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SUMMARY 

The primary goal of this thesis is to develop a combined MR relaxation (T2 

and T1ρ), diffusion (ADC, apparent diffusion coefficient), and elastography (shear 

stiffness) method to fully characterize the development of tissue-engineered 

cartilage in terms of the changes in its composition, structure, and mechanical 

properties during tissue growth. We do this for the purpose of understanding how 

we may better use MR-based methodologies to noninvasively monitor and 

optimize the cartilage tissue engineering process without sacrificing the constructs. 

While conventional T2 and ADC have been widely used in the studies of 

engineered cartilage tissues, there were few T1ρ and MRE studies related to it. We 

begin by demonstrating the potential capabilities of T2, T1ρ, ADC, and shear 

stiffness in characterization of a scaffold-free engineered cartilage tissue. We 

examine the correlations between MR parameters and biochemical determined 

macromolecule contents in tissue-engineered cartilage. We show that, in addition 

to the conventional T2 and ADC, T1ρ and MRE can be used as potential biomarkers 

to assess the specific changes in proteoglycan content and mechanical properties 

of engineered cartilage during tissue growth. 

Secondly, to increase the efficiency of MR characterization of engineered 

tissues, we develop two new methodologies for simultaneous acquisition of MRI 

and MRE data: (1) diffusion and MRE (dMRE) and (2) T1ρ and MRE (T1ρ-MRE), 

respectively. Conventional T1ρ, diffusion, and MRE acquisitions are performed as 

separate measurements that prolong the imaging protocols. The dMRE and T1ρ- 
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SUMMARY (continued) 

MRE are developed to overcome this problem by acquiring two pieces of 

information in one temporally resolved scan. This allows the simultaneous 

characterization of both biochemical and mechanical properties of engineered 

cartilage tissues. We carry out dMRE and T1ρ-MRE experiments on tissue-

mimicking phantoms to show the feasibilities of two techniques. The results 

obtained show a good correspondence between simultaneous acquisitions and 

conventional separate acquisition methods. We expect that the combined 

MRI/MRE methods will benefit the optimal cartilage tissue engineering process. 
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1 INTRODUCTION 

1.1 Background  

Musculoskeletal disorders affect nearly one in three Americans annually, 

with injuries to cartilage having a higher incidence among these afflictions (1). It 

has been reported that 22.7% (52.5 million) of U.S. adults reported doctor-

diagnosed arthritis from 2010-2012 (2). Due to the avascular nature of articular 

cartilage, cartilage defects often heal poorly. Current clinical treatments for these 

injuries include bone marrow stimulation procedure, autologous chondrocyte 

implantation, osetochondral autograft transfer, engineered cartilage replacement, 

etc. (3-5). In particular, cartilage tissue engineering promises to repair the 

damaged cartilage by developing a functional tissue-engineered graft.  

1.1.1 Articular Cartilage 

Synovial joints (ankle, elbow, hip, knee, shoulder, and those of the fingers 

and wrists) enable normal, pain-free movement. Under healthy conditions, they 

function in a nearly frictionless and almost entirely wear-resistant manner. The 

tissue that contributes the most to these extraordinary functional capacities is the 

articular cartilage (AC) that forms the bearing surface of all synovial joints.  

AC is a thin layer (~ 0.5-5 mm thick) of heterogeneous connective tissue, 

and consists of sparsely distributed cells called chondrocytes (~ 1%) that are 

embedded in an extensive extracellular matrix (ECM) as shown in Figure 1.1. The 

major component of matrix is tissue fluid (~ 60-85% of wet weight), and the 
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remainder is mostly solid macromolecules, including type II collagen fibers (~ 15-

22% of wet weight) and large aggregating proteoglycans (PG) (~ 4-7% of wet 

weight) (6,7). The type II collagen forms the primary component of the cross-

banded fibrils that give cartilage its form and tensile strength. PGs bind to collagen 

or become mechanically entrapped within the collagenous network to enhance the 

network strength and stiffness. The tissue fluid that mainly contains water and a 

high concentration of cations fills this molecular framework. A high density of fixed 

negative charges associated with PGs attract positive charged ions and repel 

negative charged ions, which makes the cartilage matrix exhibiting a significant 

Donnan osmotic pressure effect and thus giving the tissue its compressive strength 

(6,7).  

 
Figure 1.1. Schematic diagram of extracellular matrix of native articular cartilage 
tissue with chondrocytes, proteoglycans, and type II collagen fibers. 
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The composition and organization of cartilage matrix vary with the depth 

from the articular surface to the subchondral bone. It has been suggested that AC 

can be identified as four zones or layers: the superficial zone (SZ), the transitional 

zone (TZ), the deep zone (DZ), and the calcified cartilage zone (6,7). The collagen 

content is highest in the SZ, and lower in the TZ and DZ. The PG is inversely 

related to the collagen content, being lowest in the SZ and higher in the TZ and 

DZ. Water content variations reflect those seen for collagen, being the highest at 

the surface and decreasing in the deep zone. Moreover, the collagen fibrils are 

organized parallel to the articular surface in the SZ, randomly in the TZ, and 

perpendicular to the surface in the DZ as illustrated in Figure 1.2. The layer 

appearance of cartilage ultrastructure is suggested to respond differently to 

mechanical loadings (6). For example, the dense mat of collagen fibrils lying 

parallel to the joint surface in the SZ serves as a gliding surface to joint, and may 

resist shear stresses generated during motions; the perpendicular collagen fibrils 

with the highest concentration of PGs could distribute loads and resist 

compression. This unique framework of ECM gives the cartilage its mechanical 

properties of stiffness and resilience. 

Cartilage has been reported to experience degeneration as a consequence 

of normal aging, degenerative joint diseases, or acute joint injury (8). In the event 

of degeneration, the failure of the bearing surface of cartilage means the failure of 

the bearing to provide its essential functions. Unfortunately, the avascular nature 

of cartilage limits the self-repair of the degraded or damaged cartilage. The 

cartilage defects generally do not heal, or heal only partially under certain 
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biological conditions (9). Therefore, repair of articular cartilage becomes an 

enormous medical problem – the number of U.S. adults with cartilage degeneration 

is projected to rise to 67 million by 2030 (10). 

 

Figure 1.2. Schematic diagram of the organization of the collagen network 
throughout the different zones of native articular cartilage.  

1.1.2 Cartilage Tissue Engineering 

Cartilage tissue engineering, as one of the most interesting regenerative 

techniques, has been developed to replace cartilage defect with a newly grown 

tissue. Since being introduced in Sweden in 1987, this cell-based approach has 

gained increasing acceptance (11-13). It combined the cell therapy, scaffolds as 

well as various signal factors, alone or in combination. The optimal cell source for 

cartilage tissue engineering is still being identified. Chondrocytes, fibroblasts, and 

stem cells have all been explored for their potential for cartilage repair (14). The 
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cells can be either seeded into scaffolds or totally scaffold-free. Scaffolds are 

produced from natural or synthetic biomaterials and can be in the forms of 

hydrogels, sponges, meshes, or nanofibers (15,16). Bioscaffolds are selected 

based on their abilities 1) to maintain the chondrocytic phenotype and promote the 

ECM production, 2) to provide the requisite degree of mechanical integrity, and 3) 

to be non-toxic, sterile, biodegradable, and biocompatible. In contrast to the use of 

scaffolds, the scaffold-free tissue-engineered cartilage is proposed to avoid the 

complexities (e.g., immune/inflammatory responses, biocompatibility, and 

biodegradability) arise in the use of foreign substances to the subsequent 

implantation. In addition to the cell sources and scaffold types, various chemical or 

mechanical stimulating factors have employed to induce, accelerate, and/or 

enhance hyaline-like cartilage formation (14,16). 

1.2 Motivation 

While various cartilage tissue engineering approaches have been 

developed over the years that aim to restore the articular surface with a hyaline-

like tissue, optimal strategies are not yet fully established for complete repair, 

regeneration, or replacement (13,17). Improvements in these techniques with new 

cell types, scaffolds, growth factors, and mechanical stimuli are currently being 

investigated as promising solutions to further improve the treatment of cartilage 

injures (13,18). There is thus a need for clinicians and researchers to evaluate new 

regenerative approaches to show clearly advantages and disadvantages with 

respect to the more traditional approaches.  
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The common ways to assess the regenerated cartilage tissues are through 

the use of microscopy and histology; the mechanical properties are typically 

measured by compressive, tensile, and/or shear mechanical testing (19,20). 

These techniques are informative and quantitative, but commonly destructive and 

non-localized. While attempting to recreate functional tissues, we really want to 

know how we can monitor developing tissue structure without damaging it. How 

can we assess with confidence that our measurements truly reflect the underlying 

tissue structure? Moverover, how can we control and optimize the repair and 

regeneration processes? Noninvasive imaging characterization methods are 

therefore an essential adjunct to follow the progress of tissue growth and 

maturation.  

Since the first magnetic resonance (MR) image of a phantom in 1973 (21) 

and its introduction into clinical practice in the 1980s, MR imaging (MRI) has 

evolved into a powerful and noninvasive medical imaging technique with high 

spatial resolution, versatile soft-tissue contrast, and full 3D capabilities. The 

contrast of MRI can be tuned into different aspects of tissue properties from 

chemical composition to structural information and to mechanical properties. 

Specifically, MR relaxation times (e.g., spin-spin relaxation time T2 and spin-lattice 

relaxation time in the rotating frame T1ρ) have been shown to reflect the chemical 

compositions of biological tissues (22,23); water apparent diffusion coefficient 

(ADC) can be used to probe the tissue microstructure (24); and MR elastography 

(MRE) as a phase-contrast based MRI technique, is rapidly being employed to 

assess the mechanical properties of soft tissues via measurement of shear 
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properties (25,26). These MR-derived parameters are thus of great value in the 

evaluation of changes of biochemical and mechanical properties associated with 

the engineered cartilage tissue maturation.  

In cartilage tissue engineering, one of the successful culture approaches is 

able to regenerate a tissue that can synthesize cartilage-specific molecules (e.g., 

type II collagen and PG) and then closely resemble native tissue in its composition 

and structure. Besides that, the knowledge of mechanical properties of tissue-

engineered cartilage is essential, because an ideal engineered implant would not 

only closely resemble the native tissue in its matrix composition, but also mimic its 

mechanical capability of withstanding the large content stresses and strains. It is 

thus expected that MR relaxation, diffusion, and elastography can provide such 

thorough and quantitative characterization of engineered cartilage tissues without 

sacrifice and staining. 

1.3 Dissertation Objectives 

The formation of engineered cartilage is a process of remodeling the ECM 

in which PG and collagen accumulation are major markers. MR relaxation time (T2 

and T1ρ), ADC, and shear stiffness of tissue can provide quantitative information 

that is highly correlated with tissue-level alterations in composition, structure, and 

mechanical properties. Among all these MR-derived parameters, while 

conventional T2 and ADC have been widely used in the studies of engineered 

cartilage tissues (27,28), there were few T1ρ and MRE studies related to it.  
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Therefore, the first objective of this study is, in addition to the conventional 

T2 and ADC, to investigate the potential capabilities of T1ρ and MRE in monitoring 

and evaluation of engineered cartilage growth. This study proposes to provide the 

first thorough evaluation of biochemical and mechanical properties of engineered 

cartilage tissue by using MR-derived imaging methodologies in vitro. Furthermore, 

to increase the efficiency of MR characterization of engineered tissues, the 

second objective of this study is to develop the new methodologies for 

simultaneous acquisition of MRI and MRE data, which allow the simultaneous 

characterization of both biochemical and mechanical properties of engineered 

cartilage tissues. Tissue engineers could use these combined MRI/MRE methods 

to monitor the current tissue growth and to test new culture methods in a more 

efficient way. If it becomes evident that tissue growth is not adequate, adjustments 

in culture conditions could be made without sacrificing the constructs. I expect that 

the combined MRI/MRE methods will benefit the optimal cartilage tissue 

engineering process. To that end, the following specific aims were proposed: 

Aim 1: Use MRI to periodically monitor and assess the growth of 

engineered cartilage in vitro. To achieve this aim, we first developed high-

resolution MRI-based methods to measure parameters such as, T2, T1ρ, and ADC 

on an 11.7 T micro-MR imaging system. The sensitivities of these MRI-based 

parameters to biochemical changes in tissue composition were validated in native 

bovine knee articular cartilage samples. Next, the validated T2, T1ρ and ADC 

measurements were performed weekly on a scaffold-free engineered cartilage 

(chondrocyte pellets) in vitro for up to 3 weeks. The MRI results were then 
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correlated with the PG and collagen content determined by immunohistochemical 

(IHC) and biochemical assays. 

Aim 2: Use MRE to periodically monitor and assess the growth of 

engineered cartilage in vitro. In this aim, we used a developed geometric focusing 

micro-MRE method to investigate the same type of engineered cartilage tissues 

developed in Aim 1. The sensitivity of MRE shear stiffness to the changes of 

mechanical behaviors of tissue were first tested in calcium-alginate beads. Then 

the validated MRE method was performed weekly to measure the shear stiffness 

of the chondrocyte pellets. The shear stiffness were also correlated with the PG 

and collagen content determined by IHC and biochemical assays. 

Aim 3: To develop advanced MRI/MRE methods to allow simultaneous 

acquisition of MRI (T1ρ and ADC) and MRE parameters in phantom samples. In 

this aim, two advanced simultaneous MRI/MRE acquisition (dMRE and T1ρ-MRE) 

were developed and validated by using tissue-mimicking phantoms. The dMRE 

method was developed to acquire MRE and diffusion data simultaneously. The 

T1ρ-mre method was developed for concurrent T1ρ and MRE. The two new 

techniques were validated by using a tissue phantom composed of a gel bead 

embedded in a hydrated mixture of agarose and gelatin. 

1.4 Dissertation Organization 

The chapter-wise organization of this thesis is as follows: 

Chapter 1 introduces the general background of articular cartilage tissue 

and tissue engineering treatments to cartilage injuries. It also describes the 
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motivations, the overall objectives for this project, and the specific aims to achieve 

the objectives. The following chapters (Chapters 4, 5, and 6) correspond to the 

three specific aims, respectively.  

Chapter 2 introduces the theoretical foundations of magnetic resonance 

imaging involved in this study. The basic principles of tissue relaxometry and 

diffusion are described, and the corresponding acquisition schemes used in this 

study follow. 

Chapter 3 describes the basis of magnetic resonance elastography. It starts 

with a detailed description of MRE system – vibration, motion encoding gradient, 

and inversion algorithm. At the end, a specific MRE setup, geometric focusing 

micro-MRE, is introduced. 

Chapter 4 focuses on the MRI characterization of in vitro tissue-engineered 

cartilage. Bovine native articular cartilage plugs are first examined as a phantom 

to demonstrate the feasibilities of T2, T1ρ, and ADC characterization of PG and 

collagen, which present a natural distribution along the cartilage depth. Following 

a description of the preparation of engineered tissues, the high resolution MRI 

system and the methods used to measure the T2, T1ρ, and ADC parameters are 

then stated. Biochemical and IHC analyses used to biochemically analyze 

engineered tissues are presented and the correlations with the measured MRI 

parameters are discussed in this chapter.  

Chapter 5 focuses on the MRE characterization of in vitro tissue-

engineered cartilage. It starts with the alginate beads preparation for MRE 
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phantom validation. The geometric focusing micro-MRE method and the setup 

used to measure the shear stiffness of alginate beads and tissue-engineered 

cartilage are then described. Finally, the MRE results and the correlation with 

biochemical analyses are presented and discussed in this chapter. 

Chapter 6 describes the two advanced methods of simultaneous 

acquisition of MRI and MRE: dMRE and T1ρ-MRE. Theories of the simultaneous 

dMRE and T1ρ-MRE methods are first explained, followed by the validation 

experiments of the proposed techniques on tissue-mimicking phantoms. 

Chapter 7 provides a summary of the project, highlighting original 

contributions and limitations of the current study, and pointing to future research 

directions. 
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2 MAGNETIC RESONANCE IMAGING 

Magnetic resonance imaging (MRI) is one of the most important 

developments in medical diagnosis since the discovery of X-rays. In contrast to X-

rays, in which ionizing radiation penetrates tissue to reach a photographic plate 

behind the patient, MRI uses non-ionizing radio waves to induce a signal from 

paramagnetic nuclei within the tissue (29). Although there are many nuclei possess 

spins (e.g., 1H, 13C, 23Na, 31P) that can generate MRI signal, this dissertation 

focuses on the nucleus of hydrogen atoms (1H proton) in water, because of its high 

sensitivity and abundance in the human body. 

2.1 Theoretical Background of MRI 

Magnetic resonance is based on the interactions between the spins and two 

magnetic fields: (1) static magnetic field B0 to create a bulk magnetization M0, and 

(2) radiofrequency (RF) magnetic field B1 to generate a measurable MR signal (30).  

The nucleus of a hydrogen atom is a single positively charged proton. The 

magnetic moment µ of the proton is directly proportional to the angular momentum 

J,  

                                                             Jμ                                                     [2.1] 

where 𝛾 is a constant called the gyromagnetic ratio (42.67 MHz/T for 1H proton).  

When a proton is placed in a strong external magnetic field B0, it 

experiences a turning force, known as a torque that makes it precesses around 
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the direction of the field B0 (Figure 2.1). The angular momentum of the spin 

changes according to the equation, 

                                         sin000 JBBB
dt

d
 Jμ

J
                             [2.2] 

where θ is the angle between the magnetic moment and the magnetic field.  

 
Figure 2.1. Precession of the magnetic moment µ around the main magnetic 
field B0 (adapted from (30)). 

It is easy to show that dJ is given by  

                                           dJdJ sin .                                                           [2.3] 

Then from Eqs. 2.2 and 2.3, we can derive that the precessional frequency is given 

by so called the Larmor equation, 

                                                     00 B                                                             [2.4] 
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where the precessional frequency of the proton is proportional to the external 

magnetic field. So the protons in this strong external magnetic field B0 all precess 

at the same Larmor frequency 𝜔0 , not any old frequency. This is known as a 

resonance condition.  

According to the theory of quantum mechanics, when a large number of 

protons are placed in magnetic field B0, not all nuclei orient in the direction of B0. 

They experience two orientations, known as parallel and anti-parallel states 

(Figure 2.2). Since anti-parallel direction requires slightly more energy than the 

parallel direction, eventually, enough extra spins point up to make the net 

magnetization M0 pointing in the direction of B0. 

 
Figure 2.2. At thermal equilibrium, extra spins point up at main magnetic field B0 
creating a net magnetization M0 vector along B0 direction (adapted from (31)). 

In order to measure this bulk magnetization M0, it needs to be “flipped” into 

the transverse x-y plane to generate a readable signal by applying a RF pulse. 
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Consider a 3-dimentional (x, y, and z) coordinate system, the direction of M0 point 

in the z-direction (Figure 2.3a). If an RF pulse is transmitted along the x-axis, the 

protons that were previously aligned with the external magnetic field B0 in the z 

direction will now also begin to precess about the x-axis – axis of the new RF 

magnetic field B1. If the frequency ω1 of RF pulse matches the Larmor frequency 

ω0, then resonance occurs. Resonance results in the RF pulse adding energy to 

the protons. As energy is added by the RF pulse to flip the up-pointing protons to 

the higher energy state, the RF pulse causes the spins to begin precessing in 

phase with each other. The vector sum of these in-phase precessing protons lies 

in the transverse plane as if the net magnetization “flips” into x-y plane (Figure 

2.3b). Having rotated M0 into the transverse plane, it then can be measured by 

detecting the voltage induced in a RF receiver coil that is sensitive only to the 

magnetization perpendicular to B0. 

 
Figure 2.3. (a) A thermal equilibrium of magnetization at magnetic field B0. (b) A 
RF B1 filed along x-axis rotates the magnetization towards y-axis. (c) Excitation of 
magnetization in the rotating frame (adapted from (29)). 
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To simplify the concept of “flipping” of the spins, it is helpful to use a rotating 

frame of the reference, where the coordinate system is rotating at the Larmor 

frequency. Such a frame of reference makes the “flipping” as the slow precession 

of the protons from the z axis in to the x-y plane as if they were moving in a simple 

arc (Figure 2.3c). The rotating reference frame will be used as the basis for all 

future discussions in this thesis. 

2.2 MRI Relaxation 

2.2.1 The Bloch Equation and Basic Relaxation: T1 and T2 

The application of RF pulses disturbs spins from their equilibrium states (low 

energy state). The term “relaxation” means that the excited spins are relaxing back 

into their lowest energy state. Having excited the protons to flip them into the 

transverse plane (higher energy state), they begin to relax back to their equilibrium 

position (lower energy state) as soon as the RF pulse is turned off. The protons 

will have to realign with the axis of the B0 field and give up all their excess energy. 

This is reflected by two main features of the relaxation: T1 relaxation and T2 

relaxation (30,31). 

T1 is called spin-lattice relaxation time because it refers to the time it takes 

for the spins to give back the energy they obtained from the RF pulse to the 

surrounding lattice in order to go back to their equilibrium state. This action rebuilds 

the longitudinal (z) magnetization Mz(t) to its equilibrium value M0 (Figure 2.4). The 

rate at which Mz(t) recovers to M0 at a rate characterized by T1: 
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T1 is defined as the time taken for the longitudinal magnetization to reach 63% of 

the equilibrium value M0. 

 
Figure 2.4. T1 recovery of Mz to M0 controlled by an exponential function. 

As the longitudinal magnetization vector Mz(t) recovers, the transverse 

vector Mxy(t) decays at a rate characterized by T2, named as spin-spin relaxation 

time (Figure 2.5): 

                                                  
2
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T

tM

dt

tdM xyxy
                                                  [2.6] 

T2 is defined as the time taken for the transverse magnetization to reach 37% of 

its initial value. 
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Unlike T1 relaxation, where the loss of energy occurs in the spins during 

their interaction with the surrounding lattice (tissue), there is no net loss of energy 

in T2 spin-spin relaxation. The decay of the transverse magnetization is due to the 

interactions between spins as they move around within the tissues. When two 

spins are next to each other, the magnetic field of one spin affects the spin next to 

it. The difference in the magnetic environment created by these proton interactions 

makes a difference in the overall homogeneity of the magnetic field to which the 

spins are exposed; spins are getting out of phase. The vector sum of the magnetic 

moments, which is the signal we detect in the MR receiver, gradually decays from 

a maximum down to zero. 

 
Figure 2.5. T2 decay of Mxy to zero controlled by an exponential function. 
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The differential equations of two relaxation behavior of the spins Eqs. 2.5 

and 2.6 can be combined, and described by the Bloch Equation (30): 

                              
21

0
)()(

T

MM

T

MM

dt

d yxZ
ext

ji
kBM

M 



                               [2.7] 

where Bext is the applied magnetic fields that comprises the static B0 field along the 

z-direction and the RF B1 field in the x-direction. If the system was initially in 

equilibrium and the RF pulse was a 90° pulse applied along the +x-axis, the 

solution to the Bloch equation is given by: 
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                                                 [2.9] 

The T1 relaxation time, ranges from hundreds to thousands of milliseconds 

for protons in tissue, and increases with increasing field strength B0. The T2 

relaxation time is in the order of tens of milliseconds for protons in most tissues, 

and is much shorter than T1 for the same tissue (Figure 2.6). In addition, for most 

of tissues, T2 values are much shorter for solids than liquids. The time difference 

between T1 and T2 in different tissues are the basics of MR contrast, and the 

underlying principle is known as the BPP theory of relaxation.  
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Figure 2.6. T1 and T2 relaxation occur simultaneous, but T2 is much shorter than 
T1. 

The term “lattice” is an oversimplification of a complex entity, including every 

atom and molecule that may interact with the spin. Every atom or molecule is 

rotating, vibrating and translating at different frequencies and in random directions. 

Not only that, molecules change their motion rapidly as they collide with each other, 

so they will be vibrating at this moment and translating the next. Actually, a 

molecule spends only a tiny fraction of a second in a particular state of motion, as 

little as 10-12 s, before suffering a collision to change to something different. This 

is known as the correlation time τc of the molecule. The BPP theory (23,31,32) 

describes the T1 and T2 relaxation rates (inversely relaxation time) in terms of the 

correlation time τc of the molecule and the Larmor frequency ω0: 
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where K is a constant that depends on nuclear parameters.  

In pure water, the water molecules are in free state (free water) and move 

quicker, leading to a shorter τc compared to water molecules in biological tissues, 

where water molecules (bound water) are bound to large hydrophilic 

macromolecules such as polysaccharides and proteins. There is also a third state 

of water molecules considering as structured water, where a proton is in the 

intermediate situation between bound and free (33). In biological tissues, there is 

believed to be a continuum of ‘binding’ from the tightly bound protons close to the 

surface to the ‘free’ protons furthest away from large molecules, so there is a range 

of motional frequencies ω, statistically described by the spectral density function 

J(ω), given by 

221
)(







 cJ                                                       [2.12] 

This simply shows the number of nuclei that tumble in a range of frequencies for a 

given lattice (Figure 2.7) (31). 

The T1 of a tissue is relate to the efficiency of energy transfer from the spin 

system to the surrounding lattice. The most efficient energy transfer occurs when 

the natural motional frequency (rotation, vibration, and translation) of protons are 

at the Larmor frequency. Recall that the Larmor frequency ω0 is proportional to the 

strength of the magnetic field (Eq. 2.4), in most of MRI scanners, it is in the range 

of tens to hundreds MHz. So if the lattice contains a large number of motions 
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tumbling near this frequency range (as structured water in Figure 2.7), the energy 

transfer is efficient, and the spins relax back to their lower energy state quickly. 

The net result is a shortening in T1. 

 
Figure 2.7. Dependence of the relationship between spectral density function J(ω), 
and frequency ω, on correlation time τc (adapted from (31)).  

The T2 relaxation arises from the exchange of energy between spins – a 

different mechanism from T1. The decay rate is determined by the rate of loss 

phase coherence in spin system from intrinsic magnetic field inhomogeneities. 

When molecules are tumbling slowly (e.g., bound protons with long τc), a particular 

proton will “sense” the local magnetic field from its neighbors that changes more 

efficiently over a few milliseconds and will be more dephased. Conversely, a 

rapidly tumbling molecule (e.g., free protons with short τc) will see a relatively 

homogeneous local field due to motional averaging and will be less dephased with 
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respect to bound protons, resulting in a long T2. So we can predict that with the 

increasing size and mass of macromolecules in biological tissues, there will be 

more bound or structured water formed. Hence, the T2 values of such tissues are 

short due to increased dephasing effect. 

2.2.2 From T1 and T2 Relaxation to T1ρ Relaxation 

The basic T1 and T2 relaxation arise from the complex interactions between 

protons and macromolecules in their surrounding environment. The T1 relaxation 

is sensitive to the molecular motions at the Larmor resonance frequency, whereas 

T2 reflects slow molecular motions associated with the large macromolecules. So 

T2 relaxation is considered to be more suitable for tissue characterization because 

most molecular motions in biological tissues are in slow interaction category. On 

the other hand, since T1 relaxation is more efficient at Larmor frequency, it can be 

expect that T1 would also be tissue-specific at low B0 field. However, MR imaging 

at Larmor frequency below 0.1 MHz is impractical due to poor signal-to-noise ratio 

at low B0 magnetic field. This is where T1ρ developed. 

T1ρ is called the spin-lattice relaxation time in the rotating frame that 

was first introduced in 1955 (34). T1ρ enables the measurement of low frequency 

molecular motional processes at high MRI field strengths. This is done by applying 

a low-amplitude spin-locking (SL) pulse (35). The SL pulse creates a small new 

magnetic field B1 that is oriented in the transverse plane, parallel to the bulk 

magnetization after flipped to transverse plane (Figure 2.8a). If there were no SL 

pulse, the magnetization would decay due to T2 relaxation. The presence of this 
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SL field alters the tendency of the spins to precess at Larmor frequency, and 

“forces” spins precess at this new B1 field - BSL (Figure 2.8b).  

 
Figure 2.8. Application of a spin-locking pulse to induce T1ρ relaxation. (a) The 
longitudinal magnetization is flipped into x-y plane. (b) A spin-locking (SL) pulse is 
applied along the transverse magnetization. (c) The pulse is on for duration τ, 
resulting that the magnetization decays under the influence of the SL pulse. 

While the SL pulse on for a period of time τ, the lower energy state is now 

determined by B1 field. The large magnetization vector that was initially polarized 

in B0 will decay to reach the new equilibrium value caused by much smaller B1 field, 

along the SL pulse direction with the time constant T1ρ (Figure 2.8c). The intensity 

of the measured magnetization is given by, 
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where τ is the duration of SL pulse. 

The SL pulse creates a new environment that affects the spins’ interactions 

with the lattice. The most efficient relaxation between the spins and the lattices 
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now occurs at the “new” Larmor frequency ω1, i.e., the SL frequency determined 

by the low-amplitude SL field B1. Typically, ω1 is much slower than ω0. For example, 

the Larmor frequencies of water protons for current MRI scanners (1.5 T – 11.7 T) 

are in the range of 64 MHz to 500 MHz, whereas the SL frequencies used in most 

research and clinical work are in the range of 100 to 1000 Hz (36). Since there are 

far more spin-lattice interactions operating at these low frequencies than at high 

frequencies, the T1ρ relaxation is thus more sensitive to the slower molecular 

motions than T1. The amplitude and duration of SL pulse can be set to arbitrary 

values, which indicates the T1ρ relaxation is dependent on the SL pulses applied. 

The dependence of T1ρ on the SL pulse field is called T1ρ dispersion (23). T1ρ 

dispersion is quantified by measuring T1ρ with a range of SL pulse amplitudes. 

Similar to BPP equations of T1 and T2, T1ρ relaxation rate obeys the 

following equation (23): 
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where τc is the correlation time, and ω0 and ω1 are the frequencies corresponding 

to main magnetic field and SL pulse, respectively. From Eqs. 2.10, 2.11 and 2.14, 

it can be seen that T1ρ is related to T1 and T2 as follows: (1) as the SL frequency 

ω1 approaches zero, T1ρ approaches T2; (2) as ω1 approaches ω0, T1ρ approaches 

T1; (3) for most of biological tissues, T1 > T1ρ > T2. 
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2.2.3 Pulse Sequences for Relaxation Time Measurements 

In MRI, a pulsed RF field is applied to generate an MR signal that contains 

information about the entire tissue being imaged. In order to form an MR image, 

an additional, spatially varying magnetic field, called gradient field is necessary to 

localize the MR signal. One gradient is required in each of the x, y and z directions. 

Depending on their function, these gradients are called slice-selection gradient 

(Gss), frequency-encoding gradient (Gfe), and phase-encoding gradient (Gpe), 

respectively. To obtain a readable MR image, the RF pulses and gradients are 

applied in a controlled fashion to form an MR pulse sequence (30,37). Here, taking 

a commonly used pulse sequence, spin-echo (SE) imaging pulse sequence as an 

example to show how it manages to localize the MR signal (Figure 2.9). 

 
Figure 2.9. Diagram of spin-echo (SE) pulse sequence. 
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Briefly, slice selective 90° and 180° RF pulses are applied simultaneously 

with a slice-selective gradient Gss to excite a two-dimensional slice. By choosing 

the RF pulse with an appropriate frequency and bandwidth, one can select a slice 

at a particular position with a particular thickness. The 90° and 180° pulses are 

separated by a time of τ. After a time of 2τ after the 90° RF pulse, an echo signal 

from the whole slice will be formed. This 2τ time is referred to as echo time (TE). 

Next, before the echo is received, a phase-encoding gradient Gpe is applied in a 

direction orthogonal to the slice selection. The frequency-encoding gradient Gfe is 

turned on in the third direction during the time period during which the echo is 

received. The in-plane MR signal is now encoded in terms of the different spatial 

frequencies depending on the different location within the excited slice. The whole 

sequence pattern has to be repeated to collect every spatial frequency that exists 

within the slice, corresponding to a different value of Gpe at each cycle. The time 

interval between the application of one 90° pulse and the next is called repetition 

time (TR). Once all the data are acquired a two-dimensional Fourier transform is 

applied to convert the acquired data into an image. The T2 and T1ρ relaxation times 

can then be measured based on such a SE pulse sequence.  

For T2 measurement, one could simply apply a series of SE sequences with 

varying TE, and measure the signal at each TE. T2 relaxation time can therefore 

be determined by solving Eq. 2.9 as a function of variable TE values. Rather than 

repeating an experiment with a different echo time to measure T2, it is common to 

collect data for more than one echo of the original RF excitation being much more 

time-efficient. This is accomplished by applying multiple 180° pulses after a single 
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90° pulse. This is known as Carr-Purcell T2 measurement (38). A further 

improvement known as Carr-Purcell-Meiboom-Gill (CPMG) sequence was made 

to compensate for imperfections in the 180° pulses that would lead to accumulated 

errors in the determination of T2 (39). In CPMG (Figure 2.10), the initial 90° pulse 

is on the +x axis and the train of 180° pulses are on the +y axis. If the 180° pulse 

is imperfect, the first and every odd-numbered echoes will be smaller, but even 

echoes will be the correct. The even-numbered echoes can then be used to 

determine T2 without accumulated errors from imperfection of 180° pulses. 

 
Figure 2.10. Echo train of CPMG Sequence (adapted from (40)). 

To measure T1ρ relaxation time, one must allow the spins to relax in the 

presence of a SL pulse at some point in time during the sequence. This is done by 

applying a SL preparatory pulse in front of any imaging sequence (35). As shown 

in Figure 2.11, after applying a 90° RF hard pulse along the +x direction, the net 

magnetization will flip into the transverse plane along the y-axis. Then immediately 
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applying a long, low powered SL pulse parallel to the magnetization (y-axis), the 

net magnetization will be locked in the y direction and start to decay at a rate of 

T1ρ. The last 90° pulse is applied at -x direction to re-store this T1ρ prepared 

magnetization to z-axis for imaging. A crusher gradient is applied right after the 

last 90° pulse to dephase any residual transverse magnetization. According to Eq. 

2.13, the T1ρ relaxation can be measured by analyzing the intensity of MR signal 

collected as a function of the duration of the SL pulse, called TSL.  

 
Figure 2.11. Three T1ρ preparatory pulses in front of a SE pulse sequence. The 
first hard pulse flips the magnetization into the transverse plane. The following SL 
pulse applied with amplitude BSL and duration TSL allows the T1ρ relaxation occur. 
The third hard pulse restores the T1ρ prepared magnetization into longitudinal axis. 

However, when the 90° pulse cannot perfectly flip the magnetization into 

the transverse plane, this will cause an artifact in the final image. To correct this 

artifact, a self-compensation preparatory pulse was developed (41). The second 
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half the SL pulse is phase-shifted by 90° with respect to the first half (Figure 2.12). 

This design helps to correct the imperfect rotations from imperfection of 90° pulse.  

 
Figure 2.12. T1ρ preparatory pulse cluster with self-compensation. The second half 
of the SL pulse is phase-shifted 90° with respect to the first hard SL pulse (adapted 
from (41)). 

2.3 Diffusion MRI 

2.3.1 From Classical Diffusion to Molecular Self-diffusion 

The classical description of diffusion is a mass transport process that takes 

place without bulk fluid motion in the presence of concentration gradient. It goes 

from regions of higher concentration to regions of lower concentration. The 

physical law behind this phenomenon is called Fick’s first law (42), 

CDJ                                                       [2.15] 

where the net diffusion flux J is proportional to the concentration gradients ∇𝐶 as 

well as to the diffusion coefficient D. However, this macroscopic description of 

diffusion focuses on the evolution of the concentration gradient over time and 

space, and is not concerned with the movements of molecules themselves. 
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 On a molecular level, the diffusion also occurs when there is no 

concentration gradient, referred to as molecular self-diffusion. The first 

observation of such phenomenon was by Robert Brown in 1827, who noted that 

the particles moved randomly through the water without apparent cause while 

looking through a microscope at pollen grains in water (43). In 1905, it was Albert 

Einstein that explained in precise details about how the motion that Brown had 

observed was a result of the pollen grains being moved by individual water 

molecules (44). Einstein used a probabilistic concept – displacement distribution – 

to describe the motion of an ensemble of diffusive molecules. He proved that the 

mean squared displacement 〈𝑟2〉 of molecules from their starting point over a time 

t, averaged over all the molecules in the sample, is directly proportional to the 

observation time t. This relationship is given in the form of Einstein’s Equation: 

Dtr 62                                                              [2.16] 

where proportional constant D is the same as classical diffusion coefficient defined 

in Fick’s first law (Eq. 2.15). In free diffusion, the displacement distribution is a 

Gaussian function whose width is determined by the diffusion coefficient. Larger 

diffusion coefficients lead to broader displacement probabilities suggesting 

increased diffusional mobility. 

2.3.2 Hindered Diffusion and Apparent Diffusion Coefficient 

Einstein’s equation (Eq. 2.16) tells us that the mean squared displacement 

is directly proportional to observation time. In the case of free diffusion – a cube of 

free water at 37°C – from classical diffusion experiment, the diffusion coefficient of 
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water is 3 × 10-3 mm2/s. Therefore, if the observation time were 25 ms, the water 

molecules would have displaced, on average, 21 µm in all directions. However, in 

biological tissues, the water molecules may encounter some hindrances while 

moving, such as cell membranes, macromolecules, organelles, fibers, or other 

cellular structures (45). Then the mean squared displacement per unit time will be 

lower than what observed in free water. Thus, when we apply Eq. 2.16 to compute 

the diffusion coefficient of this hindered diffusion, it will “appear” that the diffusion 

coefficient is lower, though the theoretically value of diffusion coefficient of water 

molecules is equal to 3 × 10-3 mm2/s. Diffusion MRI does not measure diffusion 

coefficient directly. It infers the apparent diffusion coefficient (ADC) from 

observations of the displacements over a given time period. So clearly, the 

geometric structure of the tissue environment would influence the diffusional 

processes of water molecules, and thus being detected by diffusion MRI. 

2.3.3 Pulse Sequence for Diffusion Measurement   

MR provides a way to measure the diffusion displacement by using a pair 

of magnetic field gradients (45), i.e., a magnetic field is made to vary in a linear 

manner over the volume of interest. Almost any MRI pulse sequence can be 

modified to become sensitive to diffusion. Here, the pulsed gradient spin-echo 

(PGSE) diffusion sequence is explained as an example. 

The concept of PGSE diffusion weighting was introduced by Stejskal and 

Tanner in 1965 (46) by the application of a pair of bipolar magnetic field gradients 

after excitation and before signal acquisition (Figure 2.13). After excitation, spins 

are in-phase. With the application of the first diffusion gradient lobe, the spins at 
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different locations experience the different magnetic fields. Because a spin’s 

precession frequency is determined by the local magnetic field as shown in Eq. 

2.4, the gradient imposes a position-dependent precessional frequency across the 

sample. After a certain time δ, the spins acquire different phase shifts depending 

on their locations. When the first gradient is turned off, all spins precess again at 

the same frequency, but retain their relative phases. There is a gradient in phase 

accrual over the volume. 

 
Figure 2.13. Schematic diagram of pulsed field gradient spin-echo (PGSE) pulse 
sequence. A pair of diffusion-weighting gradients are placed at two sides of 180° 
pulse with gradient duration, δ, and separation time, Δ. 

 Clearly, if the spins remain stationary before the application of the second 

gradient, this phase accrual can be reversed by the second gradient with the same 

gradient amplitude, duration, and polarity followed after the 180° pulse. The 

resulting magnitude of the echo will be unchanged. However, if spins diffuse 

randomly throughout the excited volume over the time period Δ, a particular spin 

will see a change of local magnetic field over time due to the random movements 



34 
 
 

 

 

of its neighbors. This results in a net phase change. Then the second gradient can 

only reverse the phase change induced by the first gradient, but it cannot remove 

the diffusion-induced net phase change. This incomplete cancellation results in 

phase dispersion of spins across the volume. Therefore, the sum vector of the 

magnetic moments of all spins is reduced. The greater the rate of the diffusion, the 

greater the spread of displacement (i.e., phase dispersion), and thus the greater 

the loss of signal. 

Under the assumption of free diffusion, the measured MR signal is 

attenuated exponentially by the product of diffusion coefficient D and a factor b, 

given by 

)exp(0 bDSS                                               [2.17] 

where S and S0 are the signal intensities acquired with and without the diffusion 

gradient, respectively. The image contained with the diffusion information S is 

called diffusion-weighted image (DWI). The b-value is a factor of diffusion 

sequence, which is used to characterize the influence of the gradients on the 

diffusion. Its values is dependent on the applied gradient strength G, duration δ, 

and separation Δ. The generalized equation for b is:  
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For the PGSE experiment, the b-factor is given by: 
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The ADC can be calculated by collecting a set of data acquired with two or more 

b-values.  

It should be noted that the calculated ADC only reflects diffusion along the 

direction of the diffusion-weighting gradients. DWI or associated ADC values 

highlight the differences in water molecule mobility along this particular direction. 

There are certain structured tissues such as nerve fibers with organization in 

bundles of axons running in parallel that can create obstacles to orientate the 

motion of water molecules. Water molecules have tendency to displace 

themselves in one or several particular direction. Diffusion Tensor imaging (DTI), 

on the other hand, studies the directions of water molecule motions by performing 

diffusion-weighted acquisitions in at least six directions (47). The acquired images 

are used to characterize the anisotropic diffusion coefficient, fractional anisotropy 

(FA), preferred directions, etc. In addition to the mono-exponential model given by 

Eq. 2.17, there are a variety of other diffusion models proposed to analyze the 

diffusion data, e.g., bi-exponential (48), stretched exponential (49), fractional-order 

calculus-based (50), and Kurtosis models (51).  
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3 MAGNETIC RESONANCE ELASTOGRAPHY 

Magnetic resonance elastography (MRE) is an emerging imaging modality 

that maps the elastic properties of tissue such as the shear modulus on to MR 

images (25,52). Like other elasticity imaging modalities, it follows the general steps 

of elastography: (1) apply a known cyclic shear stress to the tissue; (2) measure 

the internal tissue displacements using magnetic resonance method; and (3) infer 

the mechanical properties from the measured mechanical response 

(displacement), using either a simplified or continuum mechanical model. The 

acquired image is an elastogram. In this chapter, the three steps of MRE are 

described in details. 

3.1 Generate Propagating Shear Waves in Tissue 

The mechanical vibrations applied to tissue fall into three categories: a 

transient, quasi-static, or harmonic. MRE typically uses harmonic vibrations 

generated by an external driver device to perturb the tissue. In harmonic excitation, 

a low-frequency acoustic wave (20 Hz to several kHz) is transmitted within the 

tissue using a sinusoidal mechanical source, for example, a functional generator. 

When the shear stresses (amplitude of microns) are applied to the top surface of 

a material with certain frequency, the induced waves are propagating into the 

tissue and every point in the tissue reciprocates in this micromotion (Figure 3.1). 
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Figure 3.1. An actuator is coupled to the tissue of interest to generate propagating 
shear waves within a soft material. 

The tissue response to the applied harmonic excitation is represented in 

terms of waves propagating within the tissue. Two types of plane wave, shear 

wave and compression wave propagate independently in the bulk material. Under 

the assumption of homogenous, isotropic, and linearly elastic, the dynamic 

response of such material is governed by the wave equation given by (53) 

uu
u
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t

                                  [3.1] 

where ρ is the density of the material, u is the displacement vector, λ and µ are 

Lamé constants. 

3.2 Pulse Sequence for MRE Motion Encoding 

After the mechanical excitation, a phase-contrast based pulse sequence is 

used to encode the shear wave motion into the MR phase signal by using a series 

of magnetic field gradients called motion-sensitizing gradients (MSG) or motion-

encoding gradients (MEG). The MSG is typically applied after RF excitation pulses 
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and before signal acquisition. An example of SE based MRE pulse sequence is 

shown in Figure 3.2. The encoding is obtained through the application of MSGs 

that are synchronized with the mechanical excitations (25,52). 

 

Figure 3.2. Schematic diagram of SE-based MRE pulse sequence. The MSG is 
shown as oscillating gradients (solid line) at Gfe direction. The MSG is 
synchronized with mechanical motion to encode this wave motion into the MR 
signal. The phase difference θ between the MSG and vibrational motion is 
adjustable. Negative MSG (dotted line) is used to create phase difference images.  

As discussed before, in the presence of a magnetic field gradient G, at a 

particular time t’, an ensemble of spins (also called isochromat) situated at 

position x experiences a magnetic field of B0 + Gx(t’). If the spin isochromat moves 

from one position to another as a function of time t, then after a certain time τ, the 

isochromat will accrue a phase shift given by: 
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)()()( dtttr rG                                                     [3.2] 

where 𝛾 is the gyromagnetic ratio characteristic of the nuclei, Gr(t) is the time-

dependent magnetic gradient vector, r(t) is the time-dependent displacement 

vector, and τ is the duration of the gradient. 

Considering an arbitrary point (isochromat) in an elastic sample oscillating 

in up and down directions (Figure 3.3), the MSG is applied along the same 

direction.  

 

Figure 3.3. MSG and the local oscillation. 

When the isochromat starts moving up at time t1, the gradient is set to at 

the positive value. In this moment, small phase shift occurs until time t2 by the 

motion towards up. Next, the isochromat moves downwards. In this moment, the 

polarity of the MSG is switched to the negative direction, thus the resulting polarity 

of the phase shift derived from the negative MSG and the motion of negative 
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direction becomes the same as previous one. With the several repetition of such 

cycles, an accumulated phase shift is occurred.  

 In MRE, the displacement vector of tissue produced by harmonic vibration 

can be assumed as a pure sinusoid given by 

        ))(exp()( 00   tjt rkrr                                    [3.3] 

where r0 is the mean position of the isochromat, k is the wave number, ξ0 is the 

peak displacement of the isochromat from its mean position r0, ω is the angular 

frequency of the external vibration, and θ is the initial phase offset. 

 In the following we consider the MSG as an ideal rectangular gradient 

waveform that turns on for a duration τ (τ = NT, N is the number of MSG cycles). 

The MSG is switched in polarity as the same frequency f as the mechanical 

harmonic vibration described by 
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where n = 0,1,2, …N-1, T = 1/f = 2πω, and G is the gradient amplitude. Then by 

substituting Eqs. 3.3-3.4 into Eq. 3.2, the accumulated phase of the moving 

isochromat can be written as 
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This phase information is obtained in the phase component of the complex MR 

signal, and the value depends on the duration of the MSG, the strength of the MSG, 

and the phase difference between the mechanical motion and MSG. If the gradient 



41 
 
 

 

 

is applied along the direction of the external vibration, the Eq. 3.5 can be rewritten 

as  

)sin(）
G2

（)( 0 



  rk

NT
                                            [3.6]. 

It shows that the measured phase is proportional to the displacement vector, and 

the proportional constant 2γNTG/π is called the MRE encoding efficiency. It is the 

synchrony of the cyclic gradient with the micromotion that causes the high 

sensitivity of MRE to the small cyclic displacements (~microns) associated with 

wave propagation. In the phase image, the signal of each pixel represents the 

direction and amount of displacement vector. The phase image that contains the 

information of the propagating wave is thus called wave image. 

 In real MRE measurement, a phase difference image is typically used by 

phase subtraction or complex division of two phase images acquired from two 

MRE scans with reversed polarity of MSG (as dotted line in Figure 3.2). In doing 

so, (1) the phase errors due to the static magnetic field from other imaging 

gradients are removed, and (2) the motion efficiency is doubled in the subtraction.  

The Eq. 3.5 also shows that the phase accumulation is dependent on the 

initial phase offset θ between the mechanical motion and MSG. The measured 

phase signal at particular phase offset θ thus only provides a snapshot of the tissue 

displacement caused by propagating mechanical waves through its encoding. By 

adjusting the phase offset θ, shear wave images at different time offsets spaced 

equally over a cycle can be acquired. This enables (1) displaying wave propagation 

over time; (2)reconstruction of complex valued shear wave propagation images; 
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and (3) extraction of the harmonic component at the frequency of interest, which 

is critical for advanced multi-frequency or multi-direction MRE encoding schemes 

(54,55). 

3.3 MRE Mechanical Parameter Reconstruction 

From the acquired wave images, inverse reconstruction algorithms based 

on wave equation (Eq. 3.1) can be used to convert the displacement data to 

mechanical properties (53,56). The mechanical quantity that MRE characterizes 

typically is shear modulus (µ), which describes the proportionality relationship 

between the shear stress and strain. Since the MRE excitation is primarily shear 

and the displacements in MRE are very small (~ microns), it can be assumed that 

there is no volume change as layers of material move in shear, perpendicular to 

the direction of the wave propagation, i.e., 0 u . The wave equation Eq. 3.1 

can be simplified as  

u
u
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                                                 [3.7] 

 For harmonic displacement, the time-independent Eq. 3.7 in the frequency 

domain can be further written as 

uu 22                                                [3.8] 

where ω is the angular frequency of the mechanical motion. If the Voigt model is 

used to extract the mechanical properties, the shear modulus µ can be written as 

µ = µr + jωµi. Here, µr and µi denote shear elasticity and shear viscosity. The shear 

modulus then can be calculated from the direct inversion of wave equation Eq. 3.8 
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(57). If assuming solely single motion direction, the shear modulus can be 

estimated given by (Helmholtz inversion),  

u

u
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          [3.9] 

Assuming that shear waves propagate with plane wavefronts, the shear 

wave speed cs is related to the complex shear modulus µ* as follow: 
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sc                                               [3.10] 

In the assumption of an isotropic, homogeneous medium, the wave speed itself 

can be reported as the effective shear stiffness (58), defined as 

22 )( fc sss                                               [3.11] 

which represents the shear modulus of an elastic material that exhibits the 

observed wave speed. Here, λs is the wavelength (λs = cs/f) of propagating waves. 

In tissue exhibiting only a modest amount of attenuation (e.g., µi < 0.1µr), shear 

stiffness is an approximation of the real part or magnitude of the complex shear 

modulus. For example, for 0.75% w/v agarose gel, the value of shear stiffness µs 

(~ 9.15 kPa) is close to the magnitude of the shear modulus |µ*| (~ 8.99 kPa) at a 

driving frequency of 550 Hz (59). The shear stiffness µs can be calculated if the 

wavelength λs is measured, as the frequency is known and the density of most soft 

tissues is close to the density of water (1000 kg/m3). A variety of approaches have 

been used to estimate the localized wavelength, such as LFE (local frequency 

estimation (60)) and PG (phase gradient (58)). 
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3.4 From MRE to Geometric Focusing Microscopic MRE 

The image of the mechanical properties of tissue determined from MRE is 

referred as elastogram. The resolution of elastogram is dependent on the imaging 

resolution that is determined by the MR system itself. For example, the typical 

voxel resolution of clinical MRE performed at 1.5 T or 3 T magnetic field is 1 mm 

× 1 mm × 10 mm, which is sufficient to image shear waves in large tissues or 

internal organs, such as brain, liver, and muscle. However, if the size of tissue of 

interest is in the order of millimeters (e.g., tissue-engineered cartilage), it requires 

a higher imaging spatial resolution to extend MRE to the submillimeter scale. This 

can be done by employing an MRI system with a higher magnetic field (11.7 T 

versus 1.5 T) to obtain a better signal-to-noise ratio, so called microscopic MRE 

(micro-MRE or µMRE) (59). To obtain a higher spatial resolution, micro-MRE also 

uses stronger MR imaging gradients (200 G/cm versus 5 G/cm) and more compact 

mechanical actuators to generate higher excitation frequencies than those used in 

the clinic.  

In addition to high spatial resolution, for stiffness determination of small and 

stiff tissues, MRE needs to be performed at excitation frequencies in the kHz range. 

This is because the spatial wavelength decrease with the increase of external 

mechanical frequency. Higher excitation frequency could ensure that at least half 

a wavelength is visible across the tissue of interest. However, there are two 

competing effects: (1) higher resolution at higher frequency, since the wavelength 

is smaller, but (2) higher attenuation due to stronger dampen, thus low signal. In 

order to overcome rapid wave attenuation at higher frequencies for this particular 
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application, Yasar et al. made an improvement in excitation setup, so called 

geometric focusing MRE (61). This vibration setup utilizes the focusing effect of 

cylindrically inward propagating waves. The target tissues are often embedded in 

the gel in a MRE tube. Considering axisymmetric harmonic vibrating the MRE tube 

vertically, and assuming a welded contact of the tube wall with the gel inside it, as 

the waves attenuate while traveling away from the tube wall, the attenuated waves 

are largely overcome by the geometric focusing effect. Yasar et al. have used the 

agarose and Ecoflex phantoms to show that geometrically focused shear waves 

acquired at a driven frequency of 5 kHz result in a more uniform amplitude 

throughout the entire region within the tube (61,62). 
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4 MRI EVALUATION OF TISSUE-ENGINEERED CARTILAGE 

4.1 Introduction 

The ultimate goal of cartilage tissue engineering is to produce an 

engineered tissue that functions as well as native cartilage (5,16). The ability of 

articular cartilage to serve as a load-absorbing and low-friction surface is 

attributable to its extracellular matrix (ECM): the three dimensional network of 

viscoelastic proteoglycans (PG) and tension-resistant collagen (6). Successful 

culture of ECM requires the synthesis of cartilage-specific molecules (e.g., type II 

collagen and PG) in a 3D pattern that closely resembles native tissue in its 

composition and structure. Evaluation of the structure and composition of ECM 

requires biochemical assays that are destructive and time consuming. Therefore, 

noninvasive MRI techniques are under active investigation for monitoring the 

matrix development of engineered cartilage tissue in vitro and in vivo.  

Previous MRI studies of native cartilage and its degeneration have 

established the correlations between MRI parameters (such as T2 relaxation time, 

T1ρ relaxation time, and ADC) and the PG, collagen and water content in cartilage 

tissues (63-66). Particularly, T1ρ is a more PG-sensitive and more reproducible 

measure than T2 in native cartilage with enzymatic degradation (63,67,68). Since 

PG consists of a central core protein with multiple glycosaminoglycan (GAG) side 

chains, proton exchange between water molecules and NH and OH groups in GAG 

has been suggested to be an important contributor to T1ρ relaxation (69). The 

formation of engineered cartilage tissue is considered as a process of 
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accumulating such macromolecule-rich (PG and collagen) matrix by chondrocytes. 

It is thus expected that the changes in matrix composition and structure that occur 

during tissue growth can be reflected by the changes of MRI-based parameters 

(T2, T1ρ, and ADC).  

Recent developments in high filed MRI (magnetic field > 7 T), particularly, 

with the capacity of the higher signal-to-noise ratio and spatial resolution have 

facilitated the MRI study of engineered tissue development. Kotecha et al. 

presented a comprehensive review of MRI contrast mechanisms in cartilage tissue 

engineering (28). For example, the T2 was found to be correlated with the water, 

collagen, and PG contents of the synthesized matrix over a 4-week period in a 

hollow fiber bioreactor system; while the ADC was correlated well with the water 

and PG contents (70-75). Moreover, multi-exponential T2 relaxation and 

multivariate analyses were shown to provide improved sensitivity to changes in 

matrix development in tissue-engineered cartilage (76,77). For T1ρ, although a 

previous study has used T1ρ mapping to compare the characteristics between the 

week-8 cartilage-like tissue and native cartilage (78), to the best of our knowledge, 

it has not been fully analyzed to characterize the growth of engineered cartilage 

tissue and matrix components during the development. The objective of this part 

of study is, in addition to the conventional T2 and ADC, to investigate the potential 

capability of T1ρ in its monitoring and evaluation of engineered cartilage growth.  

As discussed in Chapter 2 in section 2.2.2, T1ρ has a feature known as T1ρ 

dispersion, i.e., T1ρ is dependent on the amplitude of the applied spin-locking (SL) 

pulse. In this chapter, to determine the most efficient SL pulse field at which T1ρ is 
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the most sensitive to PG change, a T1ρ dispersion was first characterized by 

varying the amplitude of SL pulse in chondroitin sulfate (CS) phantom with different 

concentrations. Here, CS was used because it is an important structural 

component of PG (~ 55-90%) (79). Next, since cartilage tissue itself has a natural 

distribution of PG and collagen across the cartilage depth, the sensitivities of MRI-

based parameters (T2, T1ρ, and ADC) to the cartilage-specific macromolecules 

were validated in native bovine knee articular cartilage plugs. Finally, the validated 

T2, T1ρ and ADC measurements was performed weekly on engineered cartilage 

tissues in vitro for up to 3 weeks. The MRI results were correlated with the PG and 

collagen contents determined by biochemical assays. In this study, a scaffold-free 

culture system was used to generate engineered tissues in a chondrocyte pellet 

culture. Although the scaffold-based culture has been used extensively in cartilage 

regeneration, the use of scaffolds raises the concerns of degradation and 

biocompatibility to the subsequent implantation (80). In contrast, a scaffold-free 

culture with careful mix of cells and growth factors avoids such possible, and has 

shown the encouraging results in the presence of PG and type II collagen in vitro 

and in vivo (81,82).  

4.2 Materials and Methods 

4.2.1 Sample Preparation 

a. Preparation of Chondroitin Sulfate Phantom 

Four different concentrations of CS phantoms at 2.5% (w/v), 5%, 10%, and 

20% were made, using double distilled water in the capillary tubes and then put in 
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a 10 mm diameter NMR tube for T1ρ measurements. Figure 4.1 demonstrates the 

schematic structure of CS phantom. 

 

Figure 4.1. Schematic drawing of chondroitin sulfate (CS) phantoms prepared with 
five separate capillary tubes. Water (H2O) is used as a standard liquid.  

b. Preparation of Bovine Articular Cartilage Plug 

Bovine knees were obtained from a 6-month-old bovine within 24 hours of 

death from the local slaughterhouse, and frozen at -80°C freezer before 

measurements. Thirteen cartilage plugs (4 mm diameter) with subchondral bone 

were harvested from non-weight bearing sides of medial femoral condyle using a 

4 mm biopsy punch. For MRI measurement, each cartilage plug was placed in a 5 

mm MRI tube filled with Fluorinert liquid to reduce susceptibility mismatch and to 

prevent dehydration, as illustrated in Figure 4.2. 
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Figure 4.2. Schematic drawing of cartilage plug prepared in a 5-mm NMR tube. 
The imaging plane is parallel to the main magnetic field B0. 

c. Preparation of Scaffold-free Chondrocyte Pellet 

Bovine metacarpophalangeal joints were obtained from an 18-month-old 

bovine within 24 hours of death from the local slaughterhouse. Bovine 

chondrocytes were harvested based on a previous protocol (83). Specifically, 

chopped slices of cartilage were acquire from the full depth of the joint. 

Chondrocytes were released from the enzymatic digestion of cartilage slices using 

0.2% pronase (Calbiochem) for 1 hour followed by treatment with 0.025% bacterial 

collagenase P (Roche Applied Science) overnight at 37°C. The chondrocytes were 

collected by passing the digested mixture through a 70-µm filter and centrifuging 

the remainder at 1200 rpm for 10 minutes. The collected chondrocytes were re-

suspended in Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 Nutrient Mixture 

(DMEM/F12) culture medium (Mediatech Inc.) containing 20% fetal bovine serum 

(FBS, Atlanta Biologicals) and 25 µg/mL ascorbic acid-2-phosphate (Sigma).  

Next, a chondrocyte pellet was formed by transferring chondrocytes (at a 

density of 5 × 105
 cells/mL) with culture medium into a 1.5 mL microfuge tube, and 
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centrifuging at 1000 rpm for 6 minutes. The resulting cell pellets were first cultured 

within the microfuge tube for 3 days in a 37°C, 5% CO2 and 100% humidity 

incubator, and then were transferred into a 15 mL conical tube at day 3, and 

allowed to grow in vitro for 3 weeks. Figure 4.3 shows the diagram of culture 

process of chondrocyte pellets. The tube lids were loosely capped to allow for gas 

exchange. The culture medium was changed every day for the first 3 days and 

every second day for the remainder of the culture period. The whole culture 

process was repeated by three times. 

 

Figure 4.3. Flow diagram of culture process of chondrocyte pellets. 

 

Figure 4.4. Scaffold-free chondrocyte pellets in a 5 mm MRI tube. The agarose 
gel is used as a biocompatible holder to maintain the center position of the pellets. 
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At each time point (day 3, 7, 14, and 21), three pellets (~ 2.5 mm diameter) 

were stacked in layers and placed into a 5 mm NMR tube filled with media for MRI 

study. Figure 4.4 is the photography of chondrocyte pellets at week 1. 

4.2.2 MRI System and Measurement Protocols 

The MRI experiments were performed using a vertical bore (54mm diameter) 

Bruker DRX 11.74 T (500MHz for protons) Avance MR Spectrometer (Oxford 

Instruments). A Bruker linear triple-axis gradient system with a maximum magnetic 

field gradient strength of 200 G/cm and a microimaging probe were used for all 

experiments. The Bruker 5 mm and 10 mm saddle coils were used for imaging. 

The scanner platform is Bruker ParaVision Version 4.0. The whole MRI system is 

shown in Figure 4.5. 

 

Figure 4.5. Bruker 11.7 T MRI System. (a) Bruker magnet of Avance MR 
Spectrometer. (b) Micro-imaging probe with a Bruker linear triple-axis gradient 
system. (c) Bruker 10 mm and 5 mm RF saddle coils. 
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a. T1ρ measurement 

T1ρ relaxation time was measured using a self-compensation preparatory 

pulse followed by a manufacturer supplied fast spin-echo (FSE) imaging sequence 

(RARE, Bruker). The principle of this T1ρ sequence was introduced in section 2.2.3. 

The self-compensation pulse was used here to correct the artifact induced by 

imperfect 90° pulse (Figure 4.6).  

 

Figure 4.6. Diagram of T1ρ self-compensation FSE pulse sequence with echo train 
length of four in one TR (RARE factor = 4 for Bruker scanner). 

To test it, an artifact was manually introduced by setting the flip angle of the 

first hard pulse to be 80°. Both images acquired without and with the self-

compensation are shown in Figure 4.7.  
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Figure 4.7. T1ρ-weighted images acquired (a) without and (b) with self-
compensation pulse sequence. The artifact in the (a) has been removed in the (b). 

The T1ρ acquisition parameters for CS phantoms, cartilage plugs, and 

chondrocyte pellets are listed as follows. 

CS phantom: TR/TE = 5000/8 ms; SL frequency: 300, 500, 800, 1000, and 

1500 Hz; TSL at each frequency: 0, 20, 40, 80, 160, 320, and 400 ms; field of view 

(FOV) = 8 mm × 8 mm; matrix size = 128 × 128; in-plane resolution = 62.5 µm × 

62.5 µm; axial slice, slice thickness = 2 mm.  

Bovine cartilage sample: TR/TE = 3000/8 ms; SL frequency = 500 Hz; TSL 

= 0, 10, 20, 40, 80, 160 ms; FOV = 5 mm × 5 mm; matrix size = 128 × 128; in-

plane resolution = 39 µm × 39 µm; sagittal slice, slice thickness = 0.5 mm; number 

of average = 2.  

Chondrocyte pellets: TR/TE = 5000/8 ms; SL frequency = 500 Hz; spin-lock 

TSL = 0, 20, 40, 80, 160, 320, and 400 ms; FOV = 8.4 mm × 4.2 mm; matrix size 
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= 128 × 64; in-plane resolution = 67 µm × 67 µm; sagittal slice; slice thickness = 

0.5 mm.  

b. T2 measurement 

T2 relaxation time was measured using a modified CPMG sequence based 

on a manufacturer supplied multi slice multi echo imaging sequence (MSME, 

Bruker). The principle of CPMG sequence was introduced in section 2.2.3. The 

modification was made by placing the bipolar read-refocusing gradient pair after 

the 180° pulse to eliminate the diffusion losses (Figure 4.8) (84).  

 

Figure 4.8. Diagram of T2 CPMG pulse sequence with the bipolar read-refocusing 
gradient pair after the 180° pulse. 

The T2 acquisition parameters for cartilage plugs and chondrocyte pellets 

are listed as follows. 



56 
 
 

 

 

Bovine cartilage sample: TR = 5000 ms; TE: 7 ms – 224 ms, 32 echoes 

evenly spacing; FOV = 5 mm × 5 mm; matrix size = 128 × 128; in-plane resolution 

= 39 µm × 39 µm; sagittal slice, slice thickness = 0.5 mm; number of average = 2.  

Chondrocyte pellets: TR = 5000 ms; TE: 5.8 ms – 448 ms, 64 echoes evenly 

spacing; FOV = 8.4 mm × 4.2 mm; matrix size = 128 × 64; in-plane resolution = 67 

µm × 67 µm; sagittal slice, 3 slices; slice thickness = 0.5 mm.  

c. ADC measurement 

The ADC was measured using a manufacturer supplied diffusion-weighted 

spin-echo (DW-SE) imaging sequence (Figure 4.9, DtiStandard, Bruker). The 

principle of DW-SE sequence was introduced in section 2.3.3.  

 

Figure 4.9. Diagram of DW-SE pulse sequence with diffusion gradient applied 
along the slice selection gradient direction. 
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The ADC acquisition parameters for cartilage plugs and chondrocyte pellets 

are listed as follows. 

Bovine cartilage sample: TR/TE = 5000/25 ms; δ/Δ = 3/18 ms, b = 0, 200, 

400, 600, 800, and 1000 s/mm2; FOV = 5 mm × 5 mm; matrix size = 128 × 128; in-

plane resolution = 39 µm × 39 µm; sagittal slice, slice thickness = 0.5 mm; number 

of average = 2.  

Chondrocyte pellets: TR/TE = 5000/25 ms; δ/Δ = 3/18 ms, b = 0, 91, 234, 

443, 717, 1057, and 1463 s/mm2; FOV = 8.4 mm × 4.2 mm; matrix size = 128 × 

64; in-plane resolution = 67 µm × 67 µm; sagittal slice, 3 slices; slice thickness = 

0.5 mm.  

4.2.3 Biochemical and Immunohistochemical Analysis 

PG and collagen characterization: Cartilage samples were stored frozen for 

biochemical and IHC analysis after the MR experiments were completed. To 

determine the depth-wise PG concentration, after thawing, thirteen cartilage slices 

with a thickness of 100-µm were cut by layers from cartilage surface towards bone. 

The biochemical assays for PG and collagen characterization are based on the 

well-established protocols. Briefly, the cartilage slices or chondrocyte pellets, 

respectively, were subsequently treated with papain (100 µg/0.5 mL, Sigma) at 

60 °C and digested overnight. The total PG content was measured using the 

dimethyl-methylene blue (DMB) assay based on a ratio of absorbance at 530/595 

nm (83). The total collagen content was measured from aliquots of the papain 

digest of the pellets after acid hydrolysis (6.0 N HCl, 108 °C, 24 h) using a 
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colorimetric hydroxyproline assay (85). Using purified hydroxyproline standards, 

the total collagen content was calculated from 8.2 times the total hydroxyproline 

content. The measured PG and collagen contents were normalized to the wet 

weight (WW) of pellets. 

Characterization of collagen types: frozen sections from separate pellets 

were stained with anti-type II (II6B3, Developmental Hybridoma Bank) and anti-

type I collagen monoclonal antibodies (Sigma, #C-2456) to visualize the different 

types of collage (83). The collagen types were separated by SDS-PAGE (sodium 

dodecyl sulfate polyacrylamide gel electrophoresis) on 6% polyacrylamide gels in 

a Laemmli buffer system and stained with Coomassie blue. Purified rat tail type I 

collagen was used as a control. 

4.2.4 Data Analysis 

Custom software was written in MATLAB (Mathworks, MA, USA) to analyze 

the MRI data. A fully enclosed MATLAB toolbox was created that accepts raw data 

from Bruker scanner and allows for region of interest (ROI) selections to calculate 

the T2, T1ρ, and ADC parameters (Figure 4.10).  

For data analysis, selecting ROIs covered the entire regions of CS 

phantoms and chondrocyte pellets. The T2, T1ρ, and ADC values were calculated 

through the mono-exponential fitting of the averaged MR signal to Eqs. 2.9, 2.13, 

and 2.17, respectively. The T2, T1ρ, and ADC maps were created on a pixel-by-

pixel basis using exponential fitting.  
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Figure 4.10. MATLAB Toolbox for MRI data processing. It has the functions of (a) 
accepting raw data from both Bruker and Agilent scanners, (b) retrieving 
acquisition parameters, (c) allowing the ROIs selection, (d) calculating T2, T1, T1ρ, 
and ADC values, (e) creating T2, T1, T1ρ, and ADC maps, and (f) generating T2, T1, 
T1ρ, and ADC histograms. The T2 data is used here as an illustration. 

For CS phantom, the T1ρ dispersion was quantified by plotting T1ρ values 

over the different SL pulse amplitudes. For bovine cartilage samples, the MRI 

profiles along with cartilage depth were computed by averaging the columns 

across the cartilage over eight samples. For chondrocyte pellets, T2, T1ρ, and ADC 

values at each time point were calculated by averaging values from three culture 

groups. Both the MRI data and biochemical data are reported as mean ± standard 

deviation. For statistical tests, a one-way analysis of variance was performed to 

compare the means measured at each week over the 3-week culture period using 
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SPSS software (SPSS, Inc.). Pearson’s correlation analysis was applied to assess 

the relationship between MRI parameters (T2, T1ρ, and ADC) and the 

corresponding PG and collagen content of the pellets. Statistical significance was 

set to p < 0.05.  

4.3 Results 

4.3.1 T1ρ dispersion of Chondroitin Sulfate Phantom 

Figure 4.11 displays the T1ρ-weighted image of CS phantoms with the 

strength of SL pulse = 500 Hz (12 µT) and TSL = 80 ms. It can be seen that signal 

intensity decreases as an increase of CS concentration, which indicates a shorter 

T1ρ relaxation time at higher concentration.  

 

Figure 4.11. T1ρ-weighted image (TSL = 80 ms) of CS phantoms at varying 
concentrations from 2.5 % to 20 %.  

The T1ρ dispersion curve of CS is plotted in Figure 4.12 as a function of the 

strength of the applied SL pulse. From this figure, it should be noted that (1) at any 
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given SL field, the T1ρ values of CS with lower concentrations are greater than that 

of higher concentrations; (2) there is a nonlinear increase in T1ρ relaxation time 

with the increase of SL filed strength; and (3) the T1ρ values plateaued between 

1000 – 1500 Hz.  

 

Figure 4.12. T1ρ dispersion curves of CS phantoms over a range of SL frequencies. 
T1ρ is a function of CS concentration, but is also a function of the amplitude the 
applied SL pulses. Note that the T2 values of CS phantoms were used here as 
approximation of T1ρ values at SL frequency = 0 Hz.  

4.3.2 Results of Bovine Cartilage Samples 

The high resolution (39 × 39 × 500 µm3) proton density-weighted (PDW) 

MR images and MRI maps from one bovine cartilage sample are shown in Figure 

4.13. The variations of the T2, T1ρ, ADC values, and PG content across the 

cartilage samples (n = 8, marked with red arrow in Figure 4.13) – from the articular 
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surface towards the cartilage-bone interface – are plotted against the distance from 

cartilage surface in Figure 4.14. Three cartilage zones – superficial zone (SZ), 

transitional zone (TZ), and deep zone (DZ) – are divided according to Ref (86).The 

bulk T2, T1ρ, and ADC distributions of three zones are shown in Figure 4.15.  

 

Figure 4.13. Illustrations of MRI maps of one bovine cartilage. (a) The PDW MR 
imaging with TE/TR = 5/3000 ms. The sagittal imaging plane is parallel to the B0 
field. The angle between the cartilage surface and the B0 field was 80° for this 
sample case. (b) T2 map. (c) T1ρ map. (d) ADC map. 
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Figure 4.14. (a) T2, (b) T1ρ, (c) ADC, and (d) PG profiles along with cartilage depth. 
The MR profiles were computed by averaging the columns across the cartilage 
(marked by red arrows in Figure 4.13). Three different cartilage zones (SZ, TZ, and 
RZ) are defined according to Ref (86).  

 
Figure 4.15. Bulk (a) T2, (b) T1ρ, and (c) ADC distributions of three cartilage zones. 
The averaged values were calculated based on the region divisions defined in 
Figure 4.14. 
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The laminar structure of cartilage is well revealed in the T2 map (Figure 

4.13b, Figure 4.14a, and Figure 4.15a) with short T2 in SZ and RZ and long T2 in 

TZ. The T1ρ map and profile show a decreasing tread with highest T1ρ values in the 

SZ (Figure 4.13c, Figure 4.14b, and Figure 4.15b). The ADC profile shows a 

monotonically decreasing trend from the SZ to the RZ (Figure 4.13d, Figure 4.14c, 

and Figure 4.15c). The depth-wise MR profiles were adjusted to 100-µm resolution 

for correlation analysis with PG (Figure 4.16). The PG content shows strong 

negative correlations with T1ρ (r = -0.88, p = 0.0002) and ADC (r = -0.91, p = 

0.00003), while no correlation with T2 (r = -0.44, p = 0.16). 

 

Figure 4.16. Scatter plots of the correlations between the PG concentration and 
(a) T2, (b) T1ρ, and (c) ADC of bovine cartilage tissues. The correlation coefficients 
and the corresponding p-values are shown in each graph. 

4.3.3 Results of Chondrocyte Pellets 

The sagittal T2-weigthed images of chondrocyte pellets over 3-week culture 

are shown in Figure 4.17. The intensities of the water signal in the MR images for 

the pellets decreased with tissue development. Increasing tissue heterogeneity 
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over time in each pellet is also observed. The initial chondrocyte pellets had conical 

shapes with smooth boundaries, and appeared homogenous. After two weeks of 

growth, the pellets appeared involuted with regions by hyper- and hypo- signal 

intensities in T2-weighted images. 

 

Figure 4.17. T2-weigthed images (TE/TR = 56/5000 ms) of pellets cultured at 
different time points: day 3, 7, 14, and 21. Red contours indicate the ROIs selected.  

Figure 4.18 shows the changes in T1ρ, T2, and ADC values for different 

growth stages of the chondrocyte pellets. The T1ρ, T2, and ADC decreased with an 

increase in culture time. More specifically, the T1ρ relaxation times were 198 ± 10 
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ms at day 3; with tissue development, this value dropped to 132 ± 12 ms by day 

21 (34% decrease, p < 0.05). The T2 relaxation times decreased from 79 ± 1 ms 

at the start of culture to 54 ± 3 ms at day 21 (32% decrease, p < 0.05). The ADC 

decreased from 1.46 ± 0.11 µm2/ms at day 3 to 0.98 ± 0.05 µm2/ms at day 21 (33% 

decrease, p < 0.05). The tissue heterogeneity is also reflected in the measured 

MR relaxation times: starting from day 14, regions near the periphery had longer 

relaxation times, corresponding to a time when T2-weighted images revealed a 

more heterogeneous morphology (higher signal intensity near the periphery 

region). 

 

Figure 4.18. (a) T2, (b) T1ρ, and (c) ADC values of the pellets decreased with an 
increase of culture time. Values were averaged over three groups of pellets at each 
time point (n = 6 at each time point). 

A progressive accumulation in both collagen and PG was observed during 

the 3-week culture period (Figure 4.19). The collagen content rose progressively 

from day 3 to week 3 (day 3: 0.05 ± 0.01 %; week 1: 0.08 ± 0.03 %; week 2: 0.10 

± 0.04 %; week 3: 0.16 ± 0.03 %). The PG content increased from 0.4 ± 0.3 % at 
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day 3 to 0.88 ± 0.1 % at week 3. The collagen and PG contents showed a 

significant increase from day 3 to day 21 (p < 0.05).  

 

Figure 4.19. Accumulation of (a) PG and (b) collagen (%, normalized to WW) in 
the pellets over 3 weeks (n = 4 per time point).  

Pearson’s correlation analysis was performed to establish the correlation 

with the T1ρ, T2, and ADC values of the chondrocyte pellets and the PG and 

collagen contents (Figure 4.20). T1ρ showed a strong correlation with PG (r = -

0.867, p < 0.001), but a relatively weaker correlation with collagen (r = -0.757, p = 

0.007).  Both T2 and ADC are found to be strongly correlated with PG (r = -0.803, 

p = 0.003; r = -0.848, p = 0.001) and collagen (r = -0.783, p = 0.004; r = -0.819, p 

= 0.002). 
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Figure 4.20. The correlations between (a-1) T2 and PG, (a-2) T2 and collagen, (b-
1) T1ρ and PG, (b-2) T1ρ and collagen, (c-1) ADC and PG, and (c-2) ADC and 
collagen of chondrocyte pellets. The correlation coefficients and the corresponding 
p-values are shown in each graph. 

As tissue heterogeneity was observed starting from week 2, the collagen 

type analysis was performed on week-2 pellets, and the staining results are shown 

in Figure 4.21. Type II collagen was positively stained throughout the pellets at 
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week 2 using type II collagen antibody staining (Figure 4.21b). This was confirmed 

by SDS-PAGE results (Figure 4.21c). Pure type I collagen has a α1/α2 ratio of 2.0, 

while type II collagen only has a α1 chain with no α2 chain. Although a small 

amount of type I collagen was stained in the thin rim area surrounding the pellets 

(Figure 4.21a), only type II collagen was detected in the SDS-PAGE result. 

 

Figure 4.21. IHC results for (a) type I and (b) type II collagen on week-2 pellets. 
(c) Characterization of the types of the collagen accumulated on week-2 pellet 
(right column, red arrowhead). Purified rat tail type I collagen was run as a control 
(left 2 columns) to show the position of α(1) and α(2) chains. 

4.4 Discussion and Conclusion 

In this part of study, MRI was used to assess the matrix development of 

tissue-engineered cartilage by monitoring changes in MR T1ρ, T2, and ADC 

parameters in terms of PG and collagen accumulation. 
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PG contains a large number of negative side chains – GAGs, which 

immobilize water molecules at the charged surface. The major components of 

GAG is CS (79). So in order to determine the most efficient SL pulse field at which 

T1ρ is the most sensitive to PG change, a T1ρ dispersion was first characterized by 

varying the amplitude of SL pulse in phantoms with different CS concentrations. 

As shown in Figure 4.12, at SL frequencies higher than 500 Hz, T1ρ shows a good 

sensitivity in the changes of CS concentrations. To reduce the RF power 

deposition as much as possible (87) while maintaining the maximum sensitivity, 

500 Hz was chosen as the SL field strength in the following T1ρ studies of cartilage 

and chondrocyte pellets. 

T1ρ map of bovine cartilage tissue showed a decreasing trend from the 

articular surface towards subchondral bone, while PG concentration increases 

from the SZ to the DZ (Figure 4.13c, Figure 4.14b, and Figure 4.15b). The linear 

negative correlation demonstrated the previous reported correlations between T1ρ 

and PG. T1ρ is short in regions with higher PG concentration (Figure 4.16b). It is 

suggested that water protons undergo exchange with amide and hydroxyl protons 

in PG at a relatively low frequency, creating a slow motion with correlation time 

around 10-3-10-4 s (69), which is a significant contributor to the low frequency (500 

Hz in this study) T1ρ dispersion in cartilage tissues. Shorter T1ρ in the deep layer of 

the cartilage may be due in part to the increased proportion of slow motions as the 

increase of PG content.  

In bovine cartilage tissue, no correlation was observed between T2 values 

and PG content cross the cartilage depth (Figure 4.16a). Rather, T2 map showed 
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a layered appearance (Figure 4.13b, Figure 4.14a, and Figure 4.15a), which also 

demonstrated the previous reported laminar appearance of T2 map in native 

cartilage (64,86). T2 values are prone to the magic angle effect due to spatial 

variations in collagen orientation (88). The cartilage has multiple layers with 

different patterns of collagen orientation. At a specific layer, for example, the 

collagen fibers may orient mainly around magic angle (~ 55°) to the main magnetic 

field. The dipole interaction between two protons falls to zero at magic angle, i.e., 

the two protons sense a small magnetic field variation from each other, and hence 

reducing the T2 relaxation effect, resulting in a higher T2 value at this layer. 

Since ADC measures the mobility of water molecules in certain environment, 

the decreased ADC from the SZ to DZ indicates a more complicated matrix that 

hinders the isotropic movements of water molecules in the deep layer of cartilage. 

Furthermore, the strong negative correlation between ADC and PG enhances the 

fact that interactions between water molecules and PG result in more hindered 

water molecules within the DZ, causing an overall decrease of ADC. 

The MR T1ρ, T2, and ADC studies of native cartilage tissue suggested that, 

within a highly ordered matrix structure, T1ρ is more sensitive to the changes of PG 

than T2, whereas T2 is prone to the collagen orientation that enables the detection 

of structural and compositional changes in collagen, and ADC can reflect the 

overall change of matrix complexity. Then validated T1ρ, T2, and ADC methods 

were used as biomarkers to study the development of tissue-engineered cartilage. 

To the best of our knowledge, this work provides the first T1ρ relaxation time 

characterization of the growth of engineered cartilage in an in vitro system. 
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Although there was one study using T1ρ to compare an 8-week cartilage-tissue with 

native cartilage tissue (78), it only provided a single time-point measurement and 

did not show the change of T1ρ during the tissue development. In the current study, 

the stronger correlation between T1ρ and PG (r = -0.867, p < 0.001) than T1ρ and 

collagen (r = -0.757, p = 0.007) suggests that, the dominant proton changes 

between water and the synthesized amide and hydroxyl groups in PG dominate 

the T1ρ relaxation processes. With an increasing of PG content during tissue 

growth, more water molecules start to interact with PG, resulting an overall 

increase of slow motions from the lattice. Correspondingly, T1ρ was decreased 

over time during tissue development.  

It is interesting to note that T2 showed no correlation with PG in native 

cartilage tissue (r = -0.44, p = 0.16), but a strong correlation with PG in engineered 

cartilage tissue (r = -0.803, p = 0.003). This indicates that the low frequency 

exchange of PG side groups with water protons affects not only the T1ρ relaxation, 

but also the T2 relaxation. However, in native tissue, the dipolar interaction on 

collagen due to magic angle effect masks out the changes in T2 due to exchange 

mechanism. In tissue-engineered cartilage, because the mature collagen network 

has not yet been completely formed, i.e., collagen fibers are not heterogeneously 

oriented but of random nature, the T2 relaxation is, therefore, subject to both proton 

exchange on PG, and dipolar interaction on collagen. T2 is then dependent on both 

collagen and PG contents in chondrocyte pellets.  

Although ADC has the same decreasing trend as T2 and T1ρ and also 

correlates with both PG (r = -0.848, p = 0.001) and collagen (r = -0.819, p = 0.002) 
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contents, it provides a different information in terms of matrix development from T2 

and T1ρ. The mechanism of MR diffusion determines that any structural changes 

would alter the way that water molecules diffuse, thus leading to a change in ADC. 

During tissue growth, the synthesized matrix develops from a gel into a more solid-

like phase as the macromolecules (PGs and collagen) form large insoluble 

macromolecular complexes around and between the chondrocytes. The 

increasing heterogeneous tissue compartments could slow down the motions of 

water molecules, and cause a decrease in ADC values. The T2 and ADC results 

are consistent with pervious MRI studies in which a decrease in T2 and ADC during 

the growth of engineered cartilage tissue was reported (70-72,74,75). Conversely, 

an increase in T2 has been reported in a scaffold-based engineered tissue in which 

they inferred that the increase might be affected by the agarose scaffold (73). 

The formation of hyaline-like engineered cartilage in a scaffold-free pellet 

culture was confirmed by the synthesis of type II collagen and PG. The expression 

of type II collagen is a well-accepted marker for the differentiated phenotype of 

chondrocytes (89). Although a thin rim area of growth tissue on the edges of pellets 

tends to be stained as type I collagen, it is clear from the SDS-PAGE results that 

the chondrocytes maintained their phenotype by synthesis of type II collagen. The 

positive stain for type I collagen at the edge could be due to a very small amount 

of type I collagen in the pellets; however, type I collagen synthesis was almost 

negligible. 
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In this chapter, in addition to the conventional T2 and ADC, we have shown 

that T1ρ can be used as a potential biomarker to assess the specific changes in 

PG content of engineered cartilage during tissue growth. 
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5 MRE EVALUATION OF TISSUE-ENGINEERED CARTILAGE 

5.1 Introduction 

As introduced above, the ability of cartilage to resist compressive loads and 

internal shear stresses relies on the functional integrity of its extracellular matrix 

(ECM). The ECM consists of a solid network of macromolecular polymers (PG and 

collagen) surrounded by a fluid phase of water (6). The frictional interactions 

between the solid and fluid phases establish the viscoelastic behavior of cartilage, 

which is important for normal lubrication and load transmission in the joint (90). In 

the event of injury, when this integrity is breached, the avascular nature of cartilage 

limits the self-repair of the damaged cartilage. Therefore, implantation of tissue-

engineered cartilage is being explored as a potential therapy. 

Current efforts in cartilage tissue engineering have focused on optimizing 

the mechanical properties of the implant to withstand the loading conditions after 

transplantation (91). While a variety of culture systems, growth factors and 

mechanical stimuli have been developed to fulfill this requirement, optimal 

strategies are not yet fully established. Ideally, the successful engineering of 

cartilage implants should restore the viscoelastic properties of native cartilage. 

Cartilage exhibits flow-dependent and flow-independent viscoelasticity under 

different forces. Compressive loading causes interstitial fluid flow within the matrix, 

so the resulting viscoelastic behavior of cartilage is mainly due to the resistance to 

fluid flow through the ECM. In contrast, the interstitial fluid flow is minimal in shear, 

and the measured properties largely depend on the deformations of the solid ECM 
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rather than the fluid exudation and redistribution (92). Given that the viscoelastic 

properties of the solid ECM from flow-independent measurements are highly 

sensitive to biochemical alterations of the matrix constituents (90), it is therefore 

important to frequently monitor the flow-independent viscoelastic properties of the 

engineered cartilage throughout its development. 

Shear testing by small torsional displacements has been widely used to 

study the viscoelastic properties of the solid ECM of engineered cartilage under 

flow-independent conditions (20,92). However, such methods only give the bulk or 

average properties of the sample rather than the specific mechanical properties of 

local tissues. To address this problem, imaging-based methods, such as MRI, 

have emerged as a promising way to nondestructively visualize the deformation 

and to measure the mechanical properties of soft tissues (56). MRI spin-tagging 

registration and MRI phase contrast methods have been used to track the 

deformation of cartilage explants (native and engineered) under static or cyclic 

compressive loading (93,94). Although these MR-based methods can help 

elucidate the compressive properties of engineered tissues, they cannot decouple 

the solid matrix viscoelastic effects from the flow-dependent viscoelastic effects 

under compression. In contrast, MRE has been proposed as a nondestructive way 

to measure the shear modulus (or shear stiffness) of soft tissues under dynamic 

shear loading (25,26). MRE uses small shear displacements (~ microns) and 

enables direct assessment of shear properties of the solid ECM. The measured 

shear modulus (or stiffness) thus only reflects the deformation of the solid ECM 

network produced by cells.  
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Microscopic MRE (micro-MRE or µMRE) has extended MRE to the 

submillimeter scale to image shear waves in biological tissues and engineered 

tissues with high spatial resolution (59,95-97). As introduced in Chapter 3, micro-

MRE is achieved by coupling a mechanical actuator to the targeted sample. A 

phase-contrast MRI technique is used to visualize and quantitatively measure 

propagating shear waves in the sample subjected to harmonic mechanical 

excitation. From the observed wave pattern, the local shear stiffness can be 

calculated on a pixel-by-pixel basis to provide a quantitative tissue stiffness map. 

Such maps can be used to depict changes of the ECM stiffness during tissue 

development. In previous studies conducted on larger engineered bone and fat 

tissues (4-5 mm), micro-MRE was applied using surface excitation at frequencies 

between 20 Hz – 2 kHz to assess changes in shear stiffness at different growth 

stages (95-98). However, using micro-MRE to evaluate even smaller sizes (2-3 

mm) of stiffer engineered cartilage tissues (e.g., above 100 kPa) is challenging as 

it requires a higher excitation frequency (> 2.5 kHz) to shorten the shear 

wavelength. One drawback of an increased excitation frequency is an increased 

wave attenuation in the targeted tissue (99). To overcome rapid wave attenuation 

at higher frequencies in a relatively small and stiff material, Yasar et al. have 

developed a geometric focusing method for in vitro micro-MRE by utilizing the 

focusing effect of cylindrically inward propagating waves (61). In geometric 

focusing micro-MRE, the samples are embedded into an agarose gel in a test tube. 

A small, harmonic shear displacement is applied to the samples by vibrating the 

entire tube axially at the desired high frequency (1 – 10 kHz). This motion 
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generates a uniform axisymmetric shear wave that propagates concentrically 

inward. The waves attenuate as they travel away from the tube wall due to viscous 

loss in the gel and the embedded sample, but this attenuation is largely overcome 

by the geometric focusing. Previous studies have demonstrated the potential of 

this approach to assess the shear viscoelastic properties of the soft gel 

sample/phantom using shear waves in the frequencies range from 200 Hz to 7.75 

kHz (62,100).  

The objective of this part of study was to apply this geometric focusing 

micro-MRE method (at 5 kHz) to quantify the biomechanical shear properties of 

tissue-engineered cartilage in vitro, demonstrating the sensitivity of micro-MRE 

measurement over a range of material properties. Specifically, we first tested this 

new technique by monitoring the changes of shear stiffness in a calcium cross-

linked alginate bead model, whose mechanical behaviors can be modified by 

exposure to different ion concentrations (101). Then we used geometric focusing 

micro-MRE to evaluate changes in the shear stiffness of scaffold-free engineered 

cartilage tissues (chondrocyte pellets) during a 3-week culture period. The MRE 

results were correlated with biochemical analyses of the PG and collagen content 

in the chondrocyte pellets. 

5.2 Materials and Methods 

5.2.1 Sample Preparation 

a. Preparation of Alginate Bead 
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Calcium cross-linked alginate beads (~ 2.5 mm diameter) were made using 

an extrusion-dripping method (83). Briefly, alginate (Sigma) was dissolved in a 

0.15 M NaCl solution. Low viscosity sodium alginate solutions (1.2% w/v) were 

slowly extruded through a 22-gauge needle into spherical drops that immediately 

fell into a CaCl2 solution (102 mM). The resulting beads were allowed to polymerize 

in CaCl2 solution for 10 minutes before two consecutive washes with 0.15 M NaCl 

solution to remove the unbounded, free calcium ions. 

b. Preparation of Chondrocyte Pellet 

Chondrocyte pellets were prepared and cultured the same as introduced in 

Chapter 4 (section 4.2.1). At the end of each week, sample pellets (~ 2.5 mm 

diameter) taken from the incubator for MRE and biochemical analysis. 

c. Micro-MRE Sample Preparation and Experimental Design 

For each micro-MRE experiment, three samples were embedded in 1% (w/v) 

agarose gel (Lonza) in a 10 mm customized MRE plastic tube. The agarose gel 

was used to promote the transfer of shear wave motions into the enclosed samples. 

The temperature of the agarose solution was approximately 37°C to minimize 

damage to the embedded samples. The agarose was allowed to congeal at room 

temperature for 10 minutes prior to the start of the measurements. 

In the first experiment, the mechanical properties of the embedded alginate 

beads were modified by changes in the surrounding agarose gel. Two groups of 

agarose gels were prepared by dissolving agarose 1% (w/v) in tissue culture 

medium (DMEM/F12) or in a 1 mM CaCl2 solution. The medium-based gel was 
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used to induce changes in the mechanical properties of the alginate beads, while 

the calcium-based gel was used as a control in which the concentration of CaCl2 

was chosen to match its respective concentration (1 mM) in culture medium 

(101,102). The shear stiffness of the beads was measured every 30 minutes for 7 

hours by micro-MRE.  

In the second experiment, the chondrocyte pellets were taken weekly for 

micro-MRE analysis. The 1% (w/v) medium-based agarose gel was used to 

enclose the pellets. The medium-based agarose was required here to maintain 

chondrocyte cell viability by minimizing osmotic and pH changes between gel and 

enclosed living constructs. To confirm the mechanical stability of our gel/pellet 

preparations, the shear stiffness of the week 1 pellets were measured every 30 

minutes for 4 hours. 

5.2.2 Micro-MRE Setup and Measurement Protocols 

MRE experiments were performed on the same MRI system as introduced 

in Chapter 4 (Figure 4.5): a vertical bore (54 mm diameter) Bruker DRX 11.74 T 

(500 MHz) Avance MR Spectrometer, a Bruker linear triple-axis gradient system 

(maximum gradient strength of 200 G/cm), a micro-imaging probe, and a Bruker 

10 mm saddle coil.  

The design and implantation of the micro-MRE actuation system can be 

found in previous publications (61,62). Specifically, as illustrated in Figure 5.1, 

steady state harmonic mechanical motions (5 kHz) were generated using a 
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piezoceramic stack actuator, which can provides 11.6 µm displacements at 100 

volts.  

 

Figure 5.1. (a) Diagram of micro-MRE setup. The MRE pulse sequence that 
encodes the mechanical motion through the application of MSG is shown at the 
bottom left. The piezoceramic actuator applies concentrically focused shear waves 
to the gel-embedded samples by vibrating the entire test tube axially at 5 kHz. The 
MSG and the actuator are synchronized using trigger pulses sent from the MRI 
scanner (adapted from (103)). (b) Photography of micro-MRE setup.  

The mechanical actuator assembly was fixed to the top of a 10 mm diameter 

MRE cylindrical tube that contains the gel-embedded pellets or beads, while the 

RF saddle coil was positioned on the outside of the test tube, and with its center 

aligned with the middle of the sample. A key aspect of this assembly is that the 
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vertical motion of the wall of the MRE tube serves as the source of the 

concentrically focused shear wave propagating uniformly into the gel/bead or pellet 

sample. Before starting the MRE pulse sequence, the MR system sent a trigger to 

a function generator (33220A Function/Arbitrary Waveform Generator, 20 MHz, 

Agilent Technologies Test and Measurement, Englewood, CO) to initiate the 

mechanical motion and synchronize with the MSGs.  

The MRE experiments were acquired using a modified MRE sequence 

based on a manufacturer supplied gradient echo imaging sequence (Figure 5.2 

FLASH, Bruker).  

 

Figure 5.2. The diagram of gradient echo-based MRE sequence with trapezoid 
MSG (solid line) as well as negative MSG (dotted line). Please see Ref (30)  for 
details about gradient echo sequence. 
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The acquisition parameters were: TR/TE = 1000/6 ms; flip angle = 30°; FOV 

= 10 mm; slice thickness = 0.5 mm; 2 slices; in-plane resolution = 78 µm × 78 µm; 

MSG strength = 120 G/cm. To monitor the propagation of the shear wave, eight 

temporal measurements were obtained by shifting the phase offset θ between the 

MSG and vibrational motion.  At each time step, two MR phase images were 

acquired. One was acquired with the MSGs as illustrated in Figure 5.2 (solid line), 

and another was acquired after reversing the polarity of the MSGs (dotted line). 

The phase difference (wave) image was formed by complex division of two phase 

images. The T2-weighted MR images were also acquired by using a SE sequence 

with the following imaging parameters: TR/TE = 3000/64 ms; field of view = 10 mm; 

slice thickness = 0.5 mm; in-plane resolution = 78 µm × 78 µm. 

5.2.3 Biochemical Analyses 

Each week, separate pellets (n = 5) were first blotted dry and weighed to 

obtain the wet weight (WW). The pellets were subsequently digested with papain 

for PG and collagen content determination. The same biochemical assays were 

used as introduced in Chapter 4 (section 4.2.3). The measured PG and collagen 

contents were then normalized to the WW of pellets. 

5.2.4 Data Analyses  

A custom-made MATLAB (MathWorks, Inc.) program was used to calculate 

the shear stiffness and to create stiffness maps (Figure 5.3). The shear stiffness 

values were calculated according to Eq. 3.11. The wavelengths λ were estimated 

using a 2D local frequency estimation (LFE) algorithm (104). For data analysis, 
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selecting ROIs covered the entire regions of the embedded samples.  The shear 

stiffness maps were created on a pixel-by-pixel basis.  

 

Figure 5.3. MATLAB Toolbox for MRE data processing. It has the functions of (a-
b) accepting raw magnitude and phase data from both Bruker and Agilent scanners, 
(c) calculating 3D complex wave images, (d) retrieving acquisition parameters, (e) 
calculating shear stiffness values based on the selected ROIs, and (f) allowing the 
mask selection. The gel MRE data is used here as an illustration. 

Both the MRE data and biochemical data are reported as mean ± standard 

deviation. . For statistical tests, a one-way analysis of variance was performed to 

compare the means measured at each week over the 3-week culture period using 
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SPSS software (SPSS, Inc.). Pearson’s correlation analysis was applied to assess 

the relationship between shear stiffness and the corresponding PG and collagen 

contents of the pellets. Statistical significance was set to p < 0.05. 

5.3 Results 

5.3.1 Results of Alginate Beads 

The MRE-derived shear stiffness of alginate beads was measured over 7 

hours following embedding in two different formulations of agarose gels (Figure 

5.4). The shear stiffness of beads embedded in the medium-based gel decreased 

from 8.45 ± 0.23 kPa to 2.01 ± 0.09 kPa over 7 hours, while no change in shear 

stiffness was observed in beads suspended in a calcium-based agarose gel. 

 

Figure 5.4. MRE-derived shear stiffness at 5 kHz of alginate beads embedded in 
calcium-based (▲) and medium-based (○) agarose gels plotted versus time. The 
beads enclosed in the calcium-based gel were mechanically stable, while the 
beads suspended in the medium-based gel became softer. The plotted values 
represent mean ± standard deviation (n = 6 per group) (adapted from (103)). 
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Shear wave images of alginate beads embedded in the medium-based 

agarose gel for 10 minutes, 1 hour, and 7 hours are displayed in Figure 5.5a-1, a-

2, a-3, respectively. The corresponding T2-weighted MR images (with a voxel 

resolution of 78 × 78 × 500 µm3) are shown in Figure 5.5b-1, b-2, b-3. Finally, the 

computed shear stiffness maps at 10 minutes, 1 hour and 7 hours generated by 

the LFE algorithm are presented in Figure 5.5c-1, c-2, c-3. In these figures, it is 

observed that the shear wavelength decreases over time with the swelling of beads. 

The shorter wavelength reflects softer samples with averaged shear stiffness at 

the measured times of 8.45 ± 0.23 kPa, 4.91 ± 0.39 kPa, and 2.01 ± 0.09 kPa, 

based on the wavelengths of 0.6 mm, 0.43 mm, and 0.28 mm, respectively. 
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Figure 5.5. Micro-MRE results of alginate beads embedded in the medium-based 
agarose gel. The first column displays alginate beads measured 10 minutes after 
embedding in the medium-based gel; the middle column displays beads at 1 hour 
after embedding, and the last column presents beads embedded for 7 hours. The 
first row (a-1, a-2, a-3) displays the shear wave images of an axial slice of the 
beads. The second row (b-1, b-2, b-3) displays the corresponding T2-weighted MR 
images. The third row (c-1, c-2, c-3) displays the shear stiffness maps (adapted 
from (103)). 

5.3.2 Results of Chondrocyte Pellets 

Although the medium-based agarose gel induced stiffness changes in 

alginate beads, no change in shear stiffness was observed for chondrocyte pellets 

after embedding in the medium-based agarose gel over 4 hours (Figure 5.6). 
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Figure 5.6. Shear stiffness of pellets embedded in the medium-based agarose gel 
plotted versus time at week 1 (adapted from (103)). 

The shear stiffness of the chondrocyte pellets was measured over 3 weeks. 

Shear wave images of chondrocyte pellets acquired each week are shown in 

Figure 5.7a-1, a-2, a-3, respectively. We observed an increase in the wavelength 

within the constructs with tissue development. The corresponding shear stiffness 

maps generated by the LFE algorithm are presented in Figure 5.7b-1, b-2, b-3. 

As shown in Figure 5.8, the shear stiffness of the pellets increased from 6.19 ± 

0.57 kPa at week 1 to 12.01 ± 1.06 kPa at week 2, to 16.45 ± 0.46 kPa by the end 

of the third week, based on the wavelengths of 0.5 mm, 0.63mm, and 0.8 mm, 

respectively. There was a significant increase in shear stiffness between 

successive weeks (p < 0.05). 
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Figure 5.7. Micro-MRE results of chondrocyte pellets measured at 5 kHz weekly. 
(a-1, a-2, a-3) Shear wave images acquired each week. (b-1, b-2, b-3) Shear 
stiffness maps (adapted from (103)). 

 

Figure 5.8. Shear stiffness of pellets during the 3-week culture period. The plotted 
values represent mean ± standard deviation (n = 6 at each time point) (adapted 
from (103)). 

A progressive accumulation in both collagen and PG was observed during 

the 3-week culture period (Figure 5.9). The collagen content rose progressively 

during the culture period (week 1: 0.08 ± 0.03%; week 2: 0.10 ± 0.04%; week 3: 
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0.16 ± 0.03%). The PG content increased from 0.53 ± 0.08% at week 1 to 0.88 ± 

0.1% at week 3. The collagen and PG contents showed a significant increase from 

day 7 to day 21 (p < 0.05).  

 

Figure 5.9. Accumulation of PG and collagen in the pellets over 3 weeks (n = 5 
per time point) (adapted from (103)).  

Pearson’s correlation analysis revealed that the shear stiffness of the 

chondrocyte pellets was linearly related to PG and to collagen contents (Figure 

5.10), while shear stiffness increased with increasing matrix content over the 3-

week culture period. Specifically, the measured shear stiffness was highly 

correlated with both PG and collagen (r = -0.881 and -0.851, respectively). 
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Figure 5.10. Correlations between MRE-derived shear stiffness and the 
corresponding (a) PG and (b) collagen contents. The correlation coefficients and 
the corresponding p-values are shown in each graph (adapted from (103)). 

5.4 Discussion and Conclusion 

The present study shows that micro-MRE with geometric focusing is able to 

nondestructively measure the shear stiffness of tissue-engineered cartilage under 

high-frequency (e.g., 5 kHz) shear loading. Micrometer shear wave motion was 

introduced into the constructs using geometric focusing excitation. The acquired 

MR wave images encode shear displacements and wave motion. Measurement of 

cyclic shear wave motions in the constructs provides the quantitative shear 

stiffness maps. Such maps can be used to monitor the formation of the ECM during 

tissue development. 

Given that reliable estimation of shear stiffness requires the ability to detect 

at least half a wavelength in the measurement region, MRE measurement of 

tissue-engineered cartilage is often challenged by the small size (diameter less 

than 5 mm) and high stiffness (shear modulus greater than 50 kPa) of the material. 
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The small and stiff samples need a higher driven frequency to reduce the spatial 

wavelength. For example, the shear wavelength of 0.7% agarose gel is much 

smaller at a driven frequency of 5 kHz (0.7 mm) than at 550 Hz (5.5 mm) (7,62). 

Considering a stiff sample (100 kPa) with a diameter of 2 mm, which are typical 

properties for tissue-engineered cartilage, and using 1000 kg/m3 for the density, 

then according to Eq. 3.11, the mechanical actuator should be driven at a 

frequency of 2.5 kHz or higher to ensure that at least half a wavelength is visible. 

While previous micro-MRE studies reported by Othman et al. have used surface 

excitation of gels in NMR tubes to study the development of engineered bone and 

fat constructs at frequencies up to 2 kHz (95-98), the wave penetration using 

surface excitation is diminished by an increase in wave attenuation at higher 

frequencies. The advantage of geometric focusing micro-MRE is its ability to 

compensate for rapid wave attenuation at higher frequencies (> 2.5 kHz). Yasar et 

al. have used the agarose and Ecoflex phantoms to show that geometrically 

focused shear waves at 5 kHz result in a more uniform amplitude throughout the 

entire region within the tube, compared with the application of shear waves from 

the medium surface which attenuate exponentially in amplitude (61,62). 

In this study, micro-MRE with geometric focusing was first applied to 

alginate beads embedded in agarose gel, demonstrating its sensitivity to the 

changes of shear properties. The calcium cross-linked alginate beads were used 

because their mechanical properties could be easily modified. LeRoux et al. have 

reported that the dynamic shear modulus of the 2% (w/v) alginate gel fell by 84% 

over 15 hours in a bath of physiological NaCl and CaCl2 when compared with the 
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gels placed in a CaCl2 solution (102). And the concentrations of NaCl (0.15 M) and 

CaCl2 (1.8 mM) in their study were chosen to match their respective concentrations 

in DMEM culture media. Since, in vitro micro-MRE requires mechanical coupling 

between the sample and the mechanical actuator, a hydrogel (e.g. agarose gel) is 

needed to transfer the shear wave motion from the actuator to the embedded 

samples. In our study, we found that by preparing the agarose with tissue culture 

medium, the shear stiffness of beads decreased over time. This decrease in shear 

stiffness is likely due to the loss of crosslinking over time from the competition 

between the calcium ions and non-crosslinking cations (e.g. K+, Na+, Mg2+, etc.) 

in the medium. As the crosslinks were lost, the alginate beads swelled over time 

(Figure 5.5b-1, b-2, b-3) with an associated decrease in the solid volume fraction 

of alginate. In contrast, the alginate beads were found to be mechanically stable in 

agarose gel formed with 1 mM CaCl2. The shear stiffness of the alginate beads 

embedded in medium-base gel were within the range (dynamic shear modulus of 

1-2 kPa after 15 h in 0.15 M NaCl) reported by LeRoux et al and Wan et al (20,102). 

For the chondrocyte pellet experiments, we prepared the agarose gel by 

making it with the tissue culture medium to maintain chondrocyte cell viability by 

minimizing osmotic and pH changes between the cell pellets and the supporting 

gels. The mechanical stability of pellets embedded in the medium-based gel was 

confirmed by the MRE measurements of pellets over 4 hours. However, to be safe, 

all MRE experiments were conducted in less than one hour to minimize any 

potential interference. 
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The shear stiffness values of chondrocyte pellets measured from micro-

MRE method are also comparable with other ex vivo, but non-MRE, mechanical 

studies (20,92,105). Graff et al., for example, measured an increase from 15.6 kPa 

to 50.7 kPa in the equilibrium compressive moduli of chondrocyte pellets over a 3-

week culture period (105). It should be noted that in Graff et al.’s study, the 

investigators used a high cell density (1.6 million cells/ pellet) which exhibited a 

high synthetic rate – more than 3-folds of proteoglycan and collagen content per 

pellet – than was used in our study (0.5 million cells/ pellet). Stading et al. 

measured the complex shear modulus of PGA (polyglycolic acid)-based constructs 

under dynamic shear tests over an 8-week culture period. Their study found that 

the storage modulus increased from 1 kPa at week 1 to 15 kPa at week 8 (92). In 

another study reported by Wan et al., the dynamic shear moduli of cell-seeded 

alginate constructs (30 million cells/mL) increased from 4 kPa at day 1 to 20 kPa 

at day 40 (20). 

For structure-function correlations, Stading et al. reported a power law 

relationship between the shear properties and ECM components in a PGA-based 

cartilage construct over a 56-days culture period (92). And Wan et al. empirically 

determined an exponential relationship in their alginate-based cartilage constructs 

cultured over 40 days (20). In the present study, however, a linear relationship was 

found between the shear stiffness and ECM components in the chondrocyte pellets 

over 21 days. The linear dependence reported here may therefore only reflect the 

contributions of ECM constituents to the shear stiffness of the chondrocyte pellets 

over a shorter culture period (21 days), and a nonlinear relationship may develop 
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with following a longer culture time.  As chondrocytes proliferated and secreted 

both proteoglycan and collagen, the development of a continuous matrix in the 

pellets was monitored by the shear stiffness, which expresses the elastic stiffness 

resulting from the solid ECM deformation. If the matrix were absent, the shear 

stiffness would only reflect the elastic properties of the chondrocyte pellets. 

Therefore, as the ECM structure develops in the sample, the shear stiffness would 

be expected to increase with increasing proteoglycan and collagen contents.  

In this study, we used the LFE algorithm to estimate the wavelength and 

calculate the shear stiffness. The LFE technique has been shown to be a robust, 

noise-insensitive inversion because of the sophisticated multi-scale data 

averaging in the estimation. By using this method, the correct estimation is reached 

using only half a wavelength in a given region. It should be noted that there are 

‘holes’ in the stiffness maps (Figure 5.5c-3, and Figure 5.7b-1, b-2, b-3), which 

correspond to regions that LFE failed to estimate the wavelength. For example, in 

Figure 5.5c-3, the shear stiffness can not be calculated in the center of the beads. 

Although geometric focusing is designed to compensate for wave attenuation, 

when the stiffness of the beads decreased to 2 kPa, the shear waves may dampen 

too fast in the center of the beads for accurate wavelength estimation. In Figure 

5.7b-1, the stiffness of the chondrocyte pellet at the right bottom corner cannot be 

determined. This may be due to the presence of a noticeable air bubble next to the 

right edge (Figure 5.11), which was accidently trapped while making the gel. Since 

an air bubble can generate a magnetic susceptibility artifact that extends beyond 

its diameter and shear waves cannot propagate in the air, the air bubble could 
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result in a noticeable wave distortion in the pellet next to it, and significantly affect 

the stiffness reconstruction around it. 

 

Figure 5.11. (a) Magnitude image, (b) shear wave image, and (c) stiffness map of 
week-1 pellets. A noticeable air bubble was found next to the bottom right pellet, 
which is indicated by the red arrowhead. 

In addition to the restrictions on sample size and stiffness – discussed 

above – our micro-MRE system with geometric focusing exhibits other limitations 

from characteristic of MRI systems. For example, the inner diameter of the sample 

container (d) places a constraint on the maximum measurable wavelength λs ≤ 2d, 

while the MR system resolution (Δx) places a constraint on the minimum 

measureable wavelength λs ≥ 2Δx. Nevertheless, the primary advantages of MRE 

are that it does not require tissue sectioning and that it can provide a quantitative 

tissue stiffness map throughout an engineered construct. Thus, micro-MRE has 

the potential to address many of the needs expressed by tissue engineers for direct 
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monitoring and mapping of the mechanical properties of engineered tissue in vitro 

and in situ. 

This chapter demonstrates that micro-MRE with geometric focusing can be 

used to nondestructively assess the shear properties of tissue-engineered 

cartilage at high frequencies (e.g., 5 kHz). The measured shear stiffness is 

sensitive to the formation of the solid ECM components (PG and collagen) during 

tissue development. 
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6 SIMULTANEOUS ACQUISITION OF MR RELAXATION, DIFFUSION, 

AND ELASTOGRAPHY 

6.1 Introduction 

As introduced in above chapters, MR Elastography (MRE) is a rapidly 

developing technology that can quantitatively assess tissue stiffness through the 

analysis of mechanically induced low-frequency shear waves (25). The MRE-

derived tissue stiffness reflects the structural organization of cells and surrounding 

extracellular matrix. The changes in the compositional and structural integrity of 

tissue is depicted by the shear stiffness, which are the basis of the MRE contrast. 

To date MRE is useful in a variety of applications, from distinguishing normal 

versus diseased hepatic tissues to characterizing mechanical maturation of 

engineered cartilage tissue (26,103).  In addition to MRE, T1ρ relaxation time and 

apparent diffusion coefficient (ADC) have been shown to be sensitive to the 

changes of the composition and structure of tissue matrix, respectively. T1ρ is 

sensitive to the slow molecular interactions between the water molecules and 

cartilage-specific macromolecules. The ADC explores the random motion of water 

molecules restricted by cell membranes and macromolecules. Combining MRE 

with MRI diffusion and T1ρ exploit differences in tissue cellularity and structure 

between different stages of engineered cartilage tissues. Given that T1ρ, ADC, and 

MRE can probe differences in tissue composition, structure, and mechanical 

properties between different stages of engineered cartilage tissues (introduced in 

chapters 4 and 5), it is natural to anticipate situations where three MR 
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methodologies may need to be employed. Therefore, it is necessary to design a 

way to increase the efficiency of MR characterization of engineered tissues.  

Currently, conventional T1ρ, diffusion, and MRE acquisitions are performed 

as separate measurements that prolong the imaging protocols, as shown in 

Chapters 2 and 3. More specifically, in MRE, the harmonic mechanical vibration 

of the tissue is encoded into the phase part of MR signal through the application 

of synchronized motion-sensitizing gradients (MSG). Then the mechanical 

properties are recovered from the acquired phase data (25,26). In MRI diffusion, 

the random diffusive motion of water molecules induces MR signal loss with the 

application of bipolar diffusion-sensitizing gradients (46,47). In T1ρ relaxation 

measurement, the application of T1ρ preparatory spin-locking (SL) pulse to causes 

a T1ρ relaxation decay in MR signal (35,41). Among these three MR methods, MRE 

and diffusion MRI are motion sensitive techniques and encode the motion of the 

spins separately into the phase and magnitude part of MR signal, respectively. T1ρ, 

rather than using any motion-sensitizing gradients, uses an independent 

preparatory pulse prior to any imaging sequence to induce signal loss in MR signal 

magnitude. 

In this work, two new methods were introduced to acquire (1) MRE and 

diffusion MRI data, and (2) MRE and T1ρ MRI data simultaneously. Simultaneous 

acquisition of MRE and MRI data will reduce the scan time and allow immediate 

co-registration of elastogram and diffusion map or elastogram and T1ρ map, and 

even facilitate clinical assessment after transplantation. For simultaneous diffusion 

and MRE acquisition, the application of MSG causes a change of the MR signal 
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phase arise from intravoxel coherent spin motions, while the incoherent part of 

motion due to diffusion can be encoded simultaneously into the MR signal 

magnitude. In this approach, the bipolar gradients are used as both diffusion-

sensitizing and motion-sensitizing gradients (dMSG). This approach is described 

as diffusion-MRE (dMRE). For simultaneous T1ρ and MRE acquisition, the 

application of SL pulse only affect the energy transfer between the spins and 

surrounding lattice, and has no effect on spins’ translational motion induced by 

voxel vibration in MRE. Thus, T1ρ and MRE can be separately encoded into the 

magnitude and phase part of MRI signal by applying both SL pulse and MSG 

simultaneously. The T1ρ SL preparatory pulse is placed prior to a conventional 

MRE sequence. This method is described as T1ρ-MRE. These two methods are 

validated in a soft tissue-mimicking phantom.   

6.2 Theory 

6.2.1 dMRE Theory 

The dMRE technique is based on a conventional MRE pulse sequence; 

however, the timing is chosen such that the MSGs are sensitive to both the 

coherent and incoherent intravoxel motion. A diagram of the dMRE sequence is 

shown in Figure 6.1. In dMRE, two symmetrical gradients (MSGs) are inserted on 

each side of the 180° refocusing pulse. In order to ensure MSGs are sensitive to 

both coherent and incoherent intravoxel motion, the diffusion time Δ must satisfy 

a time constraint given by (106)  

,...)3,2,1(,  nnT                                                    [6.1] 
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where T and δ are the period of the vibration and the gradient duration, respectively.  

 

Figure 6.1. The dMRE pulse sequence diagram based on a SE readout. The 
diffusion/motion-sensitizing gradients (shaded regions) can be applied along any 
desired axis (adapted from (106)). 

Considering an ideal rectangular gradient with δ = T/2, in the presence of 

simple coherent, harmonic excitation, all spins will move coherently between two 

gradients resulting a net phase shift given by Eq. 3.5 for the case N = 1 where N 

is the number of MSG (52). Consequently, the effect of MRE coherent motion on 

detected MR signal is given by 
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where k is the wave number, ξ0 is the peak displacement of the isochromat from 

its mean position, T is the angular frequency of the external vibration, and θ is the 

initial phase offset, G is the magnetic gradient vector, and r is the displacement 

vector. It is evident that the coherent harmonic motion will cause only a phase 

change rather than a signal decay. 

Diffusion represents incoherent random motion with each spin moving 

independently. Due to the large number of spins involved and the Gaussian nature 

of diffusion, there is no net phase change. In the case of free diffusion and a pulse 

gradient waveform, the MR signal attenuation EDiff is given by (46) (also explained 

in Chapter 2, section 2.3.3): 

)exp())3(exp( 222 bDDGEDiff                            [6.3] 

where b is the diffusion weighting b-factor. 

Therefore, in dMRE measurements, the acquired MRI signal detected at TE 

with normalizing to the signal obtained when G = 0, can be given by: 
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where EDiff(G,TE) is the signal decay due to diffusion, and ФMRE(G,TE) represent 

the effect of harmonic motion on the MR signal. The harmonic vibration and 

diffusion can be encoded simultaneously and detected separately in the phase and 

in the magnitude of the MR signal. 

Since diffusion and MRE motion-encoding gradient can be applied along 

any directions, the dMRE technique can be extended to the case of simultaneous 
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acquisition of DTI and 3D MRE: DTI-MRE (107,108). For example, 12 gradient 

directions can be chosen for DTI, which are uniformly distributed in 3D space (109). 

The twelve directions are clustered into four groups according to criterion (Eq. 6.5), 

allowing one to assign a unit vector 𝑒𝑖
𝑝
 to each direction, with j = 1,2,3, and p being 

the group index p = 1,2,3,4. The directions are assigned to a group by the criterion 

that the function of scalar products (Eq. 6.5) is minimized. 
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In doing so, the dMRE can be extended to the case of DTI-MRE. 

6.2.2 T1ρ-MRE Theory 

A diagram of the T1ρ-MRE sequence is shown in Figure 6.2, where a T1ρ 

preparatory pulse cluster is placed before a MRE sequence. As in conventional 

MRE, the coherent, harmonic motion of spins is encoded into the MR phase signal 

by using MSGs. As introduced in 6.2.1, the coherent harmonic motion will cause 

only a phase change but no MR magnitude signal decay. 
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Figure 6.2. The T1ρ-MRE pulse sequence diagram based on a SE-MRE sequence. 
The T1ρ self-compensation preparatory pulse clusters are place in front the MRE 
sequence.  

In T1ρ-MRE, the T1ρ self-compensation SL pulse clusters placed before the 

RF excitation enable the spin relaxation along the B1 field of SL pulse (see section 

2.2.2). The application of SL pulse creates a new environment that affect spins’ 

energy transfer with the lattice. This results a signal decay with the time constant 

T1ρ. The intensity of the measured magnetization is given by (35), 

)][exp()(
1

0

T

t
MtM


 .                                                     [6.6] 

where t is the duration of the SL pulse. It can be seen that T1ρ SL pulse only cause 

magnitude decay instead of net phase change. 
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Since the harmonic vibration and T1ρ relaxation have independent 

mechanism, by applying both SL pulse and MSGs simultaneously, these two 

phenomena can be encoded simultaneously and detected separately in the 

magnitude and phase part of the MR signal. The acquired MRI signal can be given 

by: 

)),(exp()][exp()(
1
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rMREi
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t
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                                      [6.7] 

6.3 Material and Methods 

6.3.1 Sample Preparation  

The tissue-mimicking phantom (n = 3) consists of a spherical bead (1.5 cm 

diameter) embedded in a mixture of agarose and gelatin gel. The beads were 

formed from rehydration of dehydrated beads (Rainbow Water Beads, Greenville, 

SC) by immersion in distilled water for 12 hours. The liquid crystalline polymer in 

dehydrated beads can absorb water to form spherical beads. The background gel 

was made by mixing 4% (w/v) food grade gelatin (Knox) with 0.75% (w/v) agarose 

(SeaKem LE Agarose, Lonza, Rockland, ME), and dissolving in distilled water at 

90°C. An individual bead was embedded in the mixture gel in a cylindrical plastic 

container (inner diameter = 30 mm; height = 40 mm) at 37°C. The phantoms were 

allowed to congeal overnight at 4°C prior to start of the measurements. Figure 6.3 

demonstrates the schematic structure of the phantom. 
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Figure 6.3. Schematic drawing of bead-gel phantom prepared in a cylindrical 
plastic container. 

6.3.2 Experimental Setup and Pulse Sequence Control 

All experiments were performed on a horizontal bore 9.4 T (400 MHz) 

Agilent animal MR scanner (310/ASR, Agilent Technologies, Santa Clara, CA) with 

self-shielded gradient coils (maximum gradient of 100 G/cm), and a 39 mm 

diameter quadrature RF coil. The scanner platform is Agilent Vnmrj 4.0. The MRI 

scanner is shown in Figure 6.4. 
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Figure 6.4. Agilent 9.4 T MRI scanner. 

The design and implantation of the micro-MRE actuation system can be 

found in previous publications (106). The agarose-filled container was attached to 

a preloaded piezo-actuator (P-840.1, Physik Instrumente (PI) GmbH & Co. KG, 

Germany), which was fixed to a plastic cradle and placed horizontally inside the 

center of the RF coil (see Figure 6.5). The piezo-actuator was excited with an 

amplified sinusoidal waveform at a frequency of 500 Hz. The mechanical vibrations 

generated by the actuator were transmitted to the sample via the horizontal 

vibration of the plastic rod and wall of the sample container, resulting in a 

concentric wave pattern within the gel. This experimental setup also establishes 

concentric wave patterns within the gel, as in geometric focusing system 

introduced in 5.2.2 (61).  
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Figure 6.5. (a) Schematic diagram of the MRE excitation setup in the MRI scanner. 
The dashed plane indicates the position of the image plane (adapted from (106)). 
(b) Photography of MRE excitation setup. 

a. dMRE Measurement 

In this study, dMRE was performed based on a manufacturer supplied spin-

echo imaging sequence (SEMS, Agilent). The sequence was developed with two 

symmetrical dMSGs inserted on each side of the 180° refocusing pulse. The 

diffusion time Δ was set as described in Eq. 6.1 to allow the simultaneous encoding 

of MRE and diffusion. For MRE experiment, a series of four phase images was 

acquired by shifting the phase offset θ between the motion and the dMSG over 

one vibration period. Correspondingly, in order to obtain different b-values for ADC 
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measurement, the gradient amplitude was adjusted from one acquisition to the 

next. 

Our new technique can be used with a variety of gradient waveforms as 

long as the timing is in accordance with the condition imposed by Eq. 6.1. The 

shape, number, and duration of the gradient lobes can be adjusted flexibly to 

modulate the encoding efficiency of MRE and diffusion, respectively. As shown in 

Figure 6.6, three waveforms were investigated in this study. (1) A trapezoidal 

gradient commonly used in conventional diffusion experiment. (2) An oscillating 

waveform with one and a half lobes on each side used to enhance the MRE 

encoding efficiency by a factor of three over multiple cycles of the synchronous 

gradients. (3) A camel-shaped waveform with only two positive lobes used to 

increase the diffusion encoding efficiency by a factor of four.  The expression of 

the b-factor for each waveform is described in Appendix A. 
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Figure 6.6. Three gradient waveforms used for dMRE encoding. (a) Single cycle 
trapezoidal waveform. (b) Oscillating waveform with one and a half lobes on each 
side. (c) Camel-shaped waveform with only two positive lobes (adapted from (106)). 

The acquisition parameters were: TE/TR = 42/1000 ms; FOV = 4 cm × 4 

cm; matrix size = 128×128; one axial slice; lice thickness = 2 mm; MRE frequency 

= 500 Hz; dMSG lobe duration δ = 1 ms; diffusion time Δ = 31 ms; 4 MRE time 

steps; 4 b-values = 100, 200, 500, and 1000 s/mm2. For each gradient waveform, 

four different gradient amplitudes were employed at each MRE time step to 

maintain the same b-values. Algebraic details of which are provided in the 

Appendix A: single trapezoid gradient: (0, 21.80, 31.24, 50.86, and 72.65 G/cm); 

one and one-half cycles of oscillating gradient: (0, 21.39, 30.66, 49.91, and 71.31 

G/cm); and camel-shaped gradient: (0, 10.02, 14.36, 23.38, and 33.40 G/cm). 

Phase difference images were acquired with two acquisitions (inverted gradient 
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polarity) for each MRE time step. With an additional B0 image (b = 0 s/mm2) for 

the ADC fitting, the dMRE measurement results in nine images with the total scan 

time of 19 minutes.  

For comparison, conventional MRE and diffusion experiments were 

performed using a SE-MRE sequence and a SE-diffusion sequence, respectively, 

with the standard waveform of a single trapezoid lobe. The SE-MRE sequence is 

identical to the dMRE sequence except that the gradient amplitude was kept 

constant (40 G/cm) at each of the four time steps, corresponding to b = 347 s/mm2, 

and when no scan was performed at b = 0 s/mm2. The duration of SE-MRE was 

17 minutes. The SE-diffusion measurement was performed without vibration and 

thus without an additional acquisition block with inverted gradient polarity as in 

dMRE. Acquisition time of the five b-values in SE-diffusion was 10 minutes and 40 

sec resulting in a total measurement time of the comparative experiments of 

approximately 28 minutes. In all experiments, the dMSGs were applied along the 

slice direction, which represents the principle direction of vibration in our 

experimental setup. 

b. T1ρ-MRE Measurement 

While T1ρ-MRE is feasible using any type of readout sequences, the 

experiments in this study were performed using on a modified manufacturer 

supplied fast spin-echo imaging sequence (FSEMS, Agilent). The sequence was 

designed by placing a self-compensation pulse cluster before a FSE-MRE pulse 

sequence with the oscillating trapezoid gradient waveform (Figure 6.7). The 

duration of the SL pulse (TSL) is incremented while the amplitude of SL is fixed. 
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For MRE experiment, a series of four phase images was acquired by shifting the 

phase offset θ between the motion and the MSG over one vibration period. The 

number of TSL steps is set to be equal to the number of MRE time steps. The TSL 

was adjusted from one acquisition to the next for T1ρ measurement.  

 

Figure 6.7. The diagram of T1ρ self-compensation MRE-FSE pulse sequence with 
echo train length (ETL) of 4 in one TR. 

The acquisition parameters were: TR/TE = 1000/14 ms; SL frequency = 500 

Hz; TSL = 0, 30, 80, and 150 ms; 4 MRE time steps; MSG frequency = 500 Hz; 

MSG cycles = 2; amplitude of MSG = 50 G/cm; vibration frequency = 500 Hz; FOV 

= 4 cm × 4 cm; matrix size = 128×128; one axial slice; slice thickness = 1.5 mm; 

ETL = 4. Four time steps were acquired for the vibration acquisition. Four different 

TSL were set at each MRE time step. At each time step, phase difference images 

were acquired with two acquisitions (inverted gradient polarity) for each MRE time 

step in order to reduce systematic phase errors. The total scan time of the T1ρ-

MRE experiment was 8 minutes and 34 seconds.  
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For comparison, conventional T1ρ and MRE experiments were performed 

using a FSE-T1ρ sequence and a FSE-MRE sequence, respectively, with the same 

acquisition parameters. The duration of FSE-MRE was 8 minutes and 34 seconds. 

The FSE-T1ρ measurement was performed without vibration and thus without an 

additional acquisition block with inverted gradient polarity as in T1ρ-MRE. 

Acquisition time with four TSL was 4 minutes and 18 sec resulting in a total 

measurement time of the comparative experiments of approximately 13 minutes. 

In all experiments, the MSGs were applied along the slice direction, which 

represents the principle direction of vibration in our experimental setup. 

6.3.3 Data Analysis  

Custom toolbox was written in MATLAB (Mathworks, MA, USA) to analyze 

the MR data (see Figure 4.10 and Figure 5.3). For data analysis, selecting ROIs 

covered the entire regions of embedded samples. The T1ρ and ADC values were 

calculated through the exponential fitting of averaged MR signal to Eqs. 2.13 and 

2.17, respectively. The individual map was created on a pixel-by-pixel basis using 

exponential fitting. 

The shear stiffness values were calculated according to Eq. 3.11. The 

wavelengths λ were estimated using a 2D local frequency estimation (LFE) 

algorithm (104). The shear stiffness maps were created on a pixel-by-pixel basis. 

It should be noted that in dMRE, the gradient amplitude was different at each time 

step. Therefore, in dMRE, the accumulated MR signal phase was compensated 

for by the different encoding efficiency as illustrated in TABLE I. Here, the MRE 

encoding efficiency is calculated by using the gradient waveform illustrated in 
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Figure 6.6a, in which G1, G2, G3, and G4 is gradient amplitude at each MRE time 

step. However, this is not the case in T1ρ-MRE. All data are reported as mean ± 

standard deviation. 

TABLE I. AN ILLUSTRATION OF DMRE COMPENSATION FACTOR WITH 4 
TIME STEPS AND 4 DIFFERENT B-VALUES.  

MRE Time Step 
Gradient 

Amplitude 
MRE Encoding 

Efficiency 
Compensation 

Factor 

1 𝐺1 
2

𝜋
𝛾𝑇𝐺1 ×

𝐺4
𝐺1

 

2 𝐺2 
2

𝜋
𝛾𝑇𝐺2 ×

𝐺4
𝐺2

 

3 𝐺3 
2

𝜋
𝛾𝑇𝐺3 ×

𝐺4
𝐺3

 

4 𝐺4 
2

𝜋
𝛾𝑇𝐺4 × 1 

6.4 Results 

6.4.1 dMRE Results 

The diffusion data fitting for selecting ROI in the bead is plotted in Figure 

6.8. Here, data were obtained using single trapezoid gradient waveforms for both 

SE-diffusion and dMRE measurements. The image displayed in Figure 6.8 

corresponds to the magnitude image for a b-value of 500 s/mm2 acquired from the 

dMRE measurements.  
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Figure 6.8. Normalized signal intensity plotted versus b for selected ROIs in the 
MR image in samples of bead, for both SE-diffusion and dMRE measurements 
acquired using single trapezoid gradient waveforms (adapted from (106)). 

The corresponding ADC maps, complex wave images, and shear stiffness 

maps acquired from dMRE, SE-MRE, and SE-diffusion are shown in Figure 6.9. It 

is apparent that tissue vibration does not interfere with the calculated diffusion 

parameters, as long as the timing constrains are satisfied. The averaged ADC 

values of the bead over ROIs were 1.75 ± 0.16 µm2/ms and 1.74 ± 0.16 µm2/ms 

for SE-diffusion and dMRE methods, respectively. The amplitude differences 

between the calculated displacements for the two methods were small (< 10%). 

The averaged shear stiffness of the beads, determined using LFE over the same 

ROIs, was 2.45 ± 0.23 kPa and 2.42 ± 0.20 kPa for SE-MRE and dMRE, 

respectively. 
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Figure 6.9. Complex wave images (left column), shear stiffness maps (middle 
column), and ADC maps (right column) at 500 Hz acquired with the conventional 
methods (top) and the dMRE (bottom) measurements, using single trapezoid 
gradient waveform (adapted from (106)). 

A comparison of the ADC and the shear stiffness results acquired from SE-

diffusion, SE-MRE, and using dMRE with different gradient waveforms is 

presented in TABLE II. In all dMRE experiments, we observed no interference 

between the MRE and the diffusion acquisitions. 
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TABLE II. RESULTS OF ADC AND SHEAR STIFFNESS VALUES ACQUIRED 
FROM SE-DIFFUSION, SE-MRE, AND DMRE WITH THREE DIFFERENT 
GRADIENT WAVEFORMS. 

 
Sample 
(n = 3) 

SE-
diffusion 
(Single 

trapezoid 
gradient) 

SE-MRE 
(Single 

trapezoid 
gradient) 

dMRE 
(Single 

trapezoid 
gradient) 

dMRE 
(Oscillating 
gradients) 

dMRE 
(Camel-
shaped 

gradients) 

ADC 
(µm2/ms) 

Bead 
1.75 ± 
0.16 

N/A 
1.74 ± 
0.16 

1.75 ± 0.09 
1.71 ± 
0.10 

Gel 
1.55 ± 
0.11 

N/A 
1.56 ± 
0.13 

1.56 ± 0.12 
1.56 ± 
0.11 

Shear 
Stiffness 

(kPa) 

Bead N/A 
2.45 ± 
0.23 

2.42 ± 
0.20 

2.41 ± 0.24 
2.39 ± 
0.26 

Gel N/A 
7.22 ± 
0.39 

7.15 ± 
0.77 

7.48 ± 0.73 
7.46 ± 
0.59 

6.4.2 T1ρ-MRE Results 

The T1ρ fitting for ROIs selected in the bead is plotted in Figure 6.10a. The 

image displayed in Figure 6.10a corresponds to the magnitude image with TSL = 

150 ms from the T1ρ-MRE measurements. The corresponding T1ρ maps are shown 

in Figure 6.10b. It is apparent that tissue vibration does not interfere with the 

calculated T1ρ values. The averaged values of the bead over ROIs were 205 ± 3 

ms and 208 ± 3 ms for conventional T1ρ and T1ρ-MRE methods, respectively.  
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Figure 6.10. (a) Normalized signal intensity plotted versus TSL for selected ROIs 
in the MR image, for both T1ρ and T1ρ-MRE measurements. (b) The corresponding 
T1ρ maps acquired from the T1ρ and T1ρ-MRE measurements. 

The complex wave images acquired from conventional MRE and T1ρ-MRE 

acquisitions are shown in Figure 6.11. The averaged shear stiffness of the beads, 

determined using LFE over the same ROIs, was 2.88 ± 0.2 kPa and 2.78 ± 0.2 kPa 

for conventional MRE and T1ρ-MRE, respectively. The amplitude differences 

between the calculated displacements for the two methods were small (< 10%). A 

comparison of T1ρ values and the shear stiffness results acquired from 

conventional T1ρ, MRE, and T1ρ-MRE is presented in TABLE III. In all T1ρ-MRE 

experiments, we observed no interference between the MRE and the T1ρ 

acquisitions. 
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Figure 6.11. Complex wave images (real part) at 500 Hz acquired with the T1ρ-
MRE (left) and the conventional MRE (right) measurements. 

TABLE III. RESULTS OF T1Ρ AND SHEAR STIFFNESS VALUES ACQUIRED 
FROM T1Ρ, MRE, AND T1Ρ-MRE MEASUREMENTS. 

 
Sample 
(n = 3) 

T1ρ MRE T1ρ-MRE 

T1ρ (ms) 
Bead 205 ± 3 N/A 208 ± 3 

Gel 157 ± 5 N/A 158 ± 6 

Shear 
Stiffness 

(kPa) 

Bead N/A 2.77 ± 0.2 2.77 ± 0.2 

Gel N/A 8.82 ± 0.7 8.82 ± 0.7 

6.5 Discussion and Conclusion 

In this section, two new approaches (dMRE and T1ρ-MRE) for simultaneous 

encoding are described. In the first approach, diffusion and MRE information are 

encoded into the magnitude and phase components of the MR signal, respectively; 

while in the second approach, T1ρ and MRE information are acquired in a similar 

manner. We used dMRE and T1ρ-MRE in this phantom study to analyze a phantom 
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consisting of a spherical gel bead embedded in a background gel. We 

demonstrated that simultaneous acquisition is feasible with no observable 

interference between the two acquisitions.  

Simultaneous dMRE and T1ρ-MRE can provide the two pieces of 

information in a single scan. Thus, it requires less time than using separate, 

conventional acquisitions. However, the total time saved depends on the specific 

pulse sequence. In the present dMRE study, four time steps with two acquisitions 

(inverted gradient polarity) at each time step were acquired for the MRE acquisition, 

and an additional B0 image (b = 0 s/mm2) for the ADC fitting, resulting in 9 images 

for the dMRE measurements. While maintaining the same acquisition parameters, 

4 time steps with inverted gradient polarity in SE-MRE, and 5 b-values (including 

b = 0 s/mm2) in SE-diffusion, the dMRE can save 30% time when compared with 

conventional methods. However, the time saving factor can be improved to 44-50% 

by omitting the second acquisition block for MRE by using an inverted polarity of 

the dMSG. In this case, the phase errors could be viewed on the DC component 

after the Fourier transformation of the phase images. 

Furthermore, dMRE can readily be applied to other approaches of MRE and 

diffusion, such as 3D MRE (110), multi-frequency MRE (111), DTI (112) and 

HARDI (113), which require acquisitions at multiple frequencies or with the dMSGs 

oriented along multiple directions. In the current study, we have shown that 

observation of the timing constraint (Eq. 6.1) allows the simultaneous encoding of 

coherent spin motion due to vibration of the voxel and of incoherent spin motion 

within one voxel due to diffusion processes into the phase and the magnitude of 
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the MR signal, respectively. Therefore, we acquired the MRE information “for free” 

during the diffusion acquisition at one specific b-value (or vice versa the diffusion 

information during the MRE acquisition) without observable interference. The 

durations of individual diffusion MRI and MRE scans are similar. Hence, the 

measurement time saving factor of dMRE compared to applying MRE and diffusion 

MRI consecutively can be as high as 50%. As an example, a HARDI protocol, 

which applies dMSGs along 36 directions and which observes the dMRE timing 

constraint (Eq. 6.1), would enable the simultaneous acquisition of the 3D 

displacement field at a spectrum of three frequencies. In MRE, typically a minimum 

of four time steps is used for the derivation of the displacement vector. At each 

time step, the MSGs have to be applied along three linear independent directions. 

Thus, the full 3D displacement vector at a specific frequency can be derived from 

twelve dMRE direction acquisitions, while the gradients are oriented in mutually 

different directions. Consequently, 36 such acquisitions are needed for the 

measurement of the three-frequency vibration spectrum. Alternatively, instead of 

increasing the spectral range of MRE, the vibration frequency could be kept 

constant in the 36 acquisitions. Using this approach the determined mono-

frequency 3D displacement vector would correspond to three averages. In 

essence, dMRE can potentially decrease the measurement time by a factor of two, 

since diffusion and MRE information are acquired simultaneously. Depending on 

the spectral range chosen in a specific study, the same vibration information may 

be acquired in various dMRE scans. While this would decrease the time saving 
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factor, these additional experiments can be used for increasing the SNR of the 

MRE wave images by averaging. 

The time saving factor for T1ρ-MRE also depends on the specific pulse 

sequence design. In the present study, four time steps with two acquisitions 

(inverted gradient polarity) at each time step were acquired for the MRE acquisition, 

resulting in 8 images for the T1ρ-MRE measurements. While maintaining the same 

acquisition parameters, 4 time steps with inverted gradient polarity in conventional 

MRE, and four TSL in conventional T1ρ, the T1ρ-MRE can save 33% time when 

compared with conventional methods. However, the time saving factor can be 

improved to 50% by skipping the second acquisition block for MRE by using an 

inverted polarity of the MSG, as indicated in dMRE. 

The proposed dMRE method relies on the timing constraint as described in 

Eq. 6.1. Based on this condition, the shape, number, and duration of the gradient 

lobes can be adjusted to provide flexibility for the encoding efficiency. In the 

present study, three different gradient waveforms were investigated. The trapezoid 

gradient pulse shape is the most common waveform used for MRE and diffusion 

measurements. However, in dMRE, this waveform can lead to a low diffusion 

weighting b-factor particularly in the case of high MRE frequency, where a limited 

gradient strength is available. For example, if an MRE excitation frequency of 1 

kHz is applied, the gradient lobe duration δ is set equal to half a period of the 

harmonic vibration (~ 0.5 ms) and diffusion time Δ is set equal to 30.5 ms. Then, 

when using the standard trapezoid gradient and a maximum gradient amplitude of 

100 G/cm, as in our system, the maximum b-value achieved is only 543 s/mm2. To 
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overcome this limitation, the camel-shaped gradient can be used to increase the 

diffusion weighting b-value by a factor of 4, i.e., to 2213 s/mm2. In this case, 

compared with the single trapezoid gradient, the MRE encoding efficiency is 

increased by a factor of 2. In addition, when the oscillating gradient waveform with 

one and a half lobes on each side of the refocusing pulse is compared with the 

single trapezoid gradient, the MRE encoding efficiency is increased by a factor of 

3 over multiple cycles of the synchronous gradients, while maintaining a similar 

diffusion weighting b-factor (555 s/mm2). It should be noted that the increased 

number of gradient lobes requires a longer TE and thus lowers the signal, so the 

best waveform for a particular application depends on the optimization of this 

tradeoff. Another feature of the arrangement of dMSGs in dMRE is that it is not 

bound to a specific sequence type, but can be integrated into most pulse 

sequences typically used in MRE and diffusion MRI, such as the gradient-echo, 

spin-echo and EPI sequences.  

In the presented dMRE measurements, the gradient amplitude was 

changed at each time step to achieve different b-values, which results in a different 

phase-to-noise ratio (PNR) in the MR phase signal, where the PNR is proportional 

to the SNR and to the gradient amplitude (37). It should be noted that in T1ρ-MRE, 

the gradient amplitude for MRE is not changing, but the SNR at each time step is 

different due to T1ρ decay. Since the PNR is proportional to the SNR, T1ρ-MRE also 

leads to a varying PNR at each time step. While the varying PNR did not show 

observable distortion in the MRE wave image reconstruction, this finding needs to 

be further studies at lower magnetic fields used in clinical scanners. Furthermore, 
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in this chapter, dMRE measurements were performed only in one direction. This is 

not a constraint on the method and dMRE can be easily extended to multiple 

directions allowing the simultaneous acquisition of DTI and MRE data, which will 

be further discussed in Chapter 7. Although we observed no major deleterious 

interference in phantom experiments, these simultaneous acquisition methods 

must be more completely studied on a human clinical scanner. We speculate that 

the advantages of dMRE and T1ρ-MRE may play a role in improving the use of MR 

relaxation, diffusion, and MRE for the characterization of the tissue-engineered 

cartilage during its development in future studies. 
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7 CONCLUSIONS 

7.1 Summary 

The ultimate goal of this study is to develop a combined MR relaxation, 

diffusion, elastography method to fully characterize the development of tissue-

engineered cartilage in terms of the changes in its composition, structure, and 

mechanical properties during tissue growth.  

In this study, in addition to the conventional T2 and ADC, we have shown 

that T1ρ and MRE can be used as potential biomarkers to assess the specific 

changes in PG content and mechanical properties of engineered cartilage during 

tissue growth. For scaffold-free chondrocyte pellets, we observed the significant 

decreases (~ 33%) in T1ρ, T2, and ADC (Figure 4.18) and a significant increase in 

shear stiffness day 3 through day 21 (Figure 5.8). The measured changes were 

correlated with PG and collagen contents at different development stages (Figure 

4.20 and Figure 5.10). The stronger T1ρ-PG correlation reflects the successful 

accumulation of PG in chondrocyte pellets as we expected. The strong T2-collagen, 

T2-PG, ADC-collagen, ADC-PG correlations reflect that the ECM becomes more 

organized with a general increase in PG and collagen contents, but the collagen 

network in tissue-engineered cartilage was not as heterogeneous as that in native 

tissues. Because in native cartilage tissue, T2 is prone to the integrity of collagen 

network instead of PG distribution (Figure 4.16). Figure 7.1 illustrates a proposed 

ECM diagram of tissue-engineered cartilage. The good correlation between shear 

stiffness and macromolecular contents also indicates that chondrocytes not only 
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simply secrete PG and collagen, but also form a continuous matrix structure with 

increased stiffness to deformation. 

 

Figure 7.1. Schematic diagrams of ECM composition of the proposed engineered 
cartilage tissue (left) and native cartilage tissue (right). The collagen fibers in 
tissue-engineered cartilage are not heterogeneously oriented as in native cartilage 
tissue but of random nature. 

Since MR relaxation, diffusion, and elastography exploit different aspects of 

properties of engineered tissues, to increase the efficiency of MR characterization 

of engineered tissues, in this study, we have developed two new methodologies 

for simultaneous acquisition of MRI and MRE data: (1) diffusion and MRE (dMRE) 

and (2) T1ρ and MRE (T1ρ-MRE). In the first approach, diffusion and MRE 

information are encoded into the magnitude and phase components of the MR 

signal, respectively; while in the second approach, T1ρ and MRE information are 

acquired in a similar manner. These two methods allow simultaneous 

characterization of both biochemical and mechanical properties of biological 
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tissues. The feasibilities of the two new methods have been validated in tissue-

mimicking phantoms. We demonstrated that simultaneous acquisition is feasible 

with no observable interference between the two acquisitions.  

7.2 Contributions 

This Ph.D. project focuses on the development of combined MR relaxation, 

diffusion, elastography methods for the characterization of tissue-engineered 

cartilage, and have several unique contributions. 

Aim 1: Although there was one pervious study using T1ρ to compare a 8-

week cartilage-tissue with native cartilage tissue, it only provided a single time-

point measurement and did not show the change of T1ρ during the tissue 

development. To the best of our knowledge, this work provides the first T1ρ 

relaxation time characterization of the growth of engineered cartilage in an in vitro 

system (114). In this study, we have shown that T1ρ can be used as a potential 

biomarker to assess the specific changes in PG content of engineered cartilage 

during tissue growth. 

Aim 2: This work provides the first MRE study of tissue-engineered 

cartilage (103). The geometric focusing MRE method was initially developed to 

compensate wave attenuations at higher excitation frequency. This work 

demonstrates that MRE with geometric focusing can be used to nondestructively 

assess the shear properties of tissue-engineered cartilage at high-frequencies (e.g. 

5 kHz). The measured shear stiffness is sensitive to the formation of the solid ECM 

components (PG and collagen) during tissue development. 
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Aim 3: In this work, two new techniques (dMRE and T1ρ-MRE) were 

proposed to allow the simultaneous acquisition of (1) diffusion and MRE (2) T1ρ 

and MRE (106). In dMRE, the pulse sequence timing is adjusted so that the shear 

wave motion and MR signal decay due to diffusion can be encoded into the phase 

and magnitude components of the MR signal by using the same pair of bipolar 

gradients. A new camel-shaped gradient was proposed to increase both the 

diffusion and MRE encoding efficiencies. In T1ρ-MRE, MR signal decay arising 

from T1ρ relaxation and shear wave motion in MRE can be separately encoded into 

the magnitude and phase part of MRI signal by applying both SL pulse and MSGs 

simultaneously. The dMRE and T1ρ-MRE could be applied not only to cartilage 

tissue engineering, but also to other kinds of tissue engineering, such as 

osteogenic and adipose tissue engineering, or other diseases associated with 

macromolecular/structural changes.  

7.3 Limitations 

A few limitations should be mentioned in this study. 

Aim 1: We measured the T1ρ, T2, and ADC changes of tissue-engineered 

cartilage with the accumulation of both PG and collagen content. We showed that 

T1ρ, T2, and ADC can be used as potential biomarkers to biochemically 

characterize the matrix change. However, at this point, we have not fully separate 

out the individual contribution from each matrix component in our MRI results. 

Besides PG and collagen, which are major components of cartilage, three are 

other ECM components may also contribute to the final results. It is difficult so far 

to separate out the exact individual contribution from each component of matrix. 
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Aim 2: In this study, the LFE algorithm was used to estimate the shear 

stiffness, in which the local wavelength was estimated but wave attenuation was 

not accounted. The resulting shear stiffness then only represent the magnitude of 

shear modulus rather than the complex value. In order to extract the attenuation 

and shear modulus with a higher confidence level, other inversion algorithms such 

as, direction inversion of wave equation (57) and finite element analysis (115), 

should be investigated in the future studies. Such inversion methods require all the 

components of motion within samples in three orthogonal directions to ensure the 

accurate calculation. However, the MRE acquisition in the current work was 

performed in a single direction (out of plane) that captured only one component of 

the displacement. Future MRE experiments should be performed so that the MSG 

directions are varied to capture all three orthogonal components of displacement. 

In addition, in order to apply geometric focusing µMRE to even stiffer 

materials, such as fully developed engineered constructs with the stiffness of 

native cartilage (MPa), higher mechanical excitation frequencies (i.e. above 9 kHz) 

are required. Furthermore, while µMRE itself is a nondestructive evaluation 

method, the current µMRE technique requires embedding the engineered 

constructs in a hydrogel for MRE force transduction. This prevents completely non-

invasive measurements on intact tissue constructs. Further improvements in MRI 

hardware and the MRE mechanical excitation setup are needed to overcome these 

shortcomings, such as, an MRI compatible bioreactor with a small MRE actuator 

attached. 
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Aim 3: Although dMRE and T1ρ-MRE have been successfully applied to 

tissue-mimicking phantoms, the performance of these simultaneous acquisition 

methods for characterization of tissue-engineered cartilage must be more 

completely studied in future work, not only in vitro, but also in vivo.   

7.4 Recommendation for Future Work 

There are some future directions that should be considered:  

Aim 1: In future MRI study, multi-exponential T2 analysis (76,116), T1ρ 

dispersion analysis (117), and fractional ordered calculus diffusion analysis (50) 

may be used as potential ways to investigate the individual contribution from each 

component to MR T2 and T1ρ relaxation and diffusion signal.  

Aim 2: Future 3D MRE studies should be performed to capture all three 

orthogonal components of displacement so that one can extract the attenuation 

and shear modulus with a higher confidence level. Moreover, multi-frequency MRE 

should also be considered to study the viscoelastic behaviors of engineered tissue 

systems (54).  

Aim 3: The dMRE and T1ρ-MRE methods should be applied to tissue-

engineered cartilage in future studies, not only in vitro, but also in vivo. Moreover, 

the dMRE and T1ρ-MRE could be applied not only to cartilage tissue engineering, 

but also to other kinds of tissue engineering, such as osteogenic and adipose 

tissue engineering, or other diseases associated with macromolecular/structural 

changes. 
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Furthermore, dMRE can be easily extended to multiple directions allowing 

the simultaneous acquisition of DTI and 3D MRE data, here shows an example of 

DTI-MRE data acquired from an ex vivo mouse brain tissue (Figure 7.2) (107,108). 

DTI-MRE enables the simultaneous acquisition of DTI and MRE data. While the 

presented ex vivo results indicate no interference between MRE and DTI 

acquisitions, the in vivo feasibility of DTI-MRE has to be verified in future studies. 

 

Figure 7.2. Comparison of DTI-MRE (top) and conventional acquisition schemes 
(bottom) in an ex vivo mouse brain. Similar maps of trace ADC, FA, and 3D wave 
field images were determined using DTI-MRE and conventional methods. 
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APPENDICES 

APPENDIX A 

Diffusion b-Factor Calculation for Three Gradient Waveforms 

In diffusion MRI, the b-factor is used to characterize the sensitivity of MR 

signal decay to an arbitrary gradient waveform )'(tG . For a pulse gradient spin 

echo pulse sequence, the b-factor is described by the following equation (37):  
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In the present dMRE work, three different gradient waveforms (trapezoid, 

oscillating, and camel-shaped, as shown in Figure 6.6) were studied. Under the 

assumption that the ramp times are negligible, the three can be described by: 
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where 2T  , and  is the gradient duration of one lobe. Substituting Eq. A2 into 

Eq. A1 and solving yields: 
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APPENDIX A (continued) 

where the diffusion time Δ is defined as illustrated in Figure 6.6. When integrating 

the gradient time series, it should be noted that in all cases two dMSGs were used 

per acquisition (i.e., one on each side of the refocusing pulse). 

As another example, if sinusoids are chosen as the basis set, then the 

gradient waveforms are given by: 
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where ,2 T  2T  , and  is the gradient duration of one lobe. By following a 

similar analysis as in Eqs. A1-A3, the resulting expressions for the b factor are:  
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