6] 

and for T2-T2 experiments: 
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 where t1 is the time in the encoding period and tm is the mixing time.  
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Results 

 
For a sample to be a candidate for a diffusive exchange study, the magnetization 

pools need to have equivalent chemical spectra (29) and be in physical regions that are 

capable of exchange. In a representative human OA cartilage sample, we observe two T2 

populations (Fig 8.1a-c) and in all measures the same T2 relaxation rates are observed, 

0.06 s and 0.50 s. Using T1-T2 and D-T2 correlations, it is shown that both T2 populations 

represent fluid inside the extracellular matrix (ECM).  

In T1-T2 correlations, T1=T2 represents free fluid while T1>T2 represents fluid in a 

pore space or solids. Both observable T2 populations have a T1>T2 and can be interpreted 

as fluid in a pore (Fig 8.1b). In D-T2, a D less than the diffusion coefficient of free water 

at 200 C, 2.1 x 10-9 m2s-1, represents fluid inside a pore or a different molecule than water. 

As there are no different molecules visible in the chemical spectra (data not shown) (29), 

it can be concluded that the observed D for both T2 populations, 1.16 x 10-9 m2s-1, is 

evidence of fluid in the pore space of cartilage (Fig 8.1c). It can be concluded that there 

are two sites containing fluid in the ECM of cartilage with the same rotational mobility 

represented by the same D values and different rotational mobilities represented by T2 

relaxation.  
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Figure 8.1 The two magnetization pools measured in this study are fluid within the ECM 
of articular cartilage. T2 measured with a CPMG sequence (a) shows two T2 relaxation  
Figure 8.1 Continued. rates, 0.06 s and 0.50 s. T1-T2 correlation (b) measures the same T2 
relaxation rates and one T1 relaxation rate, 2.05 s. Both populations are off the parity line, 
T1=T2, which represents behavior of bulk fluid. This indicates that neither population is 
free fluid. D-T2 correlation (c) measures the same T2 relaxation rates with one diffusion 
coefficient, D, 1.16 x 10-9 m2s-1. Since the diffusion is slower than the diffusion of free 
water at 200 C, 2.1 x 10-9 m2s-1, this is fluid in the pore space of cartilage.  
 
 

To attempt to quantify exchange rate of fluid moving between the two sites, 

REXSY measurements over a range of mixing times from 0.5 s to 1.5 s are utilized. 

During exchange, cross peaks appear at an off diagonal location as an indication of 

exchange during the mixing time. The cross peak intensity is expected to increase linearly 

until a plateau is reached. The point at which the plateau is reached is characteristic of the 

exchange time in the material, as long as this occurs faster than T1 relaxation (17, 23). In 

this sample, the cross peak intensity increases as the mixing time changes from 0.5 s to 

1.5 s [Fig 8.2 a,b], but it does not appear that a plateau in the signal is reached (Fig 8.2c). 

Mixing times longer than T1 cannot be used because T1 weighing will occur. This is not 

accounted for in the ILT and would alter the appearance of cross peaks (17). While the 

exchange rate could not be quantified using ILT analysis of REXSY data, the results 

provide evidence for exchange between the two sites with an exchange time on the order 

of or longer than T1.  
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 Figure 8.2. The characteristic exchange time is probed by changing the mixing time in the 
REXSY sequence from 500 ms to 1500 ms. Exchange cross peaks are small at 0.5 s (a) 
and grow in intensity until 1500 ms (b). When the cross peak intensity is plotted as a 
function of mixing time (c), it is observed that the intensity of the exchange peaks has not 
plateaued at 1.5 s. As the observable T1 is 2.05 seconds, T1 weighting of signal will occur 
with longer mixing times. Existing models for analyzing ILT cross peak intensities do not 
take into account T1 weighting, therefore it is not possible to find the exchange rate with 
this method.   
 

Since ILT methods are not capable of quantifying the exchange rate for cartilage 

samples, time domain analysis methods are used. The limitation of time domain methods 

is that the number of sites needs to be assumed. The advantage of time domain methods 

is that they are not limited by T1 relaxation, can find the intrinsic relaxation rates, and 

requires a single mixing time (17, 18). Here time domain data from REXSY with a 1 

second mixing time was fit to equation 4 to find the exchange rate, ka, and the intrinsic 

relaxation rates, R (Fig 8.3). Using n=8 human OA cartilage samples, a range of 

exchange rates was observed from 0.48 to 0.14 s-1 (Fig 8.3). The average value of the 
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exchange rate was ka= 0.31 ± 0.038 s-1. The average characteristic exchange time, k-1, is 

therefore 3.14 seconds, a result that confirms the difficulties encountered in the ILT 

analysis presented in Figure 2c. Using the Einstein equation, the exchange time, ka
-1, can 

be used to compute an exchange length (21), H = 6J'(<B. In this equation, the diffusion 

coefficient, D, of free fluid, assumed to be 2.1 x 10-9 m2s-1 is used to determine the length 

a molecule moved during the exchange time. The exchange length varies between 156 to 

292 µm with an average and standard error of 194 ± 10.6 µm. This is in agreement with 

the distance between the superficial zone and middle zone in human cartilage (3).  

The ILT of the data, ILT of the modeled fit, and analytical solutions to the model 

(Eq 8.7) can be compared to validate the model fitting solutions. A representative 

cartilage sample with an exchange rate of ka= 0.28 s-1 is used. The ILT of data for a 

REXSY experiment with a 1 second mixing time (Fig 8.3a) shows exchange peaks and 

broad on diagonal peaks. The broadness of the peaks is an artifact of the ILT. The ILT of 

the model predictions (Fig 8.3b) show agreement with the measured on diagonal 

relaxation rates (Fig 8.3a) and cross peaks with the same intensity. Two distinct on 

diagonal peaks are observed in the ILT of the model predictions due to the lack of noise. 

Further, the analytical solution to the model predictions (Fig 8.3c) agree with the ILT of 

the data (Fig 8.3a) and the model predictions (Fig 8.3b). The broad agreement across 

these three ways to visualize exchange shows the accuracy of the two site REXSY fitting 

results and the effect of the ILT on data interpretation.  

 



155 
 

 
Figure 8.3 Comparison of the ILT of REXSY data (a), model predictions (b), and the 
analytical solution (c) for a representative sample with ka= 0.28 s-1 show agreement. The 
ILT of the REXSY data with a 1 second mixing time (a) shows cross peaks occurred and 
broad on diagonal peaks. The broadness of the peaks is evidence for exchange. The ILT 
of the model predictions (b) show on diagonal peak locations that are in agreement with 
the measured relaxation (a) and cross peaks. The peaks are less broad due to a lack of 
noise. The analytical solution (c) shows the same peak locations, with circles representing 
the amount of signal in each population.  
 
 

Two site modeling provides predictions for the intrinsic T1 and T2 relaxation rates 

therefore this analysis can be performed to validate fitting of the relaxation rates and to 

aide in interpretation of T1-T2 correlation data.  A representative cartilage sample with an 

exchange rate of ka= 0.28 s-1 is used. The ILT of the data and the model predictions (Fig 

8.4 a,b) show two populations, both with T2 populations that agree with each other and 

the REXSY data (Fig 8.3). The population associated with the short T2 population is 

broad in the T1 direction (Fig 8.4a,b), from 1 second to 5 seconds in range. Both the 

model and data cover the same T1 range, while the location of the maximum intensity is 

shifted up in the model prediction (Fig 8.4b). Since there is a large distribution of 

relaxation rates represented as one population in the ILT, it is difficult to interpret how 

many relaxation rates are unique in this population or if this is the effect of noise. The 

analytical solution (Fig 8.4c) shows that there are two T1 relaxation rates associated with 
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the short T2.  The analytical solution shows that there are four populations, three with 

positive eigenmodes (red circles) and one with a negative eigenmode (blue triangle) (18). 

The numerical approximation for the ILT assumes there are only positive eigenmodes 

and therefore cannot visualize the negative eigenmode (26), which is inherent to any T1-

T2 correlation for a system undergoing exchange. For this system, the exchange peak with 

a short T2 and long T1 represents 20% of the signal with the exchange weighted relaxation 

with a short T2 and shortT1 represents about 15% signal. This accounts for the broadness 

in the ILT. This data shows that the measured T1 is a function of exchange and exchange 

weighting. Because the analytical model is not susceptible to ILT limitations, the 

remaining results will be presented with analytical models.  

 

 
Figure 8.4. Comparison of the ILT of T1-T2 data (a), model predictions (b), and the 
analytical solution (c) for a representative sample with ka= 0.28 s-1 show agreement. The 
ILT of the T1-T2 data (a) shows two populations with unique T1 and T2 values, where the 
population associated with a short T2 is broad. The ILT of the model predictions (b) from 
fitting on REXSY data with a 1 second mixing time show two populations with T2 
relaxation rates that agree with the measured relaxation (a). The T1 relaxation of the 
population with the short T2 is predicted to be slightly longer than the measured 
relaxation and the ILT peak is broad, covering the measured relaxation rate. The 
analytical solution (c) shows four populations, two populations represent the exchange 
weighted relaxation and the other two populations represent exchange cross peaks. The 
exchange peak for the short T2 has a similar magnitude to on diagonal peaks. The two 
peaks at the short T2 are in the range of the ILT of the model and the data. This results  
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Figure 8.4 Continued. accounts for the broad peak in the ILT (a,b). Positive eigenmodes 
are represented by red circles and a negative eigenmode is represented by a blue circle. 
 
 

Exchange has an effect on the observed relaxation (Fig 8.3) and is donor 
dependent with a range from ka= 0.48 to 0.14 s-1. Since exchange and relaxation are 
donor specific, the effect of exchange is donor specific. There is a shift from the intrinsic 
relaxation to an exchange weighted observed relaxation when relaxation and exchange 
are of within a magnitude of each other. When the exchange rate is much faster than 
relaxation, k>R, the observation of a single relaxation rate occurs. When the exchange 
rate is on the order of exchange R>k>0.1R, a shift from the intrinsic relaxation rates to 
exchange weighted observable relaxation rates occurs.  Since the exchange time is on the 
order of seconds in this system, exchange has the greatest effect on T1 and long T2 

relaxation rates. Exchange weighting has little to no effect on short T2 relaxation rates 
because the condition for 0.1R<ka is not met.  

To visualize the effect of exchange on the relaxation rate, the analytical models 
for T1-T2  are used (Fig 8.5). When exchange is faster than T1 relaxation and within an 
order of magnitude of T2, a single T1 relaxation rate and two exchange weightedT2 
relaxation rates are observed (Table 8.1a, Fig 8.5a). When exchange is within an order of 
magnitude of T1 and the long T2 (Fig 8.5b,c, Table 8.1b,c), the observed T1 and T2 are 
shorter than the intrinsic relaxation rates. The short T2 population is not impacted by 
exchange (Table 8.1b,c). Since the relaxation rates and exchange rate are sample specific 
(Table 8.1 a-c), the extent to which exchange effects the observable relaxation is specific 
to ka, T1, and T2 for each donor.  
 

 
Figure 8.5. Analytical model predictions for T1-T2 correlations for human OA cartilage 
samples with a range of exchange rates show off-diagonal peaks.  For the sample with the 
fastest exchange rate (a), one dominant peak is observed with a smaller exchange peak, 
both with a similar T1. When exchange is slower (b), an exchange peak and an exchange 
peak are observed. When the exchange rate is at the minimum observed exchange rate 
(c), the ILT no exchange peaks are observed.   
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Table 8.1. The effect of donor variability and exchange rate on the intrinsic relaxation 
rates leads to shorter observed relaxation rates. Exchange has the largest effect on T1 
relaxation and long T2 relaxation rates since the time scale for exchange, ka

-1, is on the 
order of seconds. Since relaxation rates and exchange rates are donor dependent, the 
extent of exchange on intrinsic relaxation is also donor dependent (a-c). The largest effect 
of exchange is seen when exchange is fast (a). In this case, only a single T1 is observed 
and fitting the T1 relaxation is not possible.  The percent magnetization for the observed 
and fit relaxation rates are shown. 
 

To characterize one possible source of donor variation, the effect of non-specific 

enzymatic damage to the cartilage ECM was used to mimic further damage to the ECM 

due to disease pathology. Three samples were evaluated before and after trypsin 

degradation.  Results for a representative sample are shown (Fig 8.6, Table 8.2). After 

trypsin degradation, the R and D increased slightly while ka
-1 increased for n=3 samples. 

There was an average and standard deviation of 19.7 ± 5.4 % increase in ka
-1. The small 

increase in D and T2 (Figure 8.6 b,e) agree with previous studies and support that these 

parameters are sensitive to damage to the ECM of cartilage (5). Using the Einstein 

equation, the increase in ka
-1

 and increase in diffusion length for the diffusion coefficient 

and the diffusive exchange is calculated. With a 50 ms observation time, the diffusion 

distance increases from 18.08 to 19.44 µm, an 8% increase. The increase in ka
-1

 reflects 

an increase in diffusive exchange length from 229 µm to 247 µm, a 12% increase. The 

increase in diffusive distance is reflective of increases in mobility within the solid matrix 
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that are most likely caused by the damage to the solid structure of cartilage on exposure 

to the enzyme (30).  

Since 0.1R>k>10R, the increase in observable T2 and T1 (Figure 6.6a, 6.6d, Table 

6.2) reflects a change in T1 and ka. Since both relaxation and exchange are changing with 

enzyme degradation, the change in observed magnetization is the net change in R+K.  

 

 
Figure 8.6. When cartilage samples are treated with 1 mg/ml trypsin enzyme for 60 
minutes, the observed T1 and k increase, while observed T2 and D increase.  The increase 
in D (B,D) and T2 (A-F) are indicative of damage to the ECM of cartilage and are 
consistent with previous studies .  
 
 

 
Table 8.2. Trypsin degradation at 1 mg/ml for 60 minutes causes an increase in the 
intrinsic T2 and long T1, and the short T1 and exchange rate decreases. The impact of 
exchange on observable relaxation, particularly for long T2 and T1 relaxation rates, is 
visible at both conditions with minimal effects on the short T2 
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Discussion 

 

Relaxation in cartilage is sensitive to disease and damage to the structure of 

cartilage (5-7, 10, 11, 15, 31-33). However inconsistency between imaging studies in 

reported value and number of relaxation components limits clinical use T2 relaxation for 

diagnosis of OA (13). Exchange is one source of inconsistency between reported T2 

values (11). When the exchange rate is comparable to the relaxation rate, the exchange 

between magnetization sites, which each have an intrinsic T1 and T2, leads to an exchange 

weighted observable magnetization (17).  This observable magnetization is therefore not 

a direct representation of the relaxation rates, or the molecular environment. It is instead a 

representation of the diffusive exchange length and the molecular environment the spins 

experience during relaxation.  

Using multi-dimension NMR measurements, two populations of fluid in the 

cartilage are characterized (Fig 8.1). A diffusion coefficient less than the free fluid 

diffusion coefficient (34) and T1>T2  (26, 35) indicate that both of the measured T2 

relaxation rates correspond to fluid restricted by the porous structure of cartilage. 

Previous studies have reported relaxation rates on the order of 100 ms in healthy animal 

cartilage with a shift to longer T2 relaxation rates after enzyme degradation (7, 8, 15, 31-

33). In this study, we report a population on the order of 500 ms in diseased tissue. This 

is in agreement with the trend reported in those studies. A longer population is observed 

between 500 ms and 1500 ms. One study has suggested that a T2 of 392 ms could be free 

solvent on the surface of tendon and excluded it from a cartilage and tendon (8). The long 

T2 population in this study is consistent with the trend that the T2 should be longer than 
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392 ms due to disease although multi-dimension NMR data support that it is not free 

fluid and is fluid in a larger pore space. 

To quantify exchange between these two populations of fluid in cartilage, a three 

dimensional REXSY experimental approach was attempted. A previous study showed 

that exchange peaks in REXSY of healthy human cartilage appeared with a 12 ms mixing 

time (16). In this study, exchange peaks did not appear until 500 ms and did not reach 

maximum at 1500 ms (Fig 8.2). Existing models for analyzing ILT REXSY data do not 

T1 relaxation into account (23). This indicates that the exchange time is longer than 1500 

ms and that time domain analysis is needed for the study of exchange in human OA 

cartilage.  

By utilizing time domain analysis of a single REXSY experiment (Fig 8.3) (17-

21), the experiment time was reduced by 5 fold and the exchange rate was quantified. 

Time domain analysis provides fits of the intrinsic relaxation rates and magnetization 

pool sizes as well as the exchange rate. This data was used to model T1-T2 correlations 

and identify exchange in T1-T2 data (18). This method provided more information in less 

time than the ILT method. Current advances in compressed sensing to reduce experiment 

time are seeking to make this method clinically relevant (36).  

The effect of exchange on observable magnetization is dependent on the exchange 

and relaxation rate (Fig 8.3-8.5, Table 8.1). The average exchange time is 3.14 seconds 

and varies from 2.04 to 7.14 seconds, which is always within an order of magnitude of 

the measured T1 and the long T2 relaxation rates. This causes a shift to shorter observable 

T1 and T2 relaxation rates (Table 8.1) with varying degrees of exchange weighting. The 
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exchange weighting is greatest when the exchange time is near the relaxation rate. It can 

be concluded that the shortest T2 relaxation rates are the least affected by exchange.  

Exchange impacts fraction of signal that each relaxation rate represents in 

measured data (18). Modeling of T1-T2 correlations (18) and comparing them to measured 

T1-T2 data (Figure 8.4) shows that the faster the exchange, the more signal in the short 

relaxation population is reduced.  At the fastest observed exchange (Fig 8.5A), the 

appearance of a single T1 and T2 dominate the T1-T2 correlation. At the slowest exchange, 

there is little change to the observed magnetization.  

Diffusion, as studied by PGStE NMR, is sensitive to the structure of cartilage. 

Diffusion is restricted in healthy cartilage by interactions with the porous structure and 

approaches the free diffusion of water as cartilage degrades (5, 37). Previous reports have 

shown that diffusion in human OA cartilage is donor dependent. The results in this study 

suggest that diffusive exchange length is sensitive to the structure of cartilage (Fig 8.6). 

An increase in diffusion and diffusive length is observed when samples are treated with 

trypsin. Since the diffusive length is donor dependent, it is hypothesized that the diffusive 

length is also a measure of structure in cartilage and sensitive to OA. Future work is 

needed to determine the extent to which diffusive exchange length is dependent on the 

structure of cartilage.  

Previous studies have shown relaxation rates with a relaxation time between 10-

200 ms in bovine and canine cartilage (7, 8, 15, 31-33), which would show exchange 

weighting if exchange was faster than the exchanges recorded in this study. One report 

measured exchange cross peaks in a REXSY experiment with a 12 ms exchange time in 

healthy human cartilage (16). While, the exchange rate was not quantified in healthy 
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human cartilage the previously reported exchange rate is faster than the exchange rate in 

this study as exchange peaks were not visible in this study until 500 ms (Fig 8.2).  Since 

the exchange rate is dependent on the health of the tissue and donor, healthy tissue is 

hypothesized to have a shorter diffusive exchange length and faster exchange rate. Future 

work in healthy and mid-stage OA human cartilage is needed to determine the effect 

exchange has on the observed relaxation at various stages of disease.  

 
Conclusions 

 
The exchange rate between two magnetization pools in human OA cartilage is 

donor dependent and varies from 0.14 to 0.48 s-1. The effect of exchange on the observed 

T1 and T2 relaxation rates is dependent on the intrinsic relaxation rates and the exchange 

rate. When the exchange rate is comparable to the relaxation rates, a shift to exchange 

weighted relaxation is observed. Additionally, the exchange impacts the measurement 

and fraction of signal of an observed relaxation rate when the exchange is comparable to 

the relaxation rate. In trypsin treated tissue, the exchange rate becomes slower and the 

diffusive length increases after trypsin degradation while the intrinsic relaxation rates 

increase. Overall, the measured relaxation rate in human OA cartilage is a measure of the 

exchange rate and the intrinsic relaxation rate.  
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CONCLUSION 
 
 

The research presented here utilized nuclear magnetic resonance (NMR) for 

studying the structure of cartilage. NMR is a technique related to Magnetic Resonance 

Imaging (MRI), which is a possible diagnostic tool for diseases of cartilage. Generally, 

MRI is a non-invasive imaging tool used to study and diagnosis disease of the soft 

tissues. The goal of this work is to characterize NMR parameters that are used for 

contrast enhancement in the visualization of cartilage and disease, namely T2 relaxation 

and diffusion in human osteoarthritic cartilage samples. This work showed that both 

diffusion and diffusive exchange are sensitive to the structure of cartilage. The diffusion 

behavior of fluid inside the structure of cartilage and the polymers that make up the 

structure of cartilage was quantified and shown to be donor dependent. The magnetic 

relaxation of fluid populations in cartilage is dependent on diffusive exchange. Diffusion, 

correlation, and exchange NMR spectroscopy measurements were taken to non-

invasively probe the pore structure and disease states of cartilage. 

A background of cartilage structure and function and its relation to osteoarthritis 

is given in Chapter Two. An overview of the principles of magnetic resonance from the 

perspective of quantum mechanics and classical mechanics is given in Chapter Three. A 

discussion of the magnetic resonance principles applied for this research is covered in 

Chapter Four.  

The experiments performed for this thesis are presented in Chapters 5-8. In 

chapter 5, the results of diffusion spectroscopy and T1-T2 correlation NMR of human OA 

cartilage are presented. The chemical spectra and diffusion coefficient of the proteins in 
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cartilage are compared to standards of 70 wt% collagen type II and 70 wt% chondroitin 

sulfate. The diffusion coefficients of the proteins in cartilage are identified as collagen 

type II and chondroitin sulfate. T1-T2 correlations of human cartilage show two relaxation 

populations of fluid inside cartilage. T1-T2 correlations from cartilage are compared to the 

same standards and are not the same as the standards. It is concluded that the magnetic 

relaxation rates are reflective of the structure in cartilage, not interactions with the surface 

of proteins. The manuscript containing this data was published in the journal Applied 

Magnetic Resonance (1).  

To explore the relationship between diffusion and health of cartilage, the diffusion 

as a function of donor and enzyme degradation was tested in Chapter 6. The diffusion 

coefficients of fluid and polymers in cartilage are spatially resolved as a function of depth 

from the surface in 8 mm human OA cartilage cores. The fluid and protein diffusion was 

measured in N=10 human OA donors and as a function of collagenase digestion. By 

altering the observation time for diffusion measurements, the pore space of cartilage is 

probed. It is shown that the diffusion of fluid in cartilage is restricted in an interconnected 

structure which is similar to results in other porous systems. Additionally, the diffusion of 

fluid in the pore space of cartilage is faster and the fluid is less restricted when cartilage 

is treated with salt to alter the structure of proteoglycans and collagenase. This data 

supports that fluid diffusion is sensitive to cartilage structure. The diffusion of polymers 

also increases when cartilage is treated with collagenase but not when the cartilage was 

treated with salt. As polymer diffusion is sensitive to molecular weight, this is data 

supports that polymer diffusion is sensitive to changes to solid phase of cartilage. The 
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diffusion coefficient of fluid and proteins are not dependent on depth from the surface in 

human OA cartilage, as has been shown in healthy animals, but are donor dependent. The 

donor dependency of diffusion in cartilage suggests that diffusion is sensitive to OA 

disease pathology and the structure of cartilage. This work has been submitted to 

Magnetic Resonance in Medicine. 

The results of work done in collaboration with Victoria University of Wellington 

are presented in Chapter 7. Time domain analysis of relaxation exchange spectroscopy 

(REXSY) is utilized to find the diffusive exchange time in three healthy porcine cartilage 

samples. Two T2 populations that correspond to fluid inside cartilage are measured in 

these samples.  Using Diffuion-T2 and T1-T2 NMR, it is confirmed that both T2 

populations have restricted translation and rotational mobility due to interactions with the 

structure of cartilage. Using T2-T2 exchange NMR and analysis with the Inverse Laplace 

Transform (ILT), exchange between these two populations is observed. The exchange 

rate cannot be quantified with this method and time domain analysis is utilized to 

quantify the exchange rate. The results of time domain analysis include fits of the 

intrinsic relaxation rates, the exchange rate, and magnetization pool sizes. This data is 

applied for better understanding of the observed relaxation behavior in T1-T2 correlations. 

This work is being prepared for submission to Journal of Magnetic Resonance. 

The methods developed in Chapter 7 are utilized to study the effect of donor and 

enzyme degradation in 3 mm human OA cartilage cores. The diffusive exchange rate of 

fluid moving between two relaxation populations in human OA cartilage is donor 

dependent and ranges from 0.14 to 0.49 s-1. When using the Einstein equation to find the 
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diffusive length associated with the exchange rate, it is shown that the diffusive distance 

is in agreement with the distance between hierarchical zones in cartilage. Since the 

exchange rate and rate of relaxation are donor dependent, the effect of exchange on the 

observed relaxation is also donor dependent. This is one source of variation in the 

measured relaxation rate among studies. The exchange rate decreases and the diffusive 

exchange rate becomes longer when cartilage is treated with trypsin. These finding are 

similar to the finding in Chapter 6 that showed diffusion is donor dependent. It is 

hypothesized that the diffusive exchange rate of fluid in cartilage is a measure of the 

structure of cartilage. This work is being prepared for submission to Magnetic Resonance 

in Medicine. 

In conclusion, diffusion, relaxation, and diffusive exchange in cartilage are 

sensitive to the structure of cartilage. T1-T2 correlations of fluid in the cartilage matrix are 

reflective of the porous structure in cartilage and not interactions with protein surfaces. In 

this work, we measure the diffusivity of proteins in cartilage for this first time and show 

that the diffusivity of proteins is dependent on damage to cartilage. It is shown that fluid 

diffusion in cartilage is measure of cartilage structure and is sensitive to donor in human 

samples. Time domain analysis for quantifying the diffusive exchange and the impact of 

exchange on the observed relaxation is utilized for a gel like structure for the first time. 

The diffusive exchange is also a function of structure.  
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LOGNORMAL DISTRIBUTIONS OF HUMAN BIOPOLYMER DIFFUSION 
 
 

Polymer diffusion is a function of molecular weight. The lognormal distribution will a 

shift in the mode and spread of the distribution when the molecular weight distribution 

changes(1). To determine the difference between donor (Fig 1a), sampling location 

within a single donor (Fig 1b) and depth from surface (Fig 1c), the lognormal distribution 

is plotted for each scenario.  

 

Figure A.1. The lognormal distribution of cartilage biopolymers as a function of donor 
(a), sampling location within a single donor (b), and depth from surface (c). There is a 
difference in spread and mode of the lognormal distribution for donor and sampling 
location within a single donor (a,b). No difference was seen as a function of depth from 
surface in a single donor (c). Each curve is a different condition, four conditions are 
plotted in (c) but are all identical. 
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